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Handbook Introduction

The battle cry for sustainable development is persistent in all circles, gaining
acceptance, worldwide, as the guiding rationale for activities or processes in the
science–technology–environment–economy–society interfaces targeting improvement
and growth. Such activities are expected to result in higher standards of living, leading
eventually to a better quality of life for our increasingly technology-dependent modern
society. Models of sustainable management are continually being developed and/or
adapted and creatively applied, taking into consideration human needs versus wants
on the one hand, and long- versus short-term beneﬁts and tradeoﬀs on the other.
‘‘Detergents’’ constitute a classic case study within this context: this is a
multidimensional systemic enterprise, operating within complex sociopolitical/technoeconomical realities, locally and globally, reﬂecting in its development and contemporary ‘‘state-of-aﬀairs’’ the changing dynamic equilibria and interrelationships
between demands/needs, cost/beneﬁts, gains/tradeoﬀs, and social preferences. Interestingly, it is not surprising, despite the overall maturity of the consumer market, that
detergents continue to advance more rapidly than population growth.
The soap and detergent industry has seen great change in recent years, responding to the shifts in consume preferences, environmental pressures, the availability and
cost of raw materials and energy, demographic and social trends, and the overall
economic and political situation worldwide. Currently, detergent product design is
examined against the unifying focus of delivering to the consumer performance and
value, given the constraints of the economy, technological advancement, and environmental imperatives. The annual 2–3% growth of the detergent industry and a
higher growth in personal care products reﬂect impressive developments in formulation and application. The detergent industry is thus expected to continue steady
growth in the near future.
For the detergent industry, the last decade of the twentieth century has been one
of transformation, evolution, and even some surprises (e.g., the increase of heavy-duty
liquid detergents at the expense of powder detergent products). On both the supplier
and consumer market sides (both remain intensely competitive), the detergent industry
has undergone dramatic changes, with players expanding their oﬀerings, restructuring
divisions, or abandoning the markets altogether. This has resulted in the consolidation
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of the market, especially in the last several years, and this trend appears to be gaining
momentum. The key concepts have been and still are innovation, consume preferences, needs, multipurpose products, cost/beneﬁt, eﬃciency, emerging markets,
partnership–cooperation–collaboration–merging (locally, regionally, and globally),
and technological advancements. Although substantial gains and meaningful rapid
changes with respect to the preceding concepts have been experienced by the
surfactants/detergents markets, the same cannot be said for detergents/surfactant
technology itself. The $9-billion-plus detergent ingredients market has many
entrenched workhorse products. This may suggest that the supply of ‘‘solutions’’ to
most cleaning ‘‘problems’’ confronted by consumers in view of the increasing global
demand for a full range of synergistic, multifunctional detergent formulations having
high performance and relatively low cost, and the need for compliance with environmentally oriented (green) regulation, may be based on modiﬁcations of existing
technologies. What does all this mean for the future of the detergent enterprise?
How will advances in research and development aﬀect future development in detergent
production, formulation, applications, marketing, consumption, and relevant human
behaviors as well as short- and long-term impacts on the quality of life and the
environment? Since new ﬁndings and emerging technologies are generating new issues
and questions, not everything that can be done should be done; that is, there should be
more response to real needs rather than wants.
Are all the questions discussed above reﬂected in the available professional
literature for those who are directly involved or interested engineers, scientists,
technicians, developers, producers, formulators, managers, marketing people, regulators, and policy makers? After a thorough examination of the literature in this
and/or related areas, I came to the conclusion that a comprehensive series was
needed that focuses on the practical aspects of the topic and provides the detergent
industry perspective to all those involved and interested. The Handbook of
Detergents is an up-to-date compilation of works written by experts each of whom
is heavily engaged in his or her area of expertise, emphasizing the practical and
guided by a common systemic approach.
The aim of this six-volume handbook (Properties, Environmental Impact,
Analysis, Formulation, Applications, and Production) is to reﬂect the above and to
provide readers who are interested in any aspect of detergents a state-of-the-art
comprehensive treatise, written by expert practitioners (mainly from industry) in the
ﬁeld. Thus, various aspects involved—raw materials, production, economics, properties, formulations, analysis and test methods, applications, marketing, environmental considerations, and related research problems—are dealt with, emphasizing the
practical in a shift from the traditional or mostly theoretical focus of most of the
related literature currently available.
The philosophy and rationale of the Handbook of Detergents series are reﬂected
in its title, its plan, and the order of volumes and ﬂow of the chapters (within each
volume). The various chapters are not intended to be and should not necessarily be
considered mutually exclusive or conclusive. Some overlapping facilities the presentation of the same issue or topic from diﬀerent perspective, emphasizing diﬀerent
points of view, thus enriching and complementing various perspective and value
judgements.
There are many whose help, capability, and dedication made this project
possible. The volume editors, contributors, and reviewers are in the front line in this
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project. Many others deserve special thanks, including Mr. Russell Dekker and
Mr. Joseph Stubenrauch, of Marcel Dekker, Inc., as well as my colleagues and friends
in (or associated with) the detergent industry whose dedication and involvement
certainly facilitated this work. My hope is that the ﬁnal result will complement the
tremendous eﬀort invested by all those who contributed; you the reader, will be the
ultimate judge.
Uri Zoller
Editor-in-Chief

Preface

The intention of this volume is to demonstrate the state of the art of strategies,
methods, and techniques applied for the analytical deformulation of modern detergents. These are deﬁned as surface active agent containing formulations, used in
household and industry in aqueous application solutions for the cleaning of textiles
and hard surfaces. The emphasis is on up-to-date techniques and methods that are
proved eﬀective and useful in daily work. In order to impart to the reader, besides
product analysis, a comprehensive view of all aspects of detergents, typical ingredients
of modern products, testing of application abilities detergent formulations, and the
determination of detergent ingredients in environment, are outlined in separate
chapters. Furthermore, the basics of modern instrumental techniques with emphasis
to application in the detergent analysis ﬁeld are also described.
The scope and spectrum of methods and techniques applied in detergent analysis
have changed signiﬁcantly during the last decade. Driving forces were the rapid
progress in instrumental analysis which led to a far reaching replacement of classical
labor-intensive manual procedures by modern, often computer aided instrumental
techniques, and also changes in the product spectrum. The former all purpose
cleansers and detergents have largely been replaced by specialized products which
contain new—even in very low concentrations—eﬀective ingredients; these require
for determination more sensitive and speciﬁc methods.
The ﬁeld of detergent analysis can roughly be divided into two sectors: 1) quality
control and 2) monitoring of the multi-billion dollar market. It is of vital interest for
the market participants to know exactly what is going on there.
Quality control analysis is characterized by the application of ﬁxed, often
standardized procedures and methods, which are designed in such a way, as to allow
an operation with relatively simple equipment, by semi-skilled technicians. Additionally big corporations use on-line or semi on-line systems for the fully automated
determination of essential parameters, not normally described in literature because
they are proprietary production facilities and are therefore subject to secrecy.
The analysis of unknown products from market sources, which is the main
subject of this book, is due to the diversity and complexity of modern detergents, a very
demanding task. It requires much experience and product knowledge, but also the
vii
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availability of nearly the whole spectrum of the modern analysis techniques used, and,
especially important, highly skilled staﬀ.
Often no deﬁned strategy can be given; the performing analyst has to decide with
respect to the product type and the individual analytical task, how to approach and
how detailed the characterization of the various ingredients must be done in order to
obtain the required information. Sometimes rough data about the concentration of the
main raw material types are suﬃcient without any further determination of their exact
structure. But for a comprehensive analysis often the concentrations as well as the
isomer and homologue distribution of ingredients has to be determined in great detail
in order to allow an identiﬁcation of the contained commercial raw material. For new,
so far unknown formulations or totally new raw materials, a ﬁnal formula reconstruction at an acceptable price often is only possible in close cooperation of analysts,
product developers, patent specialists, and marketing people.
In the scope of this volume it is not possible to describe the discussed analysis
methods in great detail, but the basic features and experimental parameters for many
essential procedures are outlined to a degree, such that an experienced analyst may be
able to use them for exploratory work. Nevertheless for a better understanding and/or
use in daily routine the analyst should refer to the cited references.
Heinrich Waldhoﬀ
Rüdiger Spilker
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Types and Typical Ingredients
of Detergents
HERMANN G. HAUTHAL Consultant, Leuna, Germany

I. TYPES OF DETERGENTS
The world of detergents comprises laundry detergents both for household, and
institutional and industrial (I&I) use, a broad spectrum of cleaners for household,
I&I and metal industry application, industrial detergents as functional processing aids,
and cosmetic cleaners.

A. Household Laundry Detergents
Household laundry products can be classiﬁed into heavy-duty detergents, specialty
detergents, and laundry aids. Heavy-duty detergents are suitable for all types of laundry and for all wash temperatures. They are oﬀered in the product forms of regular
powders, granules, extrudates, tablets, bars, and liquids and pastes [1,2].

1. Heavy-Duty Detergents
The world production of laundry detergents amounted to 24 million tons in 2000.
Powders dominate worldwide (Fig. 1). Depending on product concept, manufacturing
process, local standards, quality level, local regulations, and voluntary agreements,
great diﬀerences are found from one formulation to another. Detergent manufacturers
market laundry detergents, for instance, with and without phosphate in various regions and countries for ecological and regulatory reasons.
(a) Regular Powders. Table 1 provides an approximate breakdown of regular
detergent formulations for various regions and countries. In Europe, the recommended detergent dosages are between 3 and 8 g detergent per liter of wash water. In
the Americas and Eastern and Southern Asia, values of 0.5–1.5 g/L are usual.
(b) Compacts: Powders, Extrudates, and Tablets. The ﬁrst major development to a
new innovative product form was the ‘‘compacts’’ introduced in 1986 in Japan and then
in Europe and the United States. The trend toward this product form caused by
environmental responsiveness resulted in reduction of the amount of detergent being
released into the environment as well as saving on packaging but it also contributed to
the consumer’s convenience of having to handle lower volumes of household chemicals [3].
1
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FIG. 1 Types of detergents worldwide.

The transition from the regular powder to the compact dosage was possible
through increasing the activity of the formulation by adding more surfactants,
increasing bleaching power by replacing sodium perborate tetrahydrate with the more
volume-eﬀective monohydrate and later sodium percarbonate, and removing the
ﬁllers such as sodium sulfate because of an optimized manufacturing process. The
regular hot-spray drying was complemented by densiﬁcation steps such as roller
compactation, wet granulation, or extrusion processes. Alternatively, nontower
technologies such as agglomeration processes have been established. Thus higher
bulk densities were achieved: for compacts, 0.75 kg/L; for the so-called supercompacts
(since 1992), 0.8–1.0 kg/L.
Consumers very quickly accepted the new product forms of compacts and
supercompacts (second-generation compacts), but after initial success their market
share in most countries has remained constant or, especially in Europe, actually
declined (Fig. 2) [4].
Extrudates are an unconventional form of second-generation compacts that
allow bulk densities of about 1.4 kg/L. The extrudates are marketed as dust-free
spherical particles of uniform size (MegapearlsR).
At the end of 1997, laundry tablets (‘‘tabs’’) were introduced in Europe following
the market success of autodish tablets since the early 1990s and gained considerable
market shares. But at the beginning of the new century, growth is to be seen for liquids
and, to some extent, for regular powders.
The development of tablets has caused the demand on new ingredients such as
disintegrants for fast dissolution of actives [5]. The disintegration time of the tablets
depends also on the composition of the surfactants in the formulation [6]. Furthermore, carefully designed branching of the hydrophobic part of surfactants is suitable
to overcome the gelling of nonionics during tablet disintegration [7]. The typical
composition of compact detergents [8] and heavy-duty detergent tablets is given in
Table 2.

Fragrance
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5–15

+
5–15

20–35

–

0–1
5–30

0.1–0.3

0.3–0.8

–
–

–
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–
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40–55

South
America

0.1–0.3
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–
–

0–3
1–2

0–5
0–10
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40–65

United States

+/
5–15

0–30

0–1.5

0.1–0.3

0.3–2

0–1
0.1–4

1–7
0–1

3–8
8–15
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30–55

Europe

Composition (%)

+
5–15

20–40

–

0.1–0.2

0.3–0.8

–
–

–
0.5–1

–
–

8–18
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China,
India

+
5–15

5–15

–

0.1–0.2

0.3–1.5

–
–

0–3
0.5–1

0–5
0–6

25–40
40–55

Japan

LAS = linear alkylbenzene sulfonate; FAS = fatty alkyl sulfate; FAE = fatty alcohol ethoxylate; TAED = N,N,NV,NV-tetraacetylethylenediamine; NOBS =
nonanoyloxybenzenesulfonate; CMC = carboxymethyl cellulose.
Source: Ref. 2.

Fillers/processing
aids
Minors
Water

Fluorescent
whitening agents
Soil repellents

Enzymes

Bleach activators
Antiredeposition
agents
Stabilizers
Foam regulators

Phosphonates
Soap, silicone oil, and/or
paraﬃns
Protease, amylase, lipase,
cellulase
Stilbene, biphenyldistyryl
derivatives
Poly(ethylene glycol
terephthalate) derivatives
Sodium sulfate

LAS, FAS, FAE
Zeolite, sodium triphosphate,
sodium citrate, sodium silicate,
sodium carbonate/bicarbonate
Sodium polycarboxylates
Sodium perborate, sodium
percarbonate
TAED, NOBS
CMC, cellulose ethers

Surfactants
Builders

Cobuilders
Bleaching agents

Examples

Ingredients

TABLE 1 Powder Heavy-Duty Detergent Formulations

Types and Typical Ingredients of Detergents
3

4

Hauthal

FIG. 2 Laundry detergents: Product forms in Europe. (Courtesy of S. Metzger-Groom,
Procter & Gamble Eurocor, Strombeek-Bever, Belgium.)

TABLE 2 Typical Composition of Heavy-Duty Compact Detergents and Detergent
Tablets on the European Market
Detergent tablets
Ingredient
Surfactants
Zeolite
Pentasodium triphosphate
Sodium polycarboxylate
Layered silicate
Bleaching agents
Bleaching activator (TAED)
Enzymes
Antiredeposition agents
(CMC)
Corrosion inhibitors
(sodium silicate)
Stabilizers
(phosphonates)
Defoamers (soap, silicone
oil, paraﬃns)
Fluorescent whitening
agents
Disintegrants
Source: Refs. 2 and 8.

Compact detergent,
zeolite-based (%)

Zeolite-based
(%)

Phosphate-based
(%)

10–25
25–40

10–20
3–8
0.5–2
0–1

13–18
11–25
–
2–3
0–9
13–15
3–7
2–4
+

15–18
–
25–47
2
–
12–16
4–7
2–3
+

2–6

+

+

0–1

+

+

0.1–2

+

+

0.1–0.3

+

+

–

5–17

0–12

3–8
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TABLE 3 Disintegration Systems in Laundry Tablets
Disintegration system
Swelling agent

Wicking agents
Eﬀervescents
Water-soluble salts

Ingredient
Cross-linked PVP
Compact cellulose
Cross-linked polyacrylates
Microcrystalline cellulose
Sodium bicarbonate/citric acid
Sodium acetate, sodium citrate

Disintegration systems are shown in Table 3. A balance is to be hold in view of
tablet stability vs. dissolution rate. Higher compression strength means reduced dissolution rate. A ‘‘soft core’’ plus coating leads to increased complexity for tablet
manufacture, and stability additives such as binders and polycarboxylates have also an
impact on dissolution [7].
(c) Heavy-Duty Liquids. In the United States, liquid detergents have been common
since the 1970s [9]. Today, the U.S. market is the largest single market of liquid heavyduty detergents (HDL) in the world (market share some 50% in 2000). On the
European market, HDL have shown a considerable growth in the last years.
Heavy-duty detergents are marketed mainly without builders (unstructured).
Typical European formulations are shown in Table 4. Structured liquids could not
achieve a commercial breakthrough. Liquid detergents with builders typically contain
15–30% surfactants; the total amount of surfactants in products without builders
can be as high as 50%. Besides having a high content of synthetic surfactants, they
include a large proportion of soap with a deﬁned chain length as a water-softening
component, as well as ingredient needed as formulation aid. The total content of

TABLE 4 Composition of Liquid Heavy-Duty Detergents in Europe (2000)
Ingredient
Anionic surfactants
Nonionic surfactants
Soaps
Builders
Solubilizers
Alcohols
Enzymes
Fluorescent whitening
agents
Stabilizers
Fragrances
Minors, water
Source: Ref. 2.

Unstructured (%)

Structured (%)

7–18
15–30
10–22
0–8
0–12
8–12
0–2.5
0.05–0.25

10–25
6–10
4–6
15–30
0–5
0–5
0–1.5
0.05–0.25

+/
+
30–50

+/
+
30–50
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washing active substances can be as high as 60%. HDL show a steady trend toward a
higher enzyme content and incorporation of more types of enzymes. Bleaches are not
compatible with liquid detergents.
New product forms of heavy-duty liquid detergents are gel-like pourable
concentrates with higher viscosities (1500–3000 mPa s) than conventional HDL
(250–300 mPa s) that show improved performance in pretreating stains [10], and the
so-called liquid tabs (sachets) that deliver convenience to the consumer who has no
dosage problem anymore. The liquids are enclosed in a water-soluble ﬁlm, which
consists of, for instance, poly(vinyl alcohol) [11].
(d) Added Value in Detergents. Besides the new disintegration systems for detergent tablets, new ingredients oﬀer a challenge for detergents of the 21st century [12]. A
recent example is the development of laundry detergents that wash UV protection into
the clothing [13]. The UV absorbers in the formulation are ﬁxed like a colorless dye
on the garments. After repeated wash cycles, a UV Protection Factor (UPF) of 30 can
be achieved.

2. Specialty Detergents
Specialty detergents comprise products for delicate and colored laundry (without
bleach and ﬂuorescent whitening agents; cellulase is added in most, dye transfer
inhibitors in some formulations), for woolens (low-temperature laundry, short
washing times, high bath ratios, avoiding vigorous mechanical action), for curtains,
and for washing by hand. High-foaming detergents for washing by hand are intended
for washing small amounts of laundry in a sink or in a bowl. Because of the increased
number of household washing machines, the use of these specialty detergents has been
declining but gaining a market niche as travel products.
Liquid products are the preferred form of specialty detergents that are intended
for washing machine application. Detergents for woolens may be free of anionic
surfactants. In this case, they contain combinations of cationic and nonionic surfactants. The cationics act as fabric softeners to help keep wool soft and ﬂuﬀy.
Liquid detergents for black garments have been developed to meet recent
fashion needs. Their formulations ensure that after wash, the black color of the
clothing shows no fading.

3. Laundry Aids
Laundry aids comprise pretreatment aids (prespotters, water softeners), boosters, and
aftertreatment aids (fabric softeners, stiﬀeners, laundry dryer aids, refreshing products
for dryer application, and odor removers).
(a) Pretreatment Aids. Soil and stain removers (prespotters) in the form of pastes,
sticks or aerosols, or in trigger spray bottles help removing greasy and/or bleachable
stains. Surfactants and solvents or solubilizers are a major part of their formulations.
Although the great majority of heavy-duty laundry detergents contain suﬃcient
builders and cobuilders to prevent buildup of lime deposits upon multicycle washing,
even in hard water, water softeners are still used both in the United States and in
Europe. European water softeners generally contain ion exchangers such as zeolite A
and polycarboxylates, and sodium silicate.
Special presoaking agents that were frequently used in the past have gradually
lost their market relevance in the industrialized countries.
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(b) Boosters. To remove or pretreat stains on washing, today soaking with ﬁne
or heavy-duty detergents (formerly special soaking products) or the application of
bleach boosters dominate. In special cases, liquid or pasty stain removers mentioned
above are also used.
As an independent product group, bleach boosters have been developed from
the bleach component of the so-called unit construction systems once anticipated as
environmentally favored detergents but not accepted in the marketplace to a greater
extent. The typical composition of bleach boosters is given in Table 5.
Powder or tablet bleaching products generally contain sodium perborate or
sodium percarbonate, whereas most liquid bleaching agents are diluted solutions of
sodium hypochlorite (for whites only) or hydrogen peroxide.
In the United States, the so-called laundry boosters are also marketed. The
formulations contain either sodium silicate, sodium citrate, sodium borate, or sodium
carbonate, usually in combination with surfactants and enzymes as well.
(c) Aftertreatment Aids. Aftertreatment of washed fabrics is aimed at restoring
textile characteristics that have suﬀered in the course of laundry. Depending on the
fabric involved, the products in this category have to provide elastic stiﬀness, improved ﬁt, and body (shirts and blouses); smoothness, sheen; good drape (curtains);
ﬂuﬃness and softness (underwear, towels, bath gowns); or antistatic properties (garments, underwear, hosiery, and other easy-care articles made from synthetic ﬁbers).
Fabric softeners and conditioners. Because of the mechanical stress in the
washing machine and subsequent drying indoors in static air, many fabrics get a harsh
feel. Addition of a liquid fabric softener in the ﬁnal rinse results in fabrics that feel
softer. This is caused by adsorption of the active ingredient, a quaternary ammonium
salt with two hydrophobic groups.
This application of fabric softeners is typical for Europe, Japan, and other
regions of the world. In the United States, laundry is mostly dried in mechanical
dryers. The tumbling of the laundry in the dryer accomplishes its own softening
eﬀect. The main task of U.S. fabric softeners is to impart antistatic properties and a
pleasant odor to the garments. Therefore fabric softeners are frequently applied as
sheets made from nonwoven material and impregnated with active material (laundry
dryer aids).

TABLE 5 Typical Composition of Bleach Boosters
Ingredients
Sodium percarbonate
TAED
Anionic and nonionic surfactants
Builders (soda, silicates,
polycarboxylates)
Organic complexing agents
Enzymes (amylase, protease, lipase)
Source: Ref. 3.

Content (%)

Function

15–40
5–15
5–15
15–30

Bleaching
Bleach activator
Wetting
Water softening,
cleaning performance
Destruction of soil matrix
Stain removal

5–10
0–5
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Typical formulations of fabric softeners are given in Table 6. Because of its
poor biodegradability, the formerly used distearyldimethylammonium chloride
(DSDMAC) has been replaced with the so-called esterquats [14], cationics with
predetermined breaking points for hydrolysis, and subsequent biodegradation.
Fabric softeners have additional beneﬁts (fabric conditioners) [15]. They impart
good antistatic properties and a pleasant fragrance to the fabrics. They make fabrics
easier to iron and help reduce wrinkles in garments. They reduce drying times, saving
energy when softened laundry is tumble-dried.
More recently, it has been shown that caring silicone additives used in hair-care
applications can improve the caring properties of today’s fabric softeners [16].
Transparent fabric softeners are also a new development. This is achieved by using
esterquats that bear unsaturated hydrophobes such as oleyl groups at the quaternary
nitrogen [17].
Besides the specialty detergents for woolens, the incorporation of cationic fabric
softener (conditioner) actives into laundry detergents that do not contain anionic
surfactants could not achieve a notable market share.
Stiﬀeners. If stiﬀness and body are desired rather than soft and ﬂuﬀy laundry,
stiﬀeners can be added as aftertreatment. Formulations for this purpose include
natural starch derived from rice, corn, or potato, which can be used to impart extreme
stiﬀness to fabrics. Alternatively, synthetic polymeric stiﬀeners such as poly(vinyl
acetate) impart a more modest degree of stiﬀness. The products are oﬀered as dispersions or aerosol sprays.
Refreshing products and odor removers. In the late 1990s, refreshing products
for dryer application were introduced in the United States and Europe. They are not
aimed at replacing professional dry cleaning but allow the consumers to refresh their
garments any time at home. The refreshing action is achieved inside the tumble dryer
by using a moist impregnated sheet along with the garment to be treated. Some
systems include a plastic bag for producing a damp microclimate inside the dryer
whereas other systems do not. In both cases, the water vapor removes malodors.
Furthermore, a spot cleaning can be achieved by the moist sheet or a separate liquid
stain remover used in combination with an absorbent layer of cloth or paper.
Liquid odor removers introduced in the United States in 2000 are based on
cyclodextrins, which form inclusion compounds with malodor molecules, and directly
dispensed into the washer.

B. Dishwashing Products
Dishwashing products are classiﬁed into hand dishwashing detergents and automatic
dishwashing agents. In everyday life, ‘‘automatic dishwashing agent’’ stands for the
cleaner component. The automatic dishwashing product system comprises also the
rinsing aid, the ‘‘salt’’ for the regeneration of the ion exchanger to manage the water
hardness, the machine care component, and the deodorant. Besides the single
components, there are 2-in-1 and 3-in-1 products in the marketplace (Fig. 3). In
2-in-1 products, cleaner and rinse aid are combined; 3-in-1 products additionally
contain a salt substitute, mostly polycarboxylates.
Both product groups, hand and automatic dishwashing products, diﬀer fundamentally in their composition and delivery forms. The surfactant-rich hand dishwashing detergents show a neutral or weakly acid pH value (because of a practically

11–20
0–2
0–3
0–4
0–0.3
0–0.2
–
+
0.5–3
–
0–0.6
ad 100

0.2–2.5
–
0–0.2
ad 100

Concentrate

3–11
0–2
0–0.8
0–1
0–0.5
0–0.2
–
+

Regular

0.5–4
0–12
0–0.7
ad 100

11–26
0–2
0–3
0–4
0–0.1
0–0.2
0–6
+

Conditioner

0.2–2.5
–
0–0.2
ad 100

3–11
0–2
0–0.8
0–1
0–0.5
0–0.2
–
+

Regular

0.5–3
–
0–0.6
ad 100

10–30
0–2
0–3
0–4
0–0.3
0–0.2
–
+

Concentrate

United States

0.5–4
0–15
0–0.7
ad 100

15–35
0–2
0–3
0–4
0–0.1
0–0.2
0–6
+

Conditioner

0–3
0–10
0–0.5
ad 100

0–5
+

0–20
0–5
0–5
0–1
0–2

Japan

Esterquat type: Triethanol amine, diethanol amine, or epichlorohydrine esteriﬁed with tallow-based acids or oil-based acids are preferred in Europe. Diesters are
preferred because of their superior softening performance. Aside from esterquats, DSDMAC types, imidazolines, and amino ester salts are used in some countries.
b
Fatty alcohols, fatty acids, triglycerides.
c
Silicone oils, dispersed polyethylene.
d
Magnesium chloride, calcium chloride, sodium chloride, sodium acetate.
Source: Ref. 2.

a

Esterquat
Aminoamides
Nonionics
Other softenersb
Preservatives
Dye ﬁxatives
Ironing aidsc
Dyes, fragrances
Solvents
Ethanol, isopropanol
Glycols
Viscosity regulatorsd
Water

a

Ingredient

Europe

Content (%)

TABLE 6 Formulation of Fabric Softeners in Europe, the United States, and Japan

Types and Typical Ingredients of Detergents
9

10

Hauthal

FIG. 3 Automatic dishwashing detergents: tablet forms.

daily skin contact) and are predominantly marketed in liquid form whereas the
solid automatic dishwashing cleaner tabs give strongly alkaline solutions in the
dishwasher [18].

1. Hand Dishwashing Detergents
Hand dishwashing detergents are aqueous solutions of diﬀerent surfactant mixtures
and contain additives such as perfumes, coloring agents, and auxiliaries, for instance,
for the adjustment of viscosity. A typical formula for hand dishwashing detergents is
given in Table 7. Cleaning power [19], hygiene contribution, and skin compatibility are
in the focus of the performance proﬁle. Ready biodegradability and low cost are
prerequisites for market success.
Mildness gains more and more priority in all future product development.
Modern formulas are based on a combination of fatty alkyl ethoxy sulfates (also
alkyl sulfates or alkanesulfonates, formerly even alkylbenzene sulfonate), alkyl
polyglucosides, and/or cocoamidopropyl betaine. A lot of especially skin-friendly
surfactants and care components such as cocoamidoamphoacetates, plant protein
hydrolysates, or aloe vera extracts can be added. Recently, lactates are recommended
as skin-friendly ingredients in hand dishwashing [20].

2. Automatic Dishwashing Products
Today, in the United States, 53% of households own a dishwasher. The average across
Europe is 33% (4% in Poland, 53% in Germany). Water hardness is much lower in
North America (7j H average) than in Europe (12j H). Because a dishwasher is much
more expensive in Europe, this machine is still perceived as a luxury item, whereas in
the United States it is seen as a necessity. In North America, consumer’s pretreatment
of dishes is 79% (Europe: 39%) as they have more problems with starch, grease, and
grit. The unsatisfactory end result is spotting and lack of shine. European automatic
dishwashing detergents still have a more complex (and expensive) chemistry to solve
these problems [21].
Automatic dishwashing caused completely new demands on dishwashing agents.
Compared to hand dishwashing, the weighing of the cleaning factors has changed.
Hand dishwashing implies a great importance of mechanical energy. In contrast,
chemistry is crucial for automatic dishwashing added by thermal energy and time of
action. The ﬁrst products consisted of about 95% pentasodium triphosphate (‘‘phosphate’’), 3% sodium metasilicate to enhance alkalinity, and sodium trichloroisocyanurate as a bleach agent. These formulations contained no surfactants. Because of
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TABLE 7 Typical Composition of Hand Dishwashing Detergents
Content (%)
Ingredients

Conventional

Concentrate

Function

10–25

25–40

Wetting of dishes and
soil, dissolution and
solubilization of fat
and other impurities

0–7

0–10

Adjusting pH value
Avoiding phase
separation

0–2

0–3

Refatting of skin

0–1

0–1

Product aesthetics,
diﬀerentiating
products in the
marketplace

0–0.1
0–0.1

0–0.1
none

10–25

25–40

0–5

0–5

Skin care

0–2

0–3

Reduction of germs
(in case of
concentrated
application)

Surfactants
Alkanesulfonates
Alkylbenzene sulfonates
Fatty alkyl ether sulfates
Fatty alkyl sulfates
Fatty alkyl ethoxylates
Alkyl polyglucosides
Amine N-oxides
Cocoamidopropyl betaine
Citric acid
Solubilizer
Cumene sulfonate
Alcohol
Refatting aids, e.g., fatty
acid amides
Fragrances

Coloring agents
Conservation means

Especially skin-sensitive preparations
Selected skin-compatible
surfactants
Fatty alkyl ethoxy sulfates
Alkyl polyglycosides
Cocoamido propyl betaines
Additional care components,
e.g., protein hydrolysates
and/or aloe vera
Antibacterial preparations
Additional antibacterial
actives, e.g., sodium
benzoate or salicylate
Source: Ref. 18.

Protecting against
microorganisms

Skin protection
and care
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ecological pressure, the phosphate was then reduced to 30% and replaced stepwise
with sodium metasilicate. More ingredients such as surfactants, polymers, coloring
agents, and fragrances were added.
In 1991, the ﬁrst phosphate-free, low-alkaline automatic dishwashing agents
were introduced in Germany. Furthermore, the chlorine-containing bleach was
changed to the sodium perborate/TAED system proven in laundry detergents.
Although the supposed diminished cleaning performance was partially compensated
by enzymes, the quality of the new phosphate-free products was bad compared to the
conventional products. Colored residues (tea), lime scaling, silver turning, more rust
on stainless steel, and glass corrosion occurred.
Already in 1995, leading dishwasher producers recommended to return to
phosphate-containing automatic dishwashing cleaners. A comparison of diﬀerent
automatic dishwashing cleaners is shown in Table 8 [22]. Some years ago, methods for
ascertaining their cleaning performance were developed [23].

TABLE 8 Typical Composition of Automatic Dishwashing Cleaners
Cleaner granulate
Ingredients
Pentasodium triphosphate
Trisodium citrate
Sodium disilicate
(alternatively)
Layered silicate
Sodium carbonate
Sodium bicarbonate
Sodium polycarboxylates
Acrylic/sulfonic acid
copolymer
Sodium perborate
monohydrate
Sodium percarbonate
(29 wt.%)
Bleach activator TAED
Sodium phosphonatea
Low-foaming nonionics
Amylase, protease
Poly(ethylene glycol)b
Silver protection
(benzotriazole)
Fragrances
pH value (1 wt.%
solution)
a

Tablets

Phosphate-based,
content (%)

Phosphate-free,
content (%)

Phosphate-free,
content (%)

Phosphate-based,
content (%)

45–60
–
2–8

–
20–30
2–8

–
30–40
–

45–60
–
2–10

7
15–25
–
2–5
0–2

7
15–25
–
4–8
–

–
5–10
20–30
4–8
–

7
15–20
–
2–5
0–2

–

–

8–12

8–12

10–15

10–15

–

–

2–4
–
1–2
1–1.5
–
0.25–0.5

2–4
0.5–1
1–2
1–1.5
–
0.25–0.5

2–4
0.5–1
1–2
1–1.5
3.5
0.25–0.5

2–4
0–0.2
1–2
1–1.5
0.2–1
0.25–0.5

–

+

+

<0.5

9.5–10.5

9.5–10.5

9.5–10.5

9.5–10.5

For instance, sodium 1-hydroxyethane 1,1-diphosphonate (HEDP).
Processing aid in tablet manufacture.
Source: Ref. 22.

b
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TABLE 9 Rinsing Aids
Ingredient

Content (%)

Function

Nonionic surfactants
Organic acids like citric
and lactic acids

5–15
1–10

Solvents, if necessary,
hydrotropes
Preserving agents
Fragrances
Water

5–15

Wetting of the cleaned ware
Complexing calcium and
magnesium ions, neutralization
of alkali residues
Avoidance of phase separation

<1
+
ad 100

Avoidance of germing
Product aesthetics

Source: Ref. 18.

Today the main components are phosphates, sodium disilicate, and soda. As
wetting agents, low-foaming surfactants are only a minor ingredient in the formula.
Because the formulations contain many salts, viewable residues might remain on the
cleaned surfaces. Therefore the cleaning and rinsing steps are separated. Besides the
alkaline cleaner, a surfactant-rich rinsing aid is necessary (Table 9). As already
mentioned, a regeneration salt (pure granulated sodium chloride) is needed for the
ion exchanger that is built-in in the dishwasher and softens the tap water. Machine
(dishwasher) care products (Table 10) and deodorants for masking malodors that
might occur if the dishwasher is not used every day complete the automatic dishwasher
product system. Recently, a so-called glass stone has been developed that is placed into

TABLE 10 Machine (Dishwasher) Care Products
Ingredient
Nonionic surfactants,
low-foaming

Content (%)

Function

3–10

Wetting and penetration,
dissolution and emulsifying,
or dispersing of soil
Dissolution of lime scalings,
removal of turning colors,
enhancement of product
stability (solubilization,
preservation)
Care of rubber sealings,
removal of thin fatty and
leftover layers
Homogeneity and temperature
stability of the formulation

Organic acids, e.g.,
citric acid

10–30

Polyvalent alcohols,
e.g., glycerol

5–15

Solvents, if necessary,
hydrotropes, e.g.,
cumene sulfonate
Fragrances

5–15

Source: Ref. 18.

<0.5

Fresh, pleasant scent at the
end of basic cleaning
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the dishwasher to ﬁght against glass corrosion. The glass stone consists of alkali zinc
phosphate glass that dissolves during about 50 cleaning cycles depending on the
speciﬁc conditions. The release of calcium, silicium, and zinc ions protect the glassware
to be cleaned against corrosion. The glass corrosion that has already occurred cannot
be undone.
The tablet’s share of the detergent form is 7% in North America and 64% in
Germany (United Kingdom: 55%). To develop better performance, machines and
detergents is an ongoing task, especially in North America.

C. Hard Surface Cleaners
Hard surface cleaners can be classiﬁed into all-purpose cleaners and specialty cleaners
such as kitchen cleaners, bathroom and WC bowl cleaners, glass cleaners, ﬂoor cleaner
and maintenance products, furniture cleaners, stain removers, and others. Special
segments comprise leather (shoe) cleaner and care products as well as car wash and
care products.

1. All-Purpose Cleaners, Scouring Powders, and Dispersions
Generally, all-purpose cleaners (APC) are used in very diluted aqueous solution to
clean extensive surfaces such as tables and working surfaces, lacquered wood surfaces,
tile walls, nontextile ﬂoors, staircases, window frames, radiators, kitchen furniture,
and garden furniture. In the case of severe soilings, the use of undiluted all-purpose
cleaners or their concentrated aqueous solutions is indicated.
In the marketplace, one can ﬁnd numerous products with diﬀerent pH values,
with or without addition of solvents, bleach, and special skin protection components.
A typical composition of liquid all-purpose cleaners is shown in Table 11 [24].
The cleaning performance of all-purpose cleaners is based on surfactants.
Addition of organic acids such as citric acid enhances the cleaning power against
deposits of calcium carbonate. Weakly alkaline products are more eﬀective against
fatty soilings.
Because of convenience of application, humid, all-purpose cleaning cloths are
oﬀered to consumers. The composition of the preparation absorbed by the cloth
(‘‘lotion’’) is quite diﬀerent from that of a liquid all-purpose cleaner. Besides anionic
and/or nonionic (low-foaming) surfactants, organic acids, such as citric acid, and
fragrances, the lotions contain lower alcohols such as ethanol or 2-propanol and
water. Citrus is the preferred scent. In some cases, antimicrobial actives are added to
the humid cleaning cloths. The cloth consists of 65–70% viscose and 30–35%
polyester.
Compared to liquid all-purpose cleaners, scouring powders are declining.
Instead of conventional powders, scouring dispersions (‘‘milk’’) are of consumer
value for removing persistent soilings. Table 12 shows a typical composition of such
products [19].

2. Kitchen, Bathroom, and Toilet Cleaners
The most important group of specialty cleaners comprises kitchen cleaners, bathroom
cleaners, and toilet bowl cleaners. The cleaning of tiled surfaces and ﬁttings in
kitchens and bathrooms have some common features. But the slightly alkaline
kitchen cleaners are formulated with the focus on fatty soil and the more acidic
bathroom cleaners’ priority is to remove lime scalings [25]. The wide variety of
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TABLE 11 Typical Composition of Liquid All-Purpose Cleaners
Content (%)
Ingredients
Surfactants
Alkanesulfonates
Alkylbenzene sulfonates
Alkyl polyglucosides
Fatty alkyl ethoxy sulfates
Fatty alkyl ethoxylates
Builders
Trisodium citrate
Sodium salt of NTA
Sodium phosphonate
Pentasodium triphosphate
Solvents and hydrotropes
Ethanol
Butyl glycol ether
Sodium xylene or
cumene sulfonates
Fragrances
Coloring agents
Preservatives
Additionally contained
In acid all-purpose cleaners
Organic acids
Acetic acid
Citric acid
Maleic acid
In weakly alkaline
all-purpose cleaners
Alkali
Caustic soda
Soda (in powdered cleaners)

Conventional

Concentrate

5–9

7–17

Wetting of surfaces
and soil, dissolution
of fatty and other
soilings

0–3

0–5

Breaking up the matrix
of calcium ions and
pigments, complexing
calcium ions

0–5

0–8

Enhanced oil and fat
removal, product
aesthetics (clear
solution)

<1
<0.01
+

<1
<0.01

Product aesthetics
Product aesthetics
Acting against microbial
contamination

<5
(5–10 in vinegar cleaners)

<1

Function

Removal of lime soilings

Enhanced removal of
fatty and oily soilings

Source: Ref. 24.

products for cleaning tasks in the kitchen is depicted in Fig. 4, for cleaning tasks in the
bathroom including the toilet in Fig. 5. The typical composition of kitchen and
bathroom cleaners is shown in Table 13 [26].
Because of an increasing manifold of the so-called lifestyle accessories, particularly in bathrooms, such as high-quality ﬁttings and shower cubicles, the material
compatibility of specialty cleaners should be considered. A large number of furnishings are made of plastic, either easily recognizable as such or hidden under, e.g., a layer
of chrome. Alkyl polyglucosides have been proven as ingredients with a low stress
crack potential [27].
Acidic toilet cleaners are liquids, powder products, or granules for the cleaning
of toilet bowls, urinals, and bidets. To clean these objects from soiling/dirt, deposits of
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TABLE 12 Typical Composition of Scouring Powders and Dispersions
Ingredients
Surfactants
Alkanesulfonates
Alkylbenzene sulfonates
Alkyl polyglucosides
Fatty alkyl ethoxy sulfates
Fatty alkyl ethoxylates
Abrasives
Calcium carbonate
Silicates
Alumina
Soda, polyphosphates
Fragrances, coloring agents
Water

Scouring powder,
content (%)

Scouring dispersion,
content (%)

0–5

0–5

Wetting of surfaces
and soil, dissolution
of fat and other
impurities

80–90

30–40

Mechanical removal of
persistent soilings

0–5

0–5

0–1
<5

0–1
ad 100

Function

Enhancing cleaning
eﬀect
Product aesthetics

Source: Ref. 24.

limescale and rust, and the like, they contain acids or acids salts, surfactants, and
possibly also disinfectants and perfumes [28].
Recently, toilet bowl cleaners have been the focus of innovation. Instead of
the formerly used aggressive cleaners with inorganic acid salts such as potassium bisulfate and even hydrochloric acid, now dispenser systems are common that continuously release suitable formulations that are based on organic acids and prevent the
occurrence of lime scalings. Furthermore, for toilet care, a twin-tank system (Fig. 6)

FIG. 4 Range of products for cleaning the kitchen.
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FIG. 5 Range of products for cleaning the bathroom including the toilet.

has been realized that contains toilet cleaner (pH 4) and air freshener (pH 9) in one
dosage basket [29]. The dual-chamber packaging concept was also used to combine
a limescale dissolving acid toilet cleaner with oxygen and even hypochlorite bleaches
in a two-chamber bottle system [30]. The typical composition of liquid and granulated toilet bowl cleaners and air fresheners as well as of toilet rim-blocks is shown
in Tables 14 and 15 [26].

3. Cleaners for Special Applications
(a) Glass Cleaners. Cleaning of glass only with clear, hot water is often insuﬃcient.
Then, glass cleaners come into play. They are well suited for windows, glass tables,
mirror glass, and tiles. They are also used for TV sets, furniture, kitchen appliances,
doors, and, generally, for plastic surfaces. But in the latter case, one should pay
attention if the surfaces might be damaged.
Besides good wetting behavior and high cleaning performance, e.g., in removal
of fatty soil, glass cleaners should work without streak formation on the cleaned
surfaces. Glass cleaners consist of an aqueous-alcoholic solution with addition of
minor amounts of surfactants and alkali. As surfactants that avoid streaking,
dialkyldiphenyloxide sulfonates are recommended [31]. Two-phase cleaners contain
aliphatic hydrocarbons or higher boiling ethers for enhancement of fat solubility
(Table 16) [32].
Recently, glass cleaners with antifog eﬀect have been developed. These products
suppress the fogging of glasses, especially mirror glass, at high humidity and temperatures of the glass surfaces below room temperature. This eﬀect is caused by a
temporary adsorption of special amphiphilic copolymers that modify the surface to
a hydrophilic one. Modiﬁed polyacrylates and sulfonated styrene copolymers are
examples for suitable copolymers [33].
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TABLE 13 Typical Composition of Kitchen and Bathroom Cleaners
Cleaner
Ingredients
Surfactants
Alkyl polyglucosides
Fatty alkyl ethoxylates
Fatty alkyl sulfates
Fatty alkyl ethoxy
sulfates
Alkanesulfonates
Cocoamidopropyl
betaine
Alkali
Amines
Alkali hydroxides
Organic acids
Formic acid
Acetic acid
Citric acid
Maleic acid
Lactic acid
Optional: Oxidants
Hydrogen peroxide
Sodium hypochlorite
Complexing agents
Lower alcohols, e.g., ethanol
Coloring agents,
fragrances
Preservative agents
pH value

Kitchen,
content (%)

Bathroom,
content (%)

Daily shower,
content (%)

0–5

0–5

0–3

Wetting of surfaces
and soil, dissolution
of fat and other
impurities

0–5

–

–

Enhanced removal of
fatty and oily soil

–

0–5

0–3

Removal of scalings

–
0–5
<1

+
–
–
–
<1

–
–
0–3
0–2
<1

also: antimicrobial
Oxidative bleach of
stains; antimicrobial
action
Removal of scalings
Solubilizer
Product aesthetics

–

–

<1

Antimicrobial action

up to 11.5

3–5

3–6

+

Function

Source: Ref. 26.

For the cleaning of heavily fured vertical surfaces of glass, Plexiglass or tiles
mixtures of citric or tartaric acids and glycerol, ethylene glycol, propylene glycol, or
poly(ethylene glycol) are recommended.
(b) Stain Removers. According to the main components of a locally limited, often
very complex soiling (stain), stains are classiﬁed into fatty and protein stains, colored
stains, for instance, from fruit juices or tea, but also from coloring agents and
pigments, as well as special stains such as rust or mold.
Specialty stain removers. There is a lot of special stain removers, which are
mainly used on textile surfaces such as garment, carpets and upholstery but also on
hard surfaces. Stain removers are tailor-made for the plethora of diﬀerent stains
occurring in daily life. The ingredients comprise various solvents, soaps, acids,
oxidative and reductive bleaches, complexing agents, and enzymes.
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FIG. 6 Left side: transparent twin-tank solution for a liquid toilet cleaner and an air
freshener in the original dispenser (top) and as a reﬁll unit (below). Right side: the dosing
board. The ﬂush water ﬂoods the dosing board, which enables a continuous release of the
actives. (Courtesy of J. Josa, Henkel KGaA, Düsseldorf, Germany.)

TABLE 14 Typical Composition of Liquid and Granulated Toilet Bowl Cleaners
Ingredients
Surfactants
Alkyl polyglucosides
Fatty alkyl ethoxylates
Fatty alkyl sulfates
Fatty alkyl ethoxy sulfates
Linear alkylbenzene sulfonate
Alkanesulfonates
Acids
Formic acid
Acetic acid
Citric acid
Amido sulfonic acid
Potassium or sodium
hydrogen sulfates
Complexing agents
Thickening agents
Xanthane
Derivatives of cellulose
Pyrogenic silica
Other functional ingredients
Sodium sulfate
Sodium carbonate
Fragrances
Coloring agents

Liquid cleaner,
content (%)

Granulated cleaner,
content (%)

0–5

15–30

Wetting, foam formation,
dissolution of
hydrophobic soil

0–5

10–50a

Removal and prevention
of scalings

Function

–
<1

0–5
–

Prevention of scalings
Adaption of viscosity

–
–
<1
<1

+
0–10
0–5
<1

Processing aid
Eﬀervescent eﬀect
Masking of malodors
Product aesthetics

a
Only solid acids such as amidosulfonic acid or potassium and sodium hydrogen sulfates.
Source: Ref. 26.
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TABLE 15 Typical Composition of Toilet Rim-blocks and Air Fresheners
Ingredients

Rim-block,
content (%)

Air freshener
content (%)

15–30

5–20

Wetting, foaming,
dissolution of
hydrophobic soil

5–15b

0–5

Prevention of lime
scalings

0–5

0–5

Prevention of lime
scalings

0–60

–

0–5
<1

0–5
<1

Surfactants
Alkyl polyglucosides
Fatty alkyl ethoxylatesa
Fatty alkyl sulfates
Fatty alkyl ethoxy sulfates
Linear alkylbenzene
sulfonate
Alkanesulfonates
Acids
Formic acid
Acetic acid
Citric acid
Amidosulfonic acid
Sodium hydrogen sulfate
Coco fatty acids
Complexing agents
Sodium citrate
Sodium phosphonates
Filling agents
Sodium sulfate
Fragrances
Coloring agents

Function

Processing aid
Masking of malodors
Product aesthetics

a

High ethoxylation degree: >25, only in rim-blocks.
Only solid acids such as amidosulfonic acid or potassium and sodium hydrogen sulfates.
Source: Ref. 26.

b

TABLE 16 Typical Composition of Glass Cleaners
Ingredients
Anionic and nonionic
surfactants
Ethanolamines or
ammonia
Lower alcohols (ethanol
or 2-propanol) and/or
glycol ethers
Colorants, fragrances
Preservative agents
Water
Two-phase cleaners
Additionally:
Aliphatic hydrocarbons or ethers
Source: Ref. 32.

Content (%)
<5

Function

10–30

Wetting, enhancement of
cleaning action
Adaption of a weak
alkalinity
Solvent

+
+
ad 100

Product aesthetics
Keeping products longer
Solvent

10–30

Enhancement of cleaning action

0–1
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For a long time, gallus soap that contains enzymes has proved as a stain remover
for fat and oil, vegetable, fruit, ketchup, and chocolate stains. A precursor of modern
stain removers was the so-called soap spiritus, a mixture of ethanol and potassium
soap (soft soap).
There is a lot of household remedies that are recommended, for instance, in the
public media. The application of these aids requires a lot of experience. In most cases,
one should try at a covered piece if such a remedy is suitable.
(c) Furniture Care Products. In most cases, furniture care products are cleaners
as well as polishers. Generally, they are used for a temporary cleaning and renovating
of gloss. Renovating is achieved by a very thin coating with oil, wax, and/or resin wax
ﬁlms rather than smoothing of the surface. Therefore household furniture polishes
contain no abrasives.
Furniture care products are formulated as emulsions and waxes but also in pasty
form. At application, mineral oil emulsions should separate. Thus the oil can wet the
surface and reveal gloss. A thin ﬁlm is a prerequisite to avoid greaseness and
adsorption of dust. As emulsiﬁers, sulfonated oils, if necessary, together with soaps
or nonionic emulsiﬁers of the w/o type, are recommended.
To achieve long-lasting gloss, furniture polishes contain waxes, resins, and
silicone oils. Examples for suitable formulations are shown in Table 17 [32]. The socalled ecological furniture polishes are based on natural waxes such as beeswax,
carnauba wax, and shellac.
(d) Cleaners for Floorings. Because of the very diﬀerent structures, the cleaning of
hard ﬂoorings and of textile ﬂoorings are to be clearly distinguished.
Cleaners and maintenance products for hard ﬂoorings. In ﬂats and private
houses, a lot of diﬀerent ﬂoorings are usual: slabs of natural and artiﬁcial stone,
ceramic tiles, parquet ﬂooring, plastics such as poly(vinyl chloride)-PVC, and laminates. After sweeping or vacuum cleaning, the dust dry or wet wiping of these surfaces
TABLE 17 Some Examples for the Composition of Furniture Cleaner and Care Products

Ingredient
Mineral oil
Polyethylene wax
Polyether wax
Montanic ester wax
Beeswax
Paraﬃn 52/54jC
Nonionic emulsiﬁers
Partial esters
Partial esters, ethoxylated
Fatty alkyl ethoxylates
White spirit
Water
a
Also as an aerosol usable.
Source: Ref. 32.

Conventional
oil polish,
content (%)
40
–
–
–
–
–

Furniture care
Solvent-baseda,
content (%)

Water-borne,
content (%)

Furniture wax,
content (%)

–
–
5.0
–


–
–
15.0
3.0
7.0

6.3
0.7
–
–
5.0
10.0

2.0
20.0
73.0

0.7
–
74.3

2.0
5.0
–
53.0

48.0
ad 100.0
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FIG. 7 Floor cleaning.

can follow using in the latter case all-purpose cleaners in the wipe water. This is
very important because the use of a soiled ﬂooring might cause wear and even
discolorations.
The wide variety of formulations of cleaning and care products for ﬂoorings is
depicted in Fig. 7. Floor cleaners and maintenance products show ﬂood transitions.
For a meantime or supporting cleaning of hard surfaces besides all-purpose cleaners,
liquid, neutral, or slightly alkaline products are suitable, which contain anionic and
nonionic surfactants, alcohols, glycol ethers, and as care components waxes and/or
polymers (Table 18) [32]. The addition of special silicone quats delivers more eﬃciency
[34]. For a basic cleaning, formulations with alkali and solvents are used.

TABLE 18 Typical Composition of Floor Cleaners
Ingredient

Content (%)

Function

Anionic and nonionic
surfactants
Soaps

10–20

Solvents
Alcohols
Glycol ethers
Waxes
Polymers
Colorants, fragrances
Water

10–20

Wetting, cleaning
performance
Cleaning performance,
ﬁlm formation
Dissolution of fatty
soil and residues of
consumed care ﬁlms
Care component
Care component
Product aesthetics

Source: Ref. 32.

0–5

0–5
0–5
+
ad 100
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Besides cleaner formulations, more and more ﬂooring clothes and cleaning
devices have been developed in a very innovative manner. Because of a smart design
of the tissue structure, a more eﬃcient and complete removal of dust, hair, crumbs,
and lint on a variety of surfaces such as ﬂoors, walls, ceilings, furniture, and electronics
is achieved.
As an example, the so-called SwiﬀerR system is comprised of a cleaning tool
and disposable cloths. The tool is a lightweight, easy-to-use handle with a ﬂexible
swivel-head that can get into hard-to-reach places, such as under furniture. The
cloths are dry, disposable nonwovens, which can be attached to the tool or used alone
for hand dusting. They are produced via a process called hydroentangling. The
hydroentangling creates a nonuniform surface, which has open pockets and closed
ﬁber-ﬁlled pockets (3-D structure) (Fig. 8). When the cloth is wiped across a surface
while cleaning (friction), an electrostatic charge emerges within the cloth. This charge
attracts oppositely charged particles such as dust and hair into the sheet. Dust is
then entrapped in the 3-D structure. Swiﬀer sheets also contain a very low level of
paraﬃn wax/mineral oil blend that helps to hold onto the larger particles without
leaving any residue.
Swiﬀer sheets are also said to remove allergens such as mite, cat, and dog allergens in a very eﬀective manner.

FIG. 8 SwiﬀerR cloth. (Courtesy of Procter & Gamble, Brussels, Belgium.)
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Today wet cleaning is also conducted with system. As a ﬁrst step, mechanical
devices at the bucket enable one to squeeze out the cloth without bending down. New
devices work with highly absorbent paper sheets, which are soaked with the cleaner
solution in a supply tank and then applied to the surfaces to be cleaned. After taking
oﬀ the dirt, they are disposed within the device.
Generally, ﬂeece mop cloths have better cleaning properties than a yarn mop
cloth in removing both sooth-oil mixture and blood from vinyl ﬂoor coverings with
polyurethane ﬁlms. In a special investigation, the cleaning eﬃciency of microﬁber
cloths was shown to be the same whether plain water or commercial all-purpose
cleaners were used. The eﬃciency of the microﬁber cloth in the removal of both oilpigment and protein soil was better than that of conventional polyester-vicose yarn
cloths [35].
Recently, a procedure for testing the cleanability and durability of ﬂoor coverings was established [36]. The cleanability of polyurethane-covered PVC ﬂoorings was
studied using an Erichsen washability and scrub tester with a small microﬁber mop.
Soil was detected by the ATP bioluminescence and protein residue test. The durability
was assessed as the resistance to chemical and mechanical stress.
Floor shine emulsions are the most important product category for ﬂoor maintenance. They are opaque to transparent aqueous dispersions of polymers and/or
waxes and resins used in the maintenance of all types of ﬂoors with the exception
of open pore wood. Newly laid or dirty ﬂoor coverings must be cleaned before
treatment.
After application, the emulsions dry with a self-glazing eﬀect. During the drying
process, robust protective ﬁlms are formed. These ﬁlms are intended to absorb the
minimal amount of soil when walking on them, so that, because of the reduced
tendency to become dirty, treated ﬂoors require less cleaning [37]. For more details on
ﬂoor maintenance, see Ref. [32].
Cleaners and maintenance products for textile ﬂoorings. Textile ﬂooring was
especially popular in the 1970s, 1980s, and 1990s, both at home and away (hotels,
oﬃces, showrooms). Classic surfacing such as vinyl and linoleum ﬂooring and ceramic
tiles made way for ﬁtted carpeting, which soon became the favorite ﬂooring in
Germany [38].
However, the cleaning methods of such textile surfaces could not keep pace with
the needs of the consumer. Whereas over decades, the public had learnt to clean
smooth surfaces with a sponge, a cloth, and some detergent, carpets presented entirely
new challenges with respect to detergent chemistry and application techniques [39].
Carpet surfaces are made up of ﬁbers (synthetic or natural), which are anchored
to a backing material. Additionally, this backing is laminated with a layer of, e.g.,
polyurethane foam. Therefore contrary to elastic ﬂooring, diﬀerent material components have to be taken into account in the cleaning.
Carpet cleaning can be categorized as follows:
Regular cleaning (vacuuming): The regular cleaning of carpets presents no
problems with the advent of modern vacuum cleaners. It is generally true that the best
cleaning results with respect to loose dirt are obtained with a rotating brush attachment. However, this solution is less eﬀective for shaggy carpets with a thick pile, in
which case the conventional vacuum cleaner with a smooth attachment is best.
Stain removal: Stain removal is very important for the aesthetic appearance
and value maintenance of the carpet. With ‘‘modern’’ specialty products, practically
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all types of stains, from coﬀee to tar and paint, can be easily removed. The most
common mistake in this regard is the use of unsuitable stain removers, which might
be appropriate for other textiles, such as clothing, but are damaging to carpets because of the diﬀerent material components. Even household soap is unsuitable for
cleaning carpets.
The action of stain removers can follow one of two directions:


Removal of stain-forming substances based on water (e.g., beer, fruit juice, coffee, red wine, and other liquors).
 Removal of stain-forming substances that can only be removed with solvents
(e.g., fat, paint, shoe polish, ink, felt-pen ink, tar, and wax).
The ﬁrst group of stains can be removed with a specialty stain remover that
contains anionic and nonionic surfactants as well as water. In some cases, these
detergents are combined with oxidizing agents such as hydrogen peroxide or sodium
percarbonate. The surfactant/water mixture dissolves the staining substance, while
the oxidant bleaches the discoloration, for example, found with coﬀee, red wine, and
fruit juice.
The other group of stubborn stains can only be removed with the corresponding solvent. Solvents such as ethyl acetate, butyl acetate, turpentine, and
alcohol are commonly used. New in this area are the so-called ‘‘high-boiling-point’’
solvents, which are not only biodegradable, but also less taxing on the respiratory
system.
Basic cleaning: For a thorough cleaning of textile ﬂooring, its constitution
needs to be considered:






The ﬂoor surfacing covers the full area and is attached to the ﬂoor and can
therefore only be cleaned on site.
The chemical and mechanical treatment should only inﬂuence the surface of the
carpet.
The backing material and underlay should not be soaked. The applied liquid
must therefore evaporate quickly.
The detergent should not contain any color- or ﬁber-damaging additives.
Possible residues from the detergent should not be sticky as this will accelerate the
reaccumulation of dirt.

In contrast to washing clothes, in which the dirt is dissolved or dispersed, the
wastewater (dirt and detergent residues) subsequently rinsed, and only then does
drying take place; with carpet cleaning, this procedure is only possible when absolutely necessary.
Based on these parameters, the following procedures have been developed:


Manual or machine wash with carpet shampoo.
Manual or machine wash with carpet-cleaning powder.
 Machine wash with spray and extraction steps (‘‘steam cleaners’’).
 Miscellaneous machine washing methods by experts (carpet-cleaning businesses).
 Dirt-repelling equipment (ﬁnishing up).


Demands of the procedures on cleaning technology and chemicals:
Cleaning with carpet shampoo: When cleaning with carpet shampoo, a water/
surfactant mixture is introduced by machine or manually, either as a foam or through
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an aerosol spray can. This foam is rubbed into the carpet with the brush attachments
of an electric machine, or by hand with a brush or special sponge. The anionic and
nonionic surfactants dissolve the dirt. The dissolved dirt now needs to be transported.
The manufacturers of carpet shampoos have come up with a unique solution: A
polymer dispersion (e.g., based on styrene–acrylate copolymers) is applied to the
water/surfactant mixture. The task of this dispersion is to make the dirt ‘‘transportable.’’ This occurs as follows: Upon evaporation of water from the mixture, the
polymer dispersion initiates a ﬁlm-forming process. The adhesion is therefore
lowered, and the resulting crystalline-type structure binds dirt and surfactant. The
resulting dried residue can be removed with a vacuum cleaner.
The advantage of this procedure is that the foaming reduces the amount of water
on the surface being cleaned and the increased volume of detergent in the foam
prevents the carpet from being soaked.
The limitations are that the mechanical action of the brushes puts a lot of strain
on the ﬁbers. The residues from the foam are not always completely removable. Under
certain circumstances, adhesive dirt and surfactant residues remain behind, which
increases the rate at which the carpet reaccumulates dirt, especially upon repeated
application. That is, the carpet becomes dirty quite rapidly, not as a result of damage
to or removal of the impregnated agents in the carpet, but mainly as a result of dirt and
detergent residues.
Use of carpet-cleaning powder: Fine-particle granules act as a carrier system in
carpet-cleaning powders. These granules are impregnated with a combination of
anionic and nonionic surfactants in water. The powder is strewn on the carpet and
worked in with a brush or a machine with brush attachments. After a brief drying time
(30–60 min), the residues with the dissolved dirt and the granule-bound dirt are
removed with a vacuum cleaner. Modern products make use of cellulose, wood, or
polyurethane granules as carrier systems.
The advantage of this system is the small amount of moisture and thus short
drying times required. Depending on room temperature, the carpet is ready for use
after 1 h.
The notable disadvantage of this process is once again the mechanical strain on
the carpet caused by brushing. As a result of the low ﬂuid content in the powder, some
stubborn, sticky dirt residues are not completely absorbed. Some dirt and surfactant
residues tend to stay behind on the surface. The dirt redeposition on the carpet can
thus be very rapid. This technique is not eﬀective enough for very dirty carpets.
‘‘Steam-cleaning’’ (spray-extraction) processes: This technique has become
more and more popular in the household, especially in the last 20 years as a ﬁberdeep thorough cleaning process. In this technique, a detergent solution is sprayed into
the carpet, and immediately sucked up in the same action. This process then not only
removes dirt and stains, but also sand particles embedded deep in the carpet. The
equipment used in this process consists of a clean and a wastewater tank. The clean
water is transported to the carpet together with the detergent via an electric pump and
is evenly distributed. In the same action—therefore immediately after exposure of the
detergent to the carpet—the wastewater is removed via a pump.
The detergent chemicals therefore face unique challenges:


Powerful cleaning action (only short application time and practically no mechanical action such as the use of brushes).
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Neutral pH range so that colors, ﬁbers, and backing materials are not damaged.
Not too much foaming should occur, as the detergent solution is sprayed and
immediately removed.

The producers of carpet detergents have taken these requirements into consideration. Several low-foaming surfactant combinations are available on the market.
These surfactants are sometimes combined with polymer dispersions.
The most important advantage of this technique is that the mechanical strain on
the ﬁbers is practically eliminated. The result is a thorough wash, in which dirt and
stains are removed. The user can also inspect the wastewater that has been pumped
back into the machine and judge the level of dirt and whether further application is
necessary. The good cleaning and rinsing eﬀect also delays the reaccumulation of dirt.
A limitation of this process is the amount of time and energy that needs to be
expended. Longer drying times are required (6–12 h).
Miscellaneous techniques: The methods described until now are essentially ‘‘doit-yourself’’ routines for the consumer. For example, a ‘‘steam cleaner’’ can be hired at
an appropriate dealer. The service provider (carpet-cleaning businesses) can combine,
for example, the shampooing step with a ‘‘steam-cleaning’’ treatment. To achieve
faster and perhaps better cleaning results, they generally have bigger and more
powerful equipment at their disposal. This equipment allows the use of regular carpet
shampoo, which is then immediately extracted by pump with the water into the
wastewater receptacle of the machine. Another system used exclusively by carpetcleaning experts is the carpet-cleaning bonnet or yarn pad. A special detergent is
sprayed, and the carpet is then worked over with a ‘‘scrubbing machine’’ ﬁtted with the
bonnets (circular pads with aggressive scrubbing strips, made up of yarn and microﬁbers). The dirt is then loosened mechanically by means of these pads and chemically
by the action of the specialty detergent. The loosened dirt is then removed by the pads.
This technique is used especially when short cleaning and drying times are required, for
example, in hotels.
Aftertreatment: For additional protection against dirt, polymer dispersions
based on Teﬂon, ﬂuorocarbon resins, and other special impregnating agents can be
applied. These products are mainly used to ﬁnish oﬀ the job; that is, after a thorough
clean. They are sprayed and then rubbed into the carpet. The ﬁlm-forming process that
is initiated by the drying results in a protective layer that covers the ﬁbers. These
‘‘impregnated’’ agents not only repel dirt, but to a certain extent also water and oils.
Thus they protect against dirt and staining ﬂuids. This means that the ﬂooring stays
clean and fresh for longer.
(e) Odor Absorbents and Fabric Refreshers. The best way to care for a fresh
atmosphere in living rooms is airing out. But that is not always possible. Think, for
instance, of high-rise buildings. Additionally, malodors stick to curtains, upholstery,
and ﬁtted carpets. In such cases, a lot of products are available, which cover, mask, or
eliminate them by absorption.
Fabric refreshers. To eliminate malodors out of fabrics around the home,
sprayable fabric refreshers have been developed. This product group is based on
cyclodextrins, which form inclusion compounds with the small molecules. Furthermore, the refresher releases a subtle fragrance. Instead of cyclodextrins, zinc ricinoleate has proved as a well working alternative [40]. An example for the composition of
a malodor absorber is given in Table 19.
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TABLE 19 Example for the Composition of a Malodor Absorber
Ingredient

Content (%)

Zinc ricinoleate
(with hydrotropes)
Polycarboxylates

1.0

Disodium fatty alkyl
ethoxy sulfosuccinate
Triethanolamine
Lactic acid

6.0

Water
Propane/butane

2.5

0.6
0.6
ad 100
+

Function
Inclusion of malodor
molecules
Prevention of lime
scalings
Wetting
Adjustment of pH value
Adjustment of pH value
to 6.0
Solvent
Propellant

Source: Ref. 32.

Cyclodextrins can also be bonded to fabric surfaces. For polyester surfaces
cyclodextrins with alkyl chains, for cotton cyclodextrins with chlorotriazinyl groups,
and for polyamide cyclodextrins with acid groups are suitable. Cleaning is necessary
only if all hollow spaces of the cyclodextrins are ﬁlled with odor molecules.

4. Easy-to-Clean Surfaces, Lotus Effect
Micro- and nanoscale hydrophobic or hydrophilic surface modiﬁcations promise
‘‘easy-to clean’’ or ‘‘self-cleaning’’ windows, tiles, shower cabins, sanitary ware, or
other household equipment. Those coatings begin to change the cleaning behavior of
the customer, who expects to clean less often and to use less detergents [41].
Self-arranging coatings consisting of, for instance, nanosilica stick extremely
well on glass and ceramics but oﬀer at the same time an almost 100% antistick surface
against water, grease, or dirt.
Diﬀerent from ‘‘easy-to-clean’’ surfaces, the Lotus EﬀectR means self-cleaning
surfaces. These surfaces are not only hydrophobic but also show hierarchically
ordered, cauliﬂower-like nanoscale structures. Thus soil particles only rest on peaks
of the surface and can therefore be rinsed oﬀ by moving water. It is important to keep
in mind that surfactants quench the hydrophobic surfaces because they become
hydrophilic (cf. Ref. [42,43]).
Nanotechnology oﬀers a number of possibilities to improve and complement
current detergent compositions, but it also demands a critical look on the current
products to assess if they are still suitable for the new surfaces that are to come [41].

D. Leather Cleaning and Care
The care of leather takes priority over cleaning. It is recommended to impregnate, for
instance, new shoes before use. Combination of anionic and nonionic surfactants serve
as foamers in impregnating (waterprooﬁng) foam, which brings up waxes, silicones,
and ﬂuorocarbon resins to the leather surface. Nonionic surfactants are used as
emulsiﬁers for waxes in shoe polishes as well as in the so-called emulsion ware and in
suede care products [44].
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After a long-time use of shoes or other leather ware, a basic cleaning is necessary,
which can be performed by application of a leather cleaning foam spray. In these
products, anionic and nonionic surfactants deliver foaming and soil-releasing performance [45]. The cycle impregnation–care–cleaning should be regularly repeated
depending on the use frequency.
The typical composition of shoe care products is given in Table 20 [46].

E. Car Wash and Care
1. Carwashes [47]
When one wishes to clean the car, the ﬁrst step is a basic wash. Earlier, it was common
to do so in front of the garage, at the side of the road, and even on the banks of a
stream. The associated impact on the environment as a result of the unrestricted
drainage of oil, fat, and the residues of detergents into the soil, as well as technical
advances, have resulted in this activity being moved to automatic carwashes at petrol
stations or at self-service points appropriately equipped with water processing,

TABLE 20 Typical Compositions of Shoe Polishes
Ingredient
Montanic ester wax
Polyethylene wax
Microcrystalline wax,
M.P. f70jC (Ozokerite)
Paraﬃn wax 60/62jC
Beeswax
Wax emulsion (15% solids)
Polymer dispersions
(one or two)
Silicone oil
Hydrocarbons
Turpentine oil
Water
Dye/pigment
Fluorinated surfactant
Alkanol amine or soda ash
Fatty acid (stearic or oleic acid)
Fatty acid soap
Permanent plasticizer
Thickener
Biocide
Leveling agent
Wetting agent
Defoamer
a

Including montanic acid wax.
Alternatively, oxidized polyethylene wax.
c
Wetting and leveling agent.
Source: Ref. 46.
b

Paste
(%)

Cream
(%)

3–5
3–5
0.8–1.2

3.0–4.0a
2.0–4.0b
8.0–8.5

10–15
–
–
–

1.5–2.5
1.8–2.8
–
–

–
62–73
0–10
–
0.6–0.8
–
–
–
2–3
–
–
–
–
–
–

1.25–1.75
25–35
–
41–45
1.0–1.3
0.75–1.25c
1.6–2.0
5.7–6.1
–
–
0.45–0.65
–
–
–
–

Emulsion
(%)
–
–
–
–
–
23–25
8–10 (each)
0–5
–
–
55–60
+
–
–
–
–
0.5
if necessary
0.1–0.3
0.7–0.9
0.02–0.04
0.02–0.04
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TABLE 21 Car Wash: Typical Formulation of Prewash Detergents
Ingredient
Surfactants
Anionic
Nonionic
Amphoteric
Phosphates and/or
complexing agents
Solvent, water-soluble
Water

Content (%)
5–20
2–10
2–5
2–10
2–10
ad 100

Function
Loosens insects and
dirt picked up
from the road
Enhances cleaning/
softens the water
Enhances cleaning
Solvent

Source: Ref. 47.

drainage, and disposal facilities. Other carwash possibilities on private property are
regulated in cities and built-up communities.
The carwash program at the petrol station allows a more or less intensive clean
tailored to one’s wishes and budget. The prewash depends very much on the degree
of dirt, especially in problem areas such as the front part, which accumulates insects
and other grime. The application of a weakly alkaline prewash detergent (Table 21) by
means of a high-pressure spray soaks and loosens the dirt, which is then easier to
remove during the main wash.
A standard wash starts with the foaming; that is, a shampoo is added to the
water either by hand or automatically. The lather is distributed as evenly as possible
and has three functions. First, it loosens the dirt oﬀ the paintwork. Second, the foamforming surfactants act as dispersing agents; that is, they keep the dirt in suspension,
which later facilitates the rinsing. Third, the lather forms a protective layer against the
mechanical action of the brushes on the paintwork. The prewash and shampoo
products used in the carwash consist essentially of a mixture of anionic and nonionic
surfactants. They may also contain small amounts of organic solvents and alkaline
components. A typical formulation is shown in Table 22.
After thoroughly rinsing the dirt-carrying foam, the car is dried either by a
blowdryer or by hand with a chamois cloth. For optimal drying, the ﬁlm of water
formed on the surface after rinsing must be removed. A water repellant is sprayed,
TABLE 22 Typical Formulation of a Car Shampoo
Ingredient
Surfactants
Anionic
Nonionic
Solvent (water-insoluble,
e.g., aliphatic
hydrocarbons)
Fatty components
Water
Source: Ref. 47.

Content (%)
5–30
5–30
0–10

0–5
ad 100

Function
Wet the surface,
loosens oil and
fat, reduces dirt
Dissolves oily and
fatty residues
Enhances shine and
protection
Solvent
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which results in the water’s forming tiny droplets that are readily removed by air
from the blowdryer. In contrast to the shampoo, the water repellant is based on a
mixture of cationic surfactants and auxiliary agents.
In addition to surfactant mixtures, multipurpose products contain other ingredients, which form a protective layer on the paintwork after washing and drying
(preservation formulas, 2-in-1 car shampoos). Like the shampoo, these multifunctional products are sprayed onto the car either automatically or by hand. They also
contain a mixture predominantly of cationic and nonionic surfactants, as well as
washing ingredients that later remain on the paintwork, enhance the shine, and,
among other properties, aid in repelling water. A typical formulation is shown in
Table 23.
A shinier ﬁnish is possible with a silicone quat in a 2-in-1 car shampoo, which
together with the anionic surfactant make up the formulation for a so-called divergent
surfactant system. Upon spraying, these agents are also deposited on the glass surfaces
of the car and can impair vision when it next rains. Especially the windscreen should
therefore be wiped with a moist cloth that contains solvent that can be obtained from
the petrol station.
Furthermore, the cationic surfactants act as a de-emulsifying agent in the
wastewater. This allows the removal of the oily and fatty residues taken up by the
wash water. As easily as they cling to the car, so can these residues be separated from
reusable water at the water-treatment stage. These surfactants are biologically
degradable and do not cause extra problems in the water-treatment plant.

2. Care of the Paintwork [47]
After washing the car and cleaning the rims, it is often quite apparent that the condition of the paintwork has deteriorated as a result of wind, weather, dust, stones,
temperature eﬀects, irradiation from the sun, and, last but not least, driving con-

TABLE 23 Typical Composition of Wash and Wax, and of Car Polishes and Paintwork Cleaners
Wash and wax,
content (%)

Car polish and
paintwork cleaner,
content (%)

Surfactants
Cationic
Anionic
Nonionic
Waxes

1–10
–
2–10
0–20

–
1–3
1–2
0–10

Silicone oils

0–10

0–8

Solvents (water-insoluble,
e. g., aliphatic
hydrocarbons)
Polish
Water

3–20

10–30

–
ad 100

3–20
ad 100

Ingredient

Source: Ref. 47.

Function
Wet the surface, act
as emulsiﬁer

Form protective ﬁlm
and enhance shine
Form protective ﬁlm
and enhance shine,
aids polishing
Enhance hydrophobic
eﬀect, aids
dissolution
Smoothens the surface
Solvent
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ditions. Whether the car is parked in a garage or under a tree in the street contribute
very diﬀerently to the deterioration of the paintwork. If one wishes to invest in
maintaining the value of the car, the paintwork should be cared for regularly once it is
between 1/2 and 1 year old. The extent to which measures need to be taken can be
estimated by a visual inspection of the condition of the paintwork surface. Does it
still look relatively new or are some spots visible where the paintwork is fading as a
result of weathering?
(a) Cleaning the Paintwork. If the paintwork still looks new and generally undamaged, a normal carwash is suﬃcient. Older, faded, and scratched surfaces require a
paintwork cleaner that contains abrasive ingredients to mechanically remove weathered and loose pigment and paintwork particles as well as superﬁcial scratches and
scrapes, for example, on the door handles. The amount and mode of application of the
abrasive product depends on whether it is a simple paintwork cleaner, an abrasive ﬂuid
polish, or even an abrasive paste. The application of abrasive polishes and pastes
requires much experience to avoid irreparable damage and should therefore be left
to experts in businesses that deal with paintwork and the rejuvenation of used cars.
In conclusion, cleaning of the paintwork is a measure that depends on the
condition of the paintwork surface. A typical formulation for paintwork cleaners is
given in Table 23.
(b) Preservation and Sealing. Both measures serve to protect the paintwork
surface, but their eﬀects last for diﬀerent amounts of time. Preservation, i.e., surface
protection, has a temporary eﬀect, whereas sealing is a long-term solution. Preservation is generally associated with a normal carwash, whereas sealing is connected with
polishing.
(c) Car Polish. The contents of the products for this process are chosen according
to their applications and combined in the formulation. The wear on the paintwork
determines the type, hardness, and amount of abrasive to be used as well as the
extent of the cleaning, smoothness, and shine required. The abrasives range from
relatively soft calcium carbonate through siliceous chalk, a natural agglomerate of
quartz and lamellar aluminum silicate, through to very hard aluminum oxide in various grain sizes.
Silicone is one of the ingredients used for protection. Polydimethylsiloxanes
increase the resistance and shine of the protective ﬁlm. Silicone with polar amino
groups ensure a ﬁrm anchoring of the polish to the paintwork surface and are therefore
primarily involved in sealing, i.e., the durability of the protection. Three-dimensional,
cross-linked silicon resins increase the long-lasting eﬀect and improve the waterrepellant properties. The natural or synthetic wax component of car polish also serves
a protective function. The type of wax and the chosen concentration have a decisive
inﬂuence on the quality of the protective ﬁlm. The use of microwaxes ensures a waterrepellant ﬁlm with high elasticity. The grip and smear resistance of the protective ﬁlm is
determined by the amount of synthetic solid paraﬃn wax.
Of importance for the consumer is how easily the polish can be applied, i.e., the
mechanical eﬀort required. This is inﬂuenced by the use of the previously mentioned
polydimethylsiloxanes, of which the amount and type is adjusted depending on the
chosen wax component without changing any other properties of the ﬁlm. Soft waxes
can only tolerate relatively small amounts of silicone oils, or else the ﬁlm smears. On
the contrary, hard wax components allow the use of relatively large amounts of
silicone oils, which act as a lubricant and improve the application of the polish.
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In summary, one can say that soft waxes and silicone oils with low viscosities
allow for easy application of the polish. However, one must then accept a poorer shine
and lower durability. In contrast, hard waxes and more viscous silicone oils are more
diﬃcult to apply, but result in an excellent shine and a protective ﬁlm that is highly
resistant to the inﬂuence of weather and to car shampoo.
As the most important ingredients mentioned above cannot be simply mixed
together without further aid, a suitable carrier system is required; that is, car polishes
are available in organic solvents or water, or as emulsions. To this eﬀect, one requires
the usual additives, i.e., emulsifying or dispersive agents, surfactants, thickeners, and
preserving agents.

3. Windscreen Cleaners [47]
A signiﬁcant amount of the surface of the car is made up of glass panes, which should
allow the driver and the passengers an optimal view.
(a) Exterior Cleaning. The windscreen and windows are cleaned during an automatic carwash, after which the water-repelling agents must be removed with a
cleansing cloth.
Modern cars are equipped with windscreen wipers and sometimes even headlight
wipers, which allow the glass surface to be cleaned while driving. As a mechanical
cleaning action, for example, with the windscreen wipers, is very restricted, the help of
chemicals is enlisted and an additive is added to the windscreen cleaning ﬂuid. The
corresponding detergent must take into account that diﬀerent driving conditions are at
play in summer and winter with respect to climate and type of dirt on the windscreen.
The concentration must be varied for both cases: The detergent is sold in packages of
diﬀerent sizes that correspond to dilutions of 1:1 to 1:100 once added to the water in
the cleaning ﬂuid reservoirs.
The formulation of both versions is not very simple for two reasons. First,
polycarbonate plastic is being used more and more often in modern cars for the
headlight covers, as well as for other panes. Upon contact with nonionic surfactants
(with the exception of alkyl polyglucosides), these plastics tend to corrode because of
stress cracking. Second, because of the wind factor during driving, the cleaner does not
stay on the windscreen for very long. These challenges on the formulation restrict the
choice of surfactant and require the use of further specialty chemicals, for example,
complexing agents.
Additives for summer use. Aside from the usual dirt as a result of street dust,
exhaust gases, residues from the abrasion of rubber, etc. in summer, the grime on the
windscreen and on the headlights is primarily made up of organic matter from dead
insects. Windscreen cleaner for summer use contains only a small amount of solvent
and is mainly made up of water.
Additives for winter use. In winter, the residues from thawing salt and grit are
predominant. The alcohol solvent component of winter products is high, because in
addition to cleaning, they must also oﬀer antifreeze action so that the water in the
windshield cleaning ﬂuid reservoir does not freeze. Generally, the applied alcohol
mixture is made up of mono- and bidentate alcohols, e.g., ethylene glycol (Table 24).
(b) Interior Cleaning. In addition to cleaning the exterior surface, the importance
of cleaning the interior surface, which is obvious done by hand, is always underestimated. The layer of dirt that forms on the inner surface of the windscreen, which is
often ignored, can impair one’s vision at night even more so than the easily recognized
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TABLE 24 Typical Composition of Windscreen Cleaners (Summer and Winter)
Ingredient
Surfactants
Anionic
Nonionic
Mono- and polydentate
alcohols
Nitrilotriacetic acid (NTA)
Water

Summer,
content (%)

Winter,
content (%)

5–30
5–30
0–15
0–5
ad 100

0–2
0–2
50–90
–
ad 100

Function
Wet and decrease the
organic dirt particles
Solvent and antifreeze
Complexing agent
Solvent

Source: Ref. 47.

grime on the outer surface of the windscreen. The inner surface can be cleaned with a
windscreen cleaner, which is mostly available in spraying bottles. The formulation and
application of these products generally resemble those of household window cleaner.
A relatively higher content of alcohol solvent readily removes the dirty layer that is
deposited on the inner surface of the windscreen. This particularly stubborn ﬁlm arises
from electrostatically attracted dust, a certain amount of matter transpired (‘‘sweat’’)
from the plastic and vinyl ﬁttings, nicotine deposits caused by smokers, and breathing
and transpiration from the occupants of the car.
Besides the carwash products and windscreen cleaners, many special formulations are in the marketplace, for instance, wheel cleaners, car polishes, and cleaners for
synthetic material (plastic), for instance, leatherette cleaners. Furthermore, the
application of targeted specialty products is required, for example, of tar removers.

F. I&I Cleaners
Industrial and institutional (I&I) cleaners ﬁnd broad use in the food and nonfood
areas. Typical applications are summarized in Table 25 [48]. All ingredients used in
household cleaners can also be found in I&I formulations, but some additional I&I
ingredients are not suitable for household application.

1. Food Trade and Food Industry Cleaners
The performance proﬁles of food-trade and industry cleaners are quite diﬀerent.
Whereas in the cleaning of the appliances of a butcher foam indicates that the cleaner
solution has reached all corners and cavities, in the automatic cleaning of returnable
bottles foam is not tolerated.
In abattoirs, sausage factories, butchers’ shops, dairies, and other food-processing factories, virtually only foam cleaners are used. The aqueous formulations are
mainly based on alkyl dimethylamine N-oxides or phosphoric acid esters as surfactant.
The other actives are alkali, sodium hypochlorite, and sodium phosphonates. If the
cleaner contains no hypochlorite, instead of amine oxides, alkyl polyglucosides are
suitable for alkaline formulations. Besides these alkaline products, acid cleaners with
phosphoric acids are also applied.
An interesting example for a high-foaming, alkaline cleaner based on a phosphoric acid ester is given in Table 26. This cleaner is said to form a voluminous, highly
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TABLE 25 Important Industrial and Institutional
(I&I) Cleaners
Food industry
Cleaners for dairies, butchers and bakeries as well as
for cowsheds and stables
Products for machine bottle cleaning
Nonfood industry
Institutional laundry detergents for
. hotels and restaurant trade
. health service (doctor’s practices, hospitals, health
resorts, old-age homes)
Automatic dishwashing products for
. restaurants, bars, canteens
. hospitals
Hard surface cleaners for
. ﬂoor coverings, public buildings, frontages, windows
. universal surfaces
Cleaners for traﬃc and transportation such as
. cars, trucks, and public transport
. railway, aircraft, and ships
Industrial cleaners for process plants, e.g.,
. in the paper industry
. generally in the CIP mode (cleaning-in-place)
Cleaners for metal processing
. treatment and degreasing of surfaces
. electroplating
. alkaline antirust agents
Source: Ref. 48.

TABLE 26 Foam Cleaner for Abattoirs, Butchers’ Shops, Dairies, and
Other Food Processing Industries
Ingredient
Phosphoric acid octyl ester
Sodium cumenesulfonate
C11 oxo alcohol ethoxylate (7 EO)
Tetrapotassium pyrophosphate
Potassium hydroxide solution
Potassium silicate, 28–30j Bé
Water
Source: Ref. 49.

Active (%)
40
90
60
50

Content (%)
3
7
5
14
9
5
57
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adherent foam when a foam lance is used in combination with high-pressure
equipment. This foam removes dirt in the form of partially dried blood residues, fats,
and casein residues on tiled walls and ﬂoors or stainless steel surfaces in food
processing factories [49].
The automatic cleaning of returnable bottles is normally performed by hot
caustic (1.5–2.5 wt.% NaOH) followed by rinsing with potable water. For both steps,
additives are required. For the choice of the additives, the kind of bottle washer, its
function, the water quality (hardness, microbiology), the kind of bottle (glass or PET),
and the bottle dressing have to be considered. Functions of the additives are:


Enhancement of the cleaning and stabilization of the bath by defoaming, hardness stabilization/dispersion, and, if demanded, an antiscuﬃng eﬀect. For these
purposes, alkali-stable, low-foaming surfactants, inorganic salts such as phosphates, and organic salts such as gluconates and polycarboxylates are used. With
increasing organic load, e.g., by glue, the caustic tends to foam. Therefore a
defoamer has to be added.
 Stone inhibition, anticorrosion eﬀect, and disinfection in the water zones. This is
performed by phosphonic and poly(carboxylic acids) for the hardness stabilization and, e.g., chlorine dioxide or peracetic acid for the disinfection.
Because of hydrolysis of silicates, glass bottles are damaged by alkaline cleaning.
Due to additional mechanical eﬀects, the so-called scuﬃng rings are formed. Antiscuﬃng agents can stabilize the silicates in the caustic. For the cleaning of PET bottles,
special additives are available, which minimize the graying of the bottles.
In the water zones, there is ﬂow balance of pH and temperature produced by
the cascade system of the water supply for rinsing. High pH value and high temperature may result in the formation of deposits of the water hardness or of the caustic
carry over. If the pH value is decreased by addition of an acid, a corrosion inhibitor has
to be added.
The choice and the concentration of the additives have to be optimized for each
application because every bottle washer is an individual case [50]. For cleaning of dairy
plants, see Ref. [51].

2. Nonfood Applications
In the focus of nonfood applications are professional laundry detergents, machine
dishwashing cleaners, hard surface cleaners (institutional) as well as industrial cleaners
for vehicles, and metal treatment.
(a) Professional Laundry Detergents. Compared to home laundering, the professional washing process is much shorter and operated with soft water. For environmental and economic reasons, energy and water recycling is essential. Typically,
besides softened water unit construction systems consisting of base detergents,
detergent additives and laundry aids are used in professional laundering [52].
Because soil levels are much higher in professional than in household laundry
and the variety of textiles is very large, concentrated products, special bleaches, and
stain-removal processes are often applied. In many cases such as hospital laundry,
disinfection of the laundry load is necessary.
Table 27 shows the principal formulation of these products [53,54].
Base detergents are completely built products for a good basic detergency. The
main components are sodium metasilicate and sodium carbonate (mostly, more than
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TABLE 27 Institutional Laundry Detergents
Partially built products
Detergents
Ingredients
Surfactants (LAS, oxo, or fatty
alcohol ethoxylates)
Builders (STPP or zeolite/
polycarboxylate)
Alkalis (soda ash, metasilicate)
Bleaching agents
Fluorescent whitening agents
Enzymes
Complexing agents (HEDP)
Antiredeposition agents
Foam inhibitor
(phosphoric acid ester)

Base

Specialty

Surfactant
boosters

+

+

+

+

+

+

+

+
+
+
+
+

Bleaching
agents

Enzyme
boosters
+

+
+

+
+

+
+
+

+

Source: Ref. 2.

80%). The contained surfactants are between 6% and 8%, mostly nonionics.
Generally, the products are highly alkaline and contain no bleach. Oxygen or chlorine
bleach can be added depending on the degree of soiling. Detergent additives are
frequently used to improve the removal of heavy soilings and tough stains, which are
quite common in professional laundries. One of the most important additives is a
disinfectant for hospital use such as peracetic acid/hydrogen peroxide mixtures,
sodium N-chloro-p-toluenesulfonamide (chloramine T), dichlorodimethylhydantoin,
quaternary ammonium compounds, and other organic chlorine carriers, which
liberate active chlorine in the presence of water. These procedures are mainly common
in Europe. Laundry sterilization in the United States is accomplished either thermally
or by active chlorine bleaches.
Specialty detergents are formulated to meet the demands of particular laundering processes, for instance, products with high contents of nonionics for heavily soiled
workwear, and enzyme-containing products for proteinaceous soils. In many semiprofessional laundries like in small hotels and restaurants, the detergents used are
more or less comparable to those for the household.
(b) Professional Machine Dishwashing. Professional machine dishwashing is conducted at ca. 90jC within 3–10 min. The wastewater is reused. Compared to household
automatic dishwashing, the cleaners are more aggressive (Table 28).
(c) Professional Hard-Surface Cleaners. For the institutional cleaning of hard
surfaces such as ﬂoors, oﬃces, fronts of buildings, or windows, diﬀerent systems of
appliances have been developed. From a cost point of view, in virtually all cases, the
cleaners that are to be used play a minor role. Nevertheless, their tailor-made
performance proﬁle is crucial for the success of any cleaning operation.
Because the cleaning of extensive surfaces is performed by machines, oﬃce and
building cleaners diﬀer from household products considerably. Main ingredients are
low-foaming surfactants and also solvents. Besides glycols, lemon terpenes have
proven as outstanding degreasing components. Surfactants that show high electrolyte
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TABLE 28 Institutional Automatic Dishwashing Detergents
Ingredients

Products used

Surfactants

Fatty alcohol ethoxylates
End-capped fatty alcohol ethoxylates
Fatty amine EO/PO derivatives
Sodium and potassium hydroxides
Sodium and potassium metasilicates
Sodium perborate, sodium percarbonate
Sodium hypochlorite
Citric and phosphoric acids
Cumene sulfonate

Alkalis
Bleach
Auxiliaries for
rinsing agents
Source: Ref. 2.

compatibility enable the formulation of very concentrated products. For their safe
application, automatic dosing systems are used. As an example, the performance
proﬁle and suitable ingredients for oﬃce and building cleaners are given in Table 29.
(d) Motor Vehicle Cleaning. In most cases, the industrial cleaning of motor vehicles is conducted with high-pressure appliances. Again, the use of low-foaming
surfactants is crucial. Because of the sometimes very sensitive paintwork coating of
vehicles, only neutral or weakly alkaline cleaners are to be used. To achieve protection
against corrosion, alkanolammonium soaps, fatty acid amides, or alkanolammonium
borates are added to the surfactant mixture containing, for instance, phosphoric acid
esters and fatty alcohol ethoxylates. Solubilizers such as cumene sulfonate or glycols
enable the formulation of concentrated products. An example for the composition of
vehicle cleaners is given in Table 30. For the degreasing of the engine compartment,
microemulsion cleaners are also recommended.
The most widely used products in the workshop sector are neutral cleaners,
alkaline cleaners, or solvent-based cleaners. In recent years, in I&I, cleaning factors
such as environment and health are becoming increasingly important. Therefore
the DEKRA environmental service regularly publishes requirements for ingredients

TABLE 29 Cleaners for Oﬃces and Public Buildings
Ingredients
Performance proﬁle
Suitability for machine
cleaning
Low foam formation
Concentrated formulations
Suitability for automatic
dosing systems

Surfactants

Solvents

Fatty alcohol ethoxylates

Glycols

Fatty alcohol alkoxylates
Nonylphenol ethoxylates
Alkanesulfonates
LAS
Soaps

Citrus terpenes
Alcohols
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TABLE 30 Vehicle Cleaning
Ingredients
Performance proﬁle
Suitability for cleaning with
high-pressure appliances
Low foam formation
Neutral to weakly alkaline
cleaners
Cleaning of sensitive varnished
surfaces
Alkanolamides

Surfactants
Phosphoric acid esters
Fatty alcohol ethoxylates
LAS
Alkanesulfonates
Sodium cumene sulfonate
(hydrotrope)

Auxiliaries
Ortho and other
phosphates
Bicarbonates
Borates
Alkanolammmonium
soaps
Fatty acid

in all cleaners based on criteria set by DaimlerChrysler for workshop use of their
dealers [55]. Included are component cleaning (with brush, with component cleaning
unit after dismantling—closed system, with high-pressure, hot-water cleaning unit—
open system), engine cleaning/underbody washing, bodywork washing, alloy wheel
cleaning, workshop ﬂoor cleaning, and other cleaning tasks such as tar removal and
upholstery cleaning.
(e) Metal Cleaning. The right choice of a metal cleaner depends on the type of
soiling and its physical and chemical properties as well as on the process involved.
Aqueous metal cleaners. The cleaning agents used for the industrial cleaning of
metals in the aqueous phase may be strongly alkaline, alkaline, neutral, or weakly
acidic. A classiﬁcation is given in Table 31 [56]. Weakly to strongly alkaline agents are
the most commonly used cleaning products in the cleaning-in-place (CIP) operation in
surface treatment lines in the metal processing industry. They consist of a mixture of
builders and low-foaming surfactants. The builders include alkali-metal hydroxides,
silicates, orthophosphates, condensed phosphates, borates, carbonates, and sometimes complexing agents. They remove pigment contaminations and metallic soaps,
saponify vegetable fats, and disperse and emulsify soil. Builders and surfactants have a
signiﬁcant synergistic action.
Besides the CIP lines, cleaning is performed in appropriate equipment by
spraying, dipping, spray-dipping, and by hand. Cleaning-bath lifetime and quality
control of aqueous cleaning systems need to be improved to reduce the cost and
environmental impact of chemical disposal and meet modern industrial quality
standards [57].
Neutral cleaning agents are based on a combination of mainly nonionic
surfactants, corrosion inhibitors for iron and steel based on fatty acid amides and
amines, and inhibitors for nonferrous and light metals. Neutral cleaners are used to
secure temporary corrosion protection that is eﬀective even at high relative humidities
and is as long-lasting as possible.
Weakly acidic cleaners are based on phosphoric acid or alkali-metal acid
phosphates. Nonionic surfactants allow the removal of soil, grease, oil, and metal
ﬁnes, and a precleaning with a neutral or alkaline product can thus often be avoided.
Acid cleaners are summarized in Table 32.
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TABLE 31 Classiﬁcation of Aqueous Cleaners
Class

pH value

Ingredients

Application

Strongly alkaline

12–14

Steel/iron
Severe soiling
High cleaning claims

Paintwork
Electroplating
Strip steel
Repair shop

Weakly alkaline

9.5–11.5

Caustic alkalis
Silicates
Phosphates
Complexing agents
Surfactants
Phosphates, borates
Carbonates
Complexing agents
Surfactants
Surfactants
Corrosion inhibitors
Phosphates
Solubilizers
Acid salts
Surfactants

Light metals
Copper, zinc
Weak soiling
High cleaning claim
Delicate surfaces
Weak soiling

Electroplating
Anodization
Phosphatization
Coating
Automotive
Tools
Hardening

Steel
Alkali-sensitive
work pieces
Cleaning
Phosphatization
Metals
Decapiting/pickling
Pickling/degreasing
Removal of corrosion

Track vehicles
Road vehicles

Neutral

6–9

Weakly acid

3–3.5

Strongly acid

0–2.5

Inorganic and
organic acids
Inhibitors
Surfactants

Industry

Paintwork
Electroplating
Metal

Source: Ref. 56.

Cleaners based on organic solvents. The mostly used application for organic
solvents (Table 33) is immersion cleaning, with or without the use of ultrasound and/
or steam degreasing. However, the use of organic solvents (halogenated hydrocarbons) for metal cleaning is declining because of stringent legislation and environmental issues.
A special method is the application of the so-called cold cleaners in sealed
equipment. A mixture of solvents and emulsiﬁers is sprayed onto the machine parts

TABLE 32 Metal Cleaning with Acids
Ingredients
Performance proﬁle
Removal of oxides
Removal of pigments
Removal of tinder
Preparation of surfaces
for electroplating
Surfactant-free surfaces
after the cleaning

Surfactants

Acids/auxiliaries

LAS
Alkanesulfonates
Fatty alcohol ethoxylates
Alkylphenol ethoxylates
Fatty amine ethoxylates

Phosphoric acid
Sulfuric acid
Gluconic acid
Acetic acid
1,4-Butinediol
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TABLE 33 Metal Cleaning with Solvents
Ingredients
Performance proﬁle

Surfactants

Intense degreasing

Fatty alcohol
ethoxylates

Cleaning at low as well as
at high temperatures
Formation of unstable
emulsions in the waste
water
Low waste water loading
with solvents

Alkylphenol
ethoxylates
LAS
Alkylnaphthaline
sulfonates

Solvents/auxiliaries
Aromatic/free of aromatics
with ignition points
<60jC for cold cleaners
Oils containing aromatics
Ortho and other phosphates
Glycols
NaOH/KOH

to be cleaned and then rinsed-oﬀ with water as a more or less stable emulsion.
More water causes phase separation to recycle the solvent and dispose of the oil. The
oil ﬁlm formed on the metal surface during drying prevents corrosion, e.g., during
temporary storage.

G. Cosmetic Cleaners
Surfactant-containing cosmetic cleaners comprise skin cleaners, hair shampoos, and
toothpastes. Surface-active compounds are also functional ingredients of hair conditioners. The emulsiﬁers needed for the world of face and skin care products are not
covered here.

1. Toilet Soaps, Detergent Bars, Combibars, and Liquid Soaps
The main raw materials used in soap making include tallow (beef and sheep) and
coconut oil, but also palm and palm kernel oil. Coconut and palm kernel oil are rich in
C12 (few long chains); tallow and palm oil do not contain C12 chains, but a mixture of
longer saturated and unsaturated chains. Soaps are generally made from mixtures
such as tallow/coconut, tallow/palm kernel oil, palm oil/coconut, and palm oil/palm
kernel oil, with 60–90% of tallow or palm oil and 10–40% of coconut or palm kernel
oil (usually f20%) [3]. A typical ratio is 80:20.
In Table 34, typical formulations of toilet soaps are given. To improve the foam
and feel, soap can be ‘‘superfatted’’ by adding free fatty acids, which will also
neutralize any residual caustic soda. Transparent or translucent soaps contain crystallization inhibitors such as polyols or glycerine. Furthermore, purity of raw materials and precise conditions of manufacture are prerequisites for making them.
Soft soap is a speciﬁc physical balance of potassium soap and unsaturated oils.
Antibacterial soaps contain antibacterial agents.
Detergent bars (syndets) often adjusted to slightly acidic or neutral pH values are
unlike toilet soap, not sensitive to water hardness and leave a certain feeling of softness
on the skin. A typical composition of detergent bars and the function of their
ingredients are given in Table 35. Besides Sodium Lauryl Sulfate, Disodium Lauryl
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TABLE 34 Typical Composition of Toilet Soaps
Ingredient
Nominal composition
of fats
Sodium soap
Free fatty acids
Poly(ethylene glycol)
Glycerol
Preservatives
Na EDTA
EHDPa
Orthophosphoric acid
Colorants
Opaciﬁers
(titanium dioxide)
Brighteners
Perfume
Water, salt
a

Household soap,
content (%)

Superfatted soap,
content (%)

Transparent soap,
content (%)

80–20 (palm/
palm kernel)
83–88
–
–
–

65–35 (tallow/
coconut)
80–85
4–6
–
–

80 tallow:
20 coconut
65–78
2–5
8–15
2–10
+

0.015–0.030
0.010–0.025
+
+
0.1–0.7

0.015–0.030
0.010–0.025
+
+
0.1–0.7

–
+
–

+
+
Balance

+
+
Balance

–
+
Balance

Ethanehydroxydiphosphonates.

Sulfosuccinate is also used in syndets. In some cases, Sodium Cocoyl Glutamate can be
found. (Note: Most of ingredients mentioned here are called by their INCI name.)
Combibars are based on mixtures of syndet bars and toilet soaps. The main
surfactants in combibars are soap and Sodium Cocoyl Isethionate.
In contrast to soft soap, liquid soaps mean pH-neutral cleaner solutions for the
skin contain smart combinations of skin-friendly synthetic surfactants and refatting
agents.
Products containing solvents such as alkanes, isoalkanes, or dicarboxylic esters
for the removing of industrial soilings from hands exhibit poor skin compatibility.

TABLE 35 Typical Composition of Detergent Bars
Ingredient
Sodium cocoyl isethionate
Sodium fatty alkyl ethoxy sulfate
Anhydrous soap
Sodium isethionate
Sodium stearate
Stearic acid
Titanium dioxide
Preservative, complexing agents
Perfume
Water

Content (%)

Function

44–60
0–2
7–8
2–3
2–3
15–19
0.2
+
+
balance

Active (foam and cleaning)
Speed and volume of foam
Creamy feel
Hardener
Hardener
Plasticizer, softener
Opaciﬁer
Protection against deterioration
Product aesthetics
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The need to add solvents to such formulations can be reduced by using mild natural oil
and surfactant combinations [58]. Professional hand cleaners often contain scrubbing
agents such as polyethylene (round particle structure) or polyurethane powders
(sharp-edged microstructure) that are more and more replaced with renewable,
biodegradable agents such as seed or shell powders. Because of the risk of microbial
contamination, a hydroperoxide bleaching is necessary.

2. Shower Gels and Bath Foams
Today shower gels and—to a lesser extent—bath foams dominate the cleaner products
in the bathroom. Because the bathroom has become a place to get energized and get
ready for the day ahead or to relax, the earlier much more used bath salts and bath oils
gain new interest.
Besides the prerequisite of minimal cost, the key property of all these products is
mildness. Therefore a growing number of skin-friendly surfactants is added to the
widespread basic formulation consisting of Sodium Laureth Sulfate (fatty alkyl ethoxy
sulfate) and Cocamidopropyl Betaine (CAPB).
The so-called third surfactants suitable for adding to shower gel and bath foam
formulations are—in decreasing order—Disodium Laureth Sulfosuccinate, Disodium
PEG-5 Laurylcitrate Sulfosuccinate, Disodium Cocoamphodiacetate, and Sodium
Cocoamphoacetate. Disodium PEG-5 Laurylcitrate Sulfosuccinate is the mildest
anionic surfactant known so far. Especially in Asia, N-acyl sarcosinates and monoalkyl phosphates are widely used as main or additional ingredients. Because of a
tendency to exhibit a certain stickiness at higher concentrations, the skin-friendly alkyl
polyglucosides are a rather minor component of modern formulations. An example
for a mild moisturizing shower gel is given in Table 36 [59].

TABLE 36 Mild Moisturizing Shower Gel
Ingredient (INCI Name)
Sodium Laureth Sulfate
PEG-7 Glyceryl Cocoate
Water
Sodium Cocoamphoaceate
Capryl/Capramidopropyl Betaine
Sodium Lactate; Sodium PCA;
Glycine; Fructose; Urea;
Niacinamide; Inositol; Sodium
Benzoate; Lactic Acid
Citric Acid
PEG-200 Hydrogenated Glyceryl
Palmate; PEG-7
Glyceryl Cococate
Sodium Chloride
Preservatives, perfumes

Active (%)

Content (%)

28

37.0
2.0
42.5
9.0
5.0
1.0

30

1.3
2.0

0.2
q.s.

Preparation: Mix the ingredients in the given order and stir. Adjust the pH value to 6.5 and
the desired viscosity with NaCl.
Source: Ref. 59.
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Taking a shower or bath in the United States often means the use of soap. To
achieve a ‘‘dry’’ clean feeling without any refatting, in Asia Sodium Lauryl Phosphate
is applied instead of Sodium Laureth Sulfate.
The third surfactant has also potential as a substitute for CAPB. A plethora of
derivatives, for instance, ethoxylated products and (ethanol)ammonium salts of
anionic surfactants, are available to modify formulations.
After the BSE experience, virtually all surface-active protein condensation
products based on collagen derivatives are withdrawn from the market. The alternative gluten derivatives have not yet achieved a comparable importance.
Bath foams often formulated only on the basis of Sodium Laureth Sulfate meet
more and more of the consumer wellness needs. Instead of the cleaning function, other
properties dominate such as solubilization of essential oils (oil baths à la Kneipp),
spontaneous emulsiﬁcation of care baths or solubilization of fatty oils, for instance, for
medical oil baths.
In many cases, care components such as silicones, paraﬃn oils, or natural
extracts are added.
Thickeners enable the desired viscosity of the product to be adjusted. Colorants
and perfumes and last but not least the packaging deliver the necessary product
aesthetics.
Because of the direct contact with the wet skin, the concentration of surfactants
in shower gels is lower than in bath foams. Shower gels include the shampoo
performance for hair cleaning.

3. Hair Shampoos
Today hair shampoos are also formulated on the basis of the binary combination
of Sodium Laureth Sulfate and CAPB. In the United States, Ammonium Lauryl Sulfate has been proven as an ingredient in 2-in-1 shampoos. Sodium Cocoamphopropionate is used only in very special products, for instance, in tinting shampoos if the
absence of sodium chloride is essential.
If a hair shampoo is used besides a shower gel, special needs of the consumer
should be met. Examples are therapeutic or antidandruﬀ shampoos. Baby shampoos
require extremely mild formulations. The surfactant concentration of shampoo formulation is similar to shower gels but not as high as in bath foams.
An example for a mild hair shampoo is given in Table 37 [59].

4. Toothpastes
For a long time, the cosmetic dentistry sector has continuously developed a series of
products designed to restore the natural whiteness of the teeth, improve their
microscopic structure and thus keep them in good health. The physical principle
underlying the cleaning technology—the abrasion of dental plaque—has not changed
since the early days of cosmetic dentistry. An overview of the chemistry of toothpaste
is given in Table 38.
The preferred surfactant in toothpastes is the well-foaming sodium lauryl
sulfate. Sometimes other surfactants, for instance, CAPB or surfactant mixtures are
applied.
Cheaper toothpastes contain calcium carbonate as an abrasive agent, while
strongly abrasive toothpastes contain calcium phosphate, which also serve as a source
of calcium for the mineralization of the teeth. The higher-quality products contain
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TABLE 37 Formulation Example for a Mild Hair Shampoo
Ingredient (INCI Name)
Sodium Laureth Sulfate
Disodium Cocoamphodiacetate
Cocamidopropyl Betaine
Disodium PEG-5 Laurylcitrate Sulfosuccinate;
Sodium Laureth Sulfate
PEG-200 Hydrogenated Glyceryl Palmate;
PEG-7 Glyceryl Cocoate
Water
Citric Acid Monohydrate
NaCl
Preservative

Active (%)

Content (%)

28
39
30

17.50
5.00
10.00
4.00
2.00
60.50
q.s.
1.00
q.s.

Preparation: Mix the ingredients in the given order and adjust the pH value with citric acid
to 6.5 as well as the ﬁnal viscosity with NaCl.
Source: Ref. 59.

special surface-treated silica particles, which are much more softer than the tooth
itself, yet harder than plaque.
Although the abrasion technique is of the highest standard, there is no doubt that
brushing actually attacks the tooth surface.
Dental enamel consists of hydroxyapatite (HAP), Ca5(OH)(PO4)3, and its
ﬂuorinated derivative ﬂuoroapatite, two of the hardest naturally occurring substances.
The crystal structure is porous, which explains why pigments can become deposited on
teeth as a result, for example, of smoking or drinking tea. Such substances can only be
removed by chemical bleaches or intense abrasion of the tooth surface. Pores also
provide a protective environment for bacteria that cause cavities, since these bacteria
cannot be polished away with the abrasive agent in toothpaste.

TABLE 38 Toothpaste
Task

Technology

Cleaning
Foaming
Color

Abrasive agents
Surfactants
Coloring agents

Remineralization

Calcium sources
Phosphate sources

Caries prevention

Fluoride sources

Provide consistency

Bactericidal agents
Polymers

Source: Ref. 60.

Chemistry
Silicates, phosphates
Sodium lauryl sulfate
Titanium dioxide, optical
brighteners
Calcium phosphate
Sodium phosphate
Ammonium phosphate
Ammonium ﬂuoride
Sodium ﬂuoride
TriclosanR
Polyalkoxylates, peptides
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Whereas the bleaching procedure could only performed, until recently, by the
dentist, chemical agents, e.g., strips containing bleaching agents, which are applied
to the teeth for a speciﬁc period (‘‘white strips’’), have since been introduced for
personal use. An alternative option is to treat the teeth with ﬂuorescent whitening
agents, as used in laundry detergents, or white dyes, which are also found in, say,
wall paints.
Recently, hydroxyapatite nanoparticles are manufactured, which can be incorporated into toothpastes. These nanoparticles form a ﬁlm by self-organization and
cause tooth enamel repair with nature-identical material rather than a layer of foreign
material [60].

II. TYPICAL INGREDIENTS OF DETERGENTS
A. Surfactants
Surfactants are interface-active (or surface-active) substances. They are often called
the heart of a washing powder or cleaner. Formulations, however, incorporate them in
very diﬀerent proportions, varying from less than 1% to over 40%. Small proportions
of surfactants serve only as wetting agent for the surfaces to be cleaned or for the dirt to
be removed; in higher proportions, they ‘‘carry’’ the mostly very complex cleaning
performance.
In general, surface-active substances, as the name implies, modify interfaces—be
it between solid and ﬂuid, between two immiscible liquids, or between liquid and gas
phase. As a result, either new properties of the surfaces are activated or routes to other
processes such as wetting, interface exchange, dewetting, emulsiﬁcation, foam formation, and cleaning processes are opened. The action of surfactants is not restricted to
surfaces, but is also evident in solution, as will be illustrated presently.

1. What is a Surfactant?
Amphiphilic (bifunctional) compounds with a hydrophobic and a hydrophilic part
to the molecule are termed surfactants [61]. The hydrophobic residue is often a—
linear—hydrocarbon chain with 8–20 carbon atoms. Specialty surfactants also have
(dimethyl-) siloxane or perﬂuoro hydrocarbon chains as hydrophobic moiety. The
hydrophilic residue is either electrically charged, negatively or positively (hydratable), or a neutral polar head group. Surface-active betaines (amphoteric surfactants)
bear negatively and positively charged groups in one molecule.
The fundamental properties of surfactants are the



oriented adsorption on surfaces and the
aggregation to micelles, vesicles, and liquid crystalline (lyotropic) phases.

Surfactants are divided into categories according to the type of hydrophilic head
groups (Table 39).

2. Commodity Surfactants
Depending on their economic importance, surfactants are classiﬁed as tonnage
products (commodity or basic surfactants) and specialty surfactants that are found
in small quantities in the market, mostly in particular applications or in combination
with basic surfactants as so-called cosurfactants. Six commercially produced surfac-
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TABLE 39 Categories of Surfactants
Category
Anionic surfactants

Hydrophilic group
UCOO
USO3

Soaps
Alkylbenzenesulfonates,
alkanesulfonates
Alkyl sulfates, alkyl
ether sulfates
Fatty alcohol ethoxylates

UOSO3
Nonionic surfactants
(nonionics)
Cationic surfactants

Betaines

Typical example

U(CH2CH2O)xU
(x = 2–20)
>N!O
j
– N+–
j

j
– N+– (CH2)g-COO–
j
(g = 2 or 3)

Amine N-oxides
Quaternary ammonium
compounds with one or
two hydrophobic groups
Salts of long-chain primary
amines
Acylamidoalkyl betaines

tants are today considered basic surfactants (Table 40). Alkyl phenol ethoxylate
(APEO) has no longer been used in detergents and cleaning agents for domestic use for
several years.
Natural fats and oils are the raw materials for the oldest surfactant, soap; they
were and are, however, also the foundation of the ﬁrst ever fully synthetic surfactant,
the fatty alkyl sulfate. With the triumphal march of petrochemistry after the Second
World War, the oil-based surfactants dominated the scene. Today, the wheel has
turned full circle: 3.8 million tons of fatty alcohols were produced worldwide in the
year 2000, chieﬂy from coconut, palm kernel and palm oils. The 1.8 million tons of
fatty alcohols (2000) produced worldwide by the hydrogenation of fatty acids, and on
small scale also fatty acid methyl esters and fatty amines, are building blocks from
renewable resources for the oleochemical surfactants.

TABLE 40 Commodity Surfactants
Anionicsa
Soap
Linear alkylbenzene
sulfonates (LABS, LAS)
Fatty alcohol ethoxysulfates
(FAES)
Fatty alcohol sulfates
(FAS)
a

Sodium salts.

Reference

Nonionics

Reference

[62]
[63,64]

Fatty alcohol ethoxylates
(FAE)
Alkylpenol ethoxylates
(APEO)

[66]

[65]
[65]

[67]
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Also of growing importance for surfactant chemistry is green gene technology.
Almost every desired spectrum of fatty acids can be produced in botanical ‘‘reactors’’
with this technology. First successes include the production of C12 fatty acid (lauric
acid) from oil-seed rape and transgenic sunﬂower, soya bean, and rape plants with a
very high fatty acid content in the seed oil.
The commercially most important surfactant is linear alkylbenzenesulfonate
(LAS), which is the basic surfactant for detergents and many cleaning agents because
of its cost-performance ratio, its ecological safety, and the over 40 year experience of its
technical application. Linear alkylbenzenesulfonate is a mixture of homologues and
isomers with an average alkyl chain length of 11.6 carbon atoms. In Fig. 9, next to the
formula for an isomer mixture with alkyl chain length C12, examples of the starting
materials and most important synthesis technologies are given. An overview of the
formulas of other important anionic surfactants is presented in Fig. 10.
Today sulfonation and sulfation are mainly performed with gaseous SO3 in a
falling ﬁlm reactor [68–70]. Besides linear alkylbenzene (LAB), fatty alcohols are
converted into FAS, fatty alcohol ethoxylates into FAES, fatty acid methyl esters into
MES, and 1-oleﬁns into oleﬁn sulfonates by this process.
The product form of many anionic surfactants is pasty. Thus a typical concentration of commercial LAS is 50 or 70 wt.%. But the partial replacement of the
conventional spray tower technology for the manufacture of heavy-duty detergents
with dry mixing, nontower technologies caused a demand for ‘‘dry’’ anionics.
Logically, technologies for drying of a manifold of anionics were developed based
on diﬀerent principles. One of the ﬁrst technologies has been ﬂuid-bed drying [71].
Other technologies combine initial ﬂash with two-phase convective heating and a
unique ﬂow distribution system [72] or uses a wiped ﬁlm evaporator [71].
The majority of nonionic surfactants are manufactured in discontinuous batch
processes [73]. In the focus of the addition of ethylene oxide (EO) to proton-active

FIG. 9 Linear alkylbenzene sulfonates.
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FIG. 10 The chemical structure of anionic surfactants (LAS, see Fig. 9).
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precursors such as alcohols—the safety technology—which is aimed at avoiding a
buildup of higher ethylene oxide concentrations in the reaction mixture. Otherwise,
EO might spontaneously polymerize (run-away reaction) and cause destruction of the
plant. This aspect becomes more important as the reaction vessels become bigger.

3. Specialty Surfactants
Modern specialty surfactants are collated in Table 41. Approximately a dozen of
them are in commercial use, and here in particular an almost nontransparent diversity
of structural variations and forms on oﬀer determine the market. The structural
formulas of important nonionic and betaine surfactants are shown in Fig. 11.
In Fig. 12, as example of a specialty surfactant, the general structural formula for
alkyl polyglucoside (APG) is given together with details of its origin, production,
properties, and applications.
Because of their predetermined breaking points for hydrolysis and subsequent biodegradation, the esterquats (Fig. 13) have been developed to replace the
poorly biodegradable and aquatically toxic distearyldimethylammonium chloride
(DSDMAC) as a fabric softener. The esterquats proved themselves as a model for

TABLE 41 Modern Specialty Surfactants
Surfactants
In commercial use (selection)
Secondary alkanesulfonates, also called paraﬃn
sulfonates (SAS)
Oleﬁn sulfonates (especially in Japan)
Methylester sulfonates (MES)—sodium salts of
a-sulfomonocarboxylic esters
End-capped ethoxylates
Alkyl polyglucosides (APG)
Fatty acid N-methyl glucamides (FAGA)
Cocamido propyl betaines (CAPB)—the surfactant
in cosmetics
Fatty alkyl sulfosuccinates, e.g., PEG-5 laurylcitrate
sulfosuccinate
Fatty acid isoethionates, sarcosinates, and glutamates
Coco ampho (di)acetates and propionates, also
cosmetic surfactants
Gemini or ‘‘dimeric’’ surfactants (a- or h-bridged
‘‘monomeric’’ surfactants)
Esterquats (for formulations of fabric softeners)
Specialty surfactants in a premarketing phase
Narrow range ethoxylates (NRE)
Methyl ester ethoxylates (MEE)
Bolaform surfactants (in a and N position
hydrophilically functionalized
surfactants)
Polymeric surfactants

Reference
[74,75]
[76]
[77,78]
[79]
[80–84]
[85]
[86–88]
[86,89]
[90]
[86,88]
[91,92]
[93,94]
[95]
[96]
[97]

[98]
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FIG. 11 The chemical structure of nonionic and betaine surfactants (APG, see Fig. 12).

other functional ingredients such as organic builders, then also prepared with
predetermined breaking points, for instance, poly(aspartic acid).
Low-foaming nonionic surfactants are available from fatty alcohols and diﬀerently positioned blocks of ethylene oxide and propylene oxide/butylene oxide [99]. A
better solubility of anionics, for instance, for more highly concentrated cleaners can be
achieved by use of water-free alkyl ether sulfates that bear mono- or triisopropylammonium groups as cations [100].
Amphoteric surfactants are widely used in personal care products because of
their mildness, good cleaning, and viscosity-modifying properties. Because amphoterics provide additional beneﬁts in ﬁnished formulations such as improved wetting
properties, stability in the presence of alkalis and acids, and good hydrotroping and
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FIG. 12 Alkyl polyglucosides.

coupling ability, their use in both household and industrial and institutional (I&I)
cleaning products is increasing as well [101].
Experience over many years teaches that anionic and cationic compounds
predominantly form very sparingly soluble ion pairs, which do not exhibit any
interfacial activity and are therefore lost for the performance of a formulation.
Nevertheless, the addition of special cationics to simple anionic surfactant systems
reveals properties, which otherwise are only possible at great expenditure.

FIG. 13 Fabric conditioner actives: Esterquats.
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Examples are ethoxylated quaternary ammonium compounds such as EthylBis(Polyethoxy Ethanol) Tallow Ammonium Ethosulfate (EBTAE) and Coco Pentaethoxy Methylammonium Methosulfate (CPEM) as well as a,N-diquaternary
polysiloxanes, the so-called silicone quats, with variable length of the silicone chain
[102].
Silicone surfactants [103] are complementary to other classes of organic surfactants. Because silicones are soluble neither in water nor in organic oils, the silicone part
in silicone surfactants contributes hydrophobic as well as oleophobic properties to the
molecule. The high ﬂexibility especially of the polydimethylsiloxane chain enables the
high molecular weight molecules to arrange optimally at the interface between
diﬀerent phases relatively quickly.
Because of their high thermal and chemical stability and great potential as
wetting and ﬂow-control agents, emulsiﬁers and mist inhibitors ﬂuorinated surfactants
have found use in many disparate industrial processes, for instance, in painting and
coating, ﬁre-ﬁghting, and electroplating of chromium [104,105].
Biosurfactants are often highly functionalized metabolites of microorganisms
and are still right at the beginning of their development. Their potential applications lie
initially in the precursors for active ingredients of medicines [106].
Worldwide consumption of surfactants is expected to grow on an average annual
rate of 3%, from 10.5 million tons in 2000 to 14.3 million tons in 2010 [107]. Latin
America and Asia are the regions expected to have the highest surfactant growth rates.
Linear alkylbenzenesulfonate continues to be the most widely used synthetic surfactant (2000: 2.6 million tons), but it is growing more slowly than the alcohol derivatives.
Anionic (56%) and nonionic surfactants (35%) are the most important surfactant categories. The proportion of cationic and amphoteric surfactants is 7% and 2%,
respectively.
In the year 2000, of the total market for surfactants in Western Europe (1950 kt/
a), the largest fraction was used in washing and cleaning agents (54%), another 10% in
industrial cleaners, 9% in cosmetics, 8% as auxiliary ingredients in the textile and
leather industries, and 19% in other applications. A large growth potential is present in
the industrial surfactant sector. Examples of industrial applications are cleaning
agents (high-pressure cleaning agents, vehicle care products, metal cleaners) and
process chemicals for technical applications.

4. The New Hydrophobes
The length of alcohol ethoxylates and the carbon number distribution of the
hydrophobic alkyl chain, as well as the degree of ethoxylation and the distribution
of the EO groups per molecule, is variable. The paradigm of absolutely linear alkyl
chains in nonionic (or other) surfactants (‘‘linear is beautiful’’) has been overcome,
and numerous nonionics that have a weak branching and show a better performance
including higher solubility than the linear surfactants have been developed recently.
Carefully designed branching of the hydrophobe can also overcome the gelling of
nonionics during detergent tablet disintegration [108].
One of the driving forces for the development of new hydrophobes was the
replacement of alkylphenol ethoxylates because of the potential toxicity of their
metabolites. Examples of the ‘‘new hydrophobes’’ are highly soluble alkyl sulfates
(HSAS) containing a methyl substitution in mid chain and selectively methyl substituted LAS (HLAS) [109].
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New hydrophobes are also available by the new GTL (gas-to-liquid) process,
which converts synthesis gas (from coal or strand gas) by the Fischer Tropsch synthesis
into liquids containing linear and weakly branched hydrocarbons with surfactant
chain lengths [110].

5. Polymeric Surfactants
Polymeric surfactants steadily gain in importance [98]. According to their construction
principle, it is useful to distinguish two general types of polymeric surfactants. In the
ﬁrst, every repeat unit is amphiphilic as such, whereas in the second, only the complete
macromolecule is an amphiphile. In a ﬁrst approximation, properties of type 1
polymers diﬀer qualitatively from those of chemically similar, low molar mass
compounds, whereas for type 2 polymers, they diﬀer quantitatively [111].
Hydrophobic ionenes, polysoaps, and hyperbranched soaps can be subsumed
under type 1 (left side of Fig. 14). There are numerous, straightforward ways for their
synthesis. They exhibit characteristically negligible low critical aggregation concentrations and a decoupling of key properties such as surface activity, reduction of
surface tension, and solubilizing power.
Block and graft copolymers as well as dendrimers can be subsumed under type 2
(right side of Fig. 14). These polymers often show measurable critical aggregation
concentrations. The glass-transition temperature of the hydrophobic domains relative
to the application temperature is critical for their performance (molten vs. frozen).
Type 2 polymers are well suited for switchable systems, in which the hydrophilic–
hydrophobic balance is varied by an external stimulus (pH, temperature, etc.).
Although diﬃcult to synthesize in the past, the methods of controlled free radical
polymerization have recently provided a new, versatile, and convenient access to this
polymer class.
Cationic-polymerizable surfactants (‘‘surfmers’’) bearing a vinylamide moiety
can be conveniently synthesized and copolymerized with vinylpyrrolidone to produce
polysoaps with the so-called mid-tail geometry [112]. For an overview on polymerizable surfactants, see Refs. [113,114].

6. The New European Detergents Regulation
In Europe, a new Detergents Regulation has just been issued [115]. The scope and
the deﬁnitions of the new regulation have been widened and are uniformly applicable

FIG. 14 Polymeric surfactants: (a) Ionene type, (b) polysoap, (c) hyperbranched type, (d)
macrosurfactant, (e) graft type, (f) dendrimer. (Courtesy of A. Laschewsky, Fraunhofer
Institute for Applied Polymer Research, Golm, Germany.)
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in all member states without transpositions into national laws. The surfactants
industry has to provide ultimate aerobic biodegradation test results for all surfactants
including cationics and betaines, which are used in the scope of the new regulation. The
detergent formulator has to replace surfactants, which do not pass the new testing
schemes for surfactants. It is very likely that for cost reasons, many low-volume
specialties will disappear from the EU market.
Some 5% existing surfactants might fail the new testing schemes. Potential
candidates for a complimentary risk assessment and derogation procedure might be
alkyl sulfosuccinates, alkyl EO/PO derivatives (depending on their structure), fatty
acid monoethanolamides (ethoxylated), cationic surfactants (many of them), Guerbet
alcohols (ethoxylated or propoxylated), and alkylated sulfonated diphenyloxide. The
use of APEO and their derivatives as well as DSDMAC will oﬃcially be banned in the
new regulation.
The next 10 years will see novel ‘‘natural’’ or ‘‘green’’ surfactants. But nowadays
it is an open question if and when they will achieve commercial breakthrough [116].

B. Builders, Detergent Polymers, Complexing and Dispersing
Agents
Detergent builders soften water, i.e., eliminate calcium and magnesium ions from
water and soil, and support detergency. Builders comprise several types of compounds
or their mixtures—speciﬁc precipitating alkaline materials such as sodium carbonate
and sodium silicate, complexing agents such as pentasodium triphosphate (sodium
tripolyphosphate—STPP) or nitrilotriacetic acid (NTA), and ion exchangers such
as zeolites (e.g., zeolite A) and water-soluble sodium polycarboxylates [117].
Sodium silicate is also suitable as a corrosion inhibitor for such washing machine
components that are made of less detergent resistant metals or alloys than stainless
steel or with an enameled ﬁnish.

1. Zeolite Systems
In terms of performance, pentasodium triphosphate is the best builder compound for
detergents. However, because of its eutrophication potential, it was replaced with
zeolite systems. In contrast to STPP, the zeolite NaA as an ion exchanger contributes
only poorly to the performance proﬁle of a detergent. Therefore a combination of
zeolite, polycarboxylate, and sodium carbonate has been established in the Western
European and North American markets. More recently, completely soluble phosphate- and zeolite-free builder systems have been introduced.
Today, Europe is divided between ‘‘STPP’’ countries (Spain and others), and
‘‘zeolite’’ nonphosphate countries (The Netherlands, Germany, Italy). Sometimes the
two builders coexist (France, United Kingdom). Most of the rest of the world [Latin
America, Africa, Eastern Europe (without Slovenia), Central and South Asia, and
Australia] are still ‘‘STPP.’’ Parts of North America, China, Japan, and South Korea,
on the other hand, are ‘‘nonphosphate.’’ In Fig. 15, the predominating builder systems
in the world regions are shown [118].
The function of zeolite builder systems is summarized in Table 42 [119].
The replacement of STPP with a three-component system have challenged the
formulators to look for somewhat simpler solutions. Examples are the use of zeolite P
instead of zeolite NaA, which enabled the formulation without or with minor amounts

56

Hauthal

FIG. 15 Predominant builder systems. (Courtesy of B. Middelhauve, Henkel KGaA.)

of polycarboxylates [120] and the commercialization of layered silicates, mostly in
combination with reduced amounts of zeolites and other builder ingredients [120,121].
Recently, there is a renaissance of the old soluble sodium silicate/sodium
carbonate builders but in combination with modern polycarboxylates to achieve
today’s performance of the formulation [118].

2. Detergent Polymers
The early use of carboxymethyl cellulose as an antigraying ingredient was followed by
more polymer additives in detergent formulations. Today they contain additives for

TABLE 42 Function of Zeolite Builder Systems
Zeolite
Ion exchange (Ca2+, Mg2+)
Heterocoagulation with pigments,
e.g., dye soils
Adsorption of soil
Interaction with surfactants
(electrostatic eﬀects)
Sodium polycarboxylates
Carrier eﬀect
Threshold eﬀect (adsorption to
crystallization nuclei)
Sodium carbonate
Alkalinity

Reducing water hardness (‘‘softening’’)
Inhibition of redeposition of dispersed
soil (prevention of graying)
Inhibition of redeposition
Enhancement of washing performance

Better exchange kinetics of zeolite NaA
Inhibition of precipitation

Enhancement of washing performance

Types and Typical Ingredients of Detergents

57

the binding of calcium and magnesium ions (polyelectrolytes), the suppression of
leakage of dye molecules from dyed textiles (neutral polymer), soil release [modiﬁed
poly(ethylene terephthalate)], and the regulation of ﬂow properties (thickening
agents). The polymers generally interact with surfactant molecules and aﬀect the
macroscopic properties of the formulation [122,123].
An overview on detergent polymers is given in Table 43.

3. Complexing Agents and Dispersants
Because of its outstanding role as a complexing agent for the water hardness ions, as
alkaline ingredient, and as a soil acceptor, pentasodium triphosphate is mentioned as a
builder. The complexing and dispersing agents included here are used in much less
amounts than the phosphate.
Complexing agents are found in many cleaning agents to bind the ubiquitous
heavy-metal ions of, for instance, copper, iron, and mercury. In this way, colored
stains caused by these ions and, in particular, the metal-ion-induced decomposition of
peroxide compounds employed as bleaches in heavy-duty detergents, machine-dishwashing detergents, toilet cleaners, and stain removers, can be avoided. In their
capacity as complexing agents, phosphates, one of the major components in machinedishwashing detergents, bind calcium and magnesium ions that are always present in
the machine, even with presoftened water. In addition, calcium-containing deposits
are loosened by complexation of calcium ions, a process that facilitates the lifting of
dirt in general.
Today sodium phosphonates in washing and cleaning products (Fig. 16) are the
dominant complexing agents for heavy metals. Since the sodium salts of ethylenediaminetetraacetic acid (EDTA) have ceased to be used in household products
because of their poor biological degradability and their potential for remobilizing
heavy-metal ions, the sodium salts of nitrilotriacetic acid (NTA) were oﬀered initially
as alternative. Nitrilotriacetic acid—originally discussed as alternative to phosphates
in detergents—is biologically biodegradable and does not remobilize heavy-metal
ions. However, in contrast to ‘‘hard’’ and ‘‘soft’’ surfactants (e.g., replacement of
tetrapropylenebenzenesulfonate—‘‘hard’’ in the sense of biodegradability—with

TABLE 43 Organic Detergent Polymers
Type
Carboxymethylcellulose
and derivatives
Polycarboxylates
Polyacrylates
Copolymers of acrylic acid
and maleic acid
Poly-(N-vinylpyrrolidone) (PVP)
and copolymers, e.g., with
poly(vinylimidazole)
Poly(ethyleneglycol terephthalate)
and copolymers

Function
Soil antiredeposition (antigraying—only
eﬀective with cotton and its blends)
Complexing of water hardness ions, regulation
of ﬂow properties (thickening agents)
Complexing of water hardness ions, ion transfer
to zeolites (release eﬀect)
Dye transfer inhibitors

Soil release (very eﬀective on polyester ﬁbers
and polyester–cotton blends)
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FIG. 16 The chemical structure of important complexing agents and dispersants.

‘‘soft’’ LAS), in Germany the general public did not at ﬁrst diﬀerentiate between
‘‘hard’’ and ‘‘soft’’ complexing agents: NTA did not have the chance on the German
market for laundry detergents and cleaning agents that it enjoyed, for instance, in
Switzerland.
Since then, new aminopolycarboxylic acids that have good performance and
environment proﬁles have become available as ingredients for cleaners. Examples of
such complexing agents are the sodium salts of methylglycinediacetic acid (MGDA)
[124] and iminodisuccinic acid (IDS) [125]. The chemical structures are shown in
Fig. 16.
The function of dispersants in cleaning agents is chieﬂy to inhibit formation of
calcium carbonate crystals, a consequence of water hardness, and to keep any pigment
lifted from the surfaces in the suds, thus preventing its redeposition. Examples of
suitable dispersants are not only certain surfactants such as fatty alkyl ethoxylates with
a high degree of ethoxylation and pentasodium triphosphate but also, for example, the
so-called polycarboxylates. This class of compounds comprises the sodium salts of
homo- or copolymers containing carboxylate groups. The copolymers are predomi-
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nantly composed of acrylic acid and maleic acid monomers (Fig. 16) [126]. Whereas
the sodium salts of statistical copolymers of acrylic and maleic acids dominate the
laundry detergent market, the homopolymers, for example, polyacrylates with a
relatively low molar mass around 4500, oﬀer advantages in dishwashing detergents
of lower spot and streak formation on the silverware, crockery, and glassware after
drying. The sulfonation of such homopolymers aﬀords water-soluble products that
provide further advantages for the dispersal of residues in solution.
Polycarboxylates are adsorbed not only on the dirt particles, hindering by
electrostatic repulsion their redeposition on the surfaces to be cleaned, but also on
nuclei of calcium carbonate crystals that lead to deposits from hard water, thus
delaying the growth of the crystals. In this context, the polycarboxylates are also
termed threshold inhibitors (‘‘thresholders’’) since they are used in lower than
stoichiometric amounts. The same holds for sodium phosphonates.
In addition, adsorption on already formed macroscopic crystals of calcium
carbonate hinders their agglomeration, and a very ﬁne dispersion of the solid particles,
which no longer tends to deposit, arises.
An ecologically sensible alternative to the polycarboxylates, which are practically not biologically degraded in the sewage plants but as good as completely
eliminated by adsorption on the sewage sludge, is oﬀered by the sodium salts of
polyaspartic acids [125,127], which are ﬁnding increasing application as dispersants
and also threshold inhibitors lately (Fig. 16). These substances, which are biologically
degradable, also function as dispersants as well as threshold inhibitors.

C. Bleach Systems
Today, the predominant bleach systems in detergent powders and cleaning agents are
components for the oxidative removal of stains such as fruit juice, red wine, and tea.
Oxidative bleaches are always associated with the reduction in germs. In the ﬁeld of
cleaners, the bleach systems ﬁnd application in dishwashing, toilet cleaners, and stain
removal.
In special stain removers (bleaching of textiles), the reducing agents sodium
dithionite and sodium sulﬁte serve as active ingredients.

1. Bleach Systems for Laundry Detergents
For almost a century, sodium perborate tetrahydrate and monohydrate have dominated the European market. However, in the last years, a switch to sodium percarbonate has begun, which is not only more environmentally friendly but also oﬀers
economic as well as production engineering advantages. Besides the traditional
chlorine bleach liquor in the United States, the percarbonate business has grown
dramatically, mainly because of the recent market success of stain-removal salts for
laundry applications.
The general trend to lower wash temperatures requires the use of bleach
activators with oxygen bleaches, because sodium perborate and sodium percarbonate
are eﬀective only above 60–70jC. Activated bleach systems function satisfactorily as
bleach and as pronounced antibacterial actives at about 30jC, depending on concentration and pH [128].
The oxygen bleach with N-acetyl compounds as activators at or below 60jC
is based on the formation of the anion of peracetic acid in the suds, which has a
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FIG. 17 The chemical structure of the bleach activators TAED and NOBS.

higher oxidizing potential than the perhydroxide anion released by hydrolysis from
perborate [129].
H2 O2 þ OH W HOO þ H2 O
Undesired side reactions are the release of hydrogen peroxide (because it reduces
the active concentration of peracetate ions) and oxygen:
CH3 CO  OOH þ OH ! CH3 COO þ H2 O2
2 CH3 CO  OO ! CH3 COO þ O2
The dominant agent in Europe to transfer the acetyl group to the perhydroxide
anion is N,N,NV,NV-tetraacetyl ethylenediamine (TAED). In the United States, sodium
nonanoyl oxybenzenesulfonate (NOBS) is preferred (Fig. 17). The mechanism of the
TAED-activated bleach is shown in Fig. 18.
Hydrophilicity and lipophilicity are so well-balanced in the nonane-1-peracid
anion formed from NOBS and perborate in the suds that the bleaching action is
equivalent to that of the TAED system in spite of the lower concentration of active
oxygen in the suds. Although TAED has remained bleach activator of choice in
Europe for many years up to today, and several attempts to position alternatives
in the market have failed; in most recent times, there is an indication that the
monopoly of this compound is coming to an end. Reasons for the trend are on one

FIG. 18 Mechanism of TAED-activated bleaches.

Types and Typical Ingredients of Detergents

61

hand the need for a more eﬃcient bleach for hydrophobic stains, too, and on the other
the better germ-reducing action of hydrophobic activators at even lower cleaning
temperatures.
Nonanoyl oxybenzenesulfonate has dominated the powder segment of the
North American detergent market for almost 15 years. In South America and the
Middle East, TAED and NOBS are found side by side. In addition, two NOBS-related
compounds, sodium lauroyl oxybenzenesulfonate (LOBS) and sodium decanoyl
oxybenzenecarboxylate (DOBA), are used in Japanese detergents.
To overcome the drawbacks of TAED and NOBS in cold washing conditions,
bleach catalysts have been in the focus of innovation. After the failure of the ﬁrst
bleach catalyst, a dinuclear, oxygen-bridged manganese complex with triazacyclononane ligands, in the 1990s, which causes severe damages of the garments, a new run-up
has been made [130]. In 2004, a tripodal manganese(III) complex, saltren-Mn(III)
(Fig. 19), will be introduced ﬁrst in the Asian market. This complex inhibits not only
the dye transfer by migrating dyes during the laundry process but acts also as an
antigraying agent without damaging dyes and ﬁbers [131].
The conventional oxygen bleach systems are not compatible with liquid detergents. Recently, a heavy-duty liquid (HDL) formulation was introduced in the Dutch
market, which is sold in two-compartment containers [132]. One of them contains a
stable suspension of the sparingly water-soluble TAED in the liquid detergent formulation, the other hydrogen peroxide. In the United States market, a HDL product
based on a preformed peracid such as q-phthalimidoperoxycaproic acid (PAP) [133]
was introduced.
Besides preformed peroxy acids, the search for alternatives in bleach activators
is going on. Nonanoylamidocaproyl oxybenzene sulfonic acid (NACAOBS), in which
the alkyl chain is interrupted by an amido function (Fig. 20), overcomes the risk
of rubber damage set by NOBS and other hydrophobic activators used in front
loader washing machines. Nitrile quats, which are characterized by an ammonium
group in a-position to the cyano group, can be regarded as bleach activators without
a voluminous leaving group. Their positive charge permits interactions with the
negative ﬁber surface, enabling them to rapidly approach the soil to be bleached.

FIG. 19 The structure of the bleach catalyst Saltren-Mn (III). (Courtesy of F. Bachmann,
Ciba Specialty Chemicals Inc., Grenzach-Wyhlen, Germany.)
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FIG. 20 New preformed peracids and bleach activators. (Courtesy of G. Reinhardt, Clariant
Deutschland GmbH, Frankfurt a. M., Germany.)

Carbonate-based hydrophobic bleach activators, e.g., sodium 4-(sulfophenyloctyl)carbonate, may also be useful in the future, especially, when combined with TAED
(Fig. 20). Mixtures of TAED and NOBS reveal synergy beneﬁts up to 30% increase
in performance.

2. Bleach Systems in Dishwasher Detergents
At ﬁrst, in Europe, the so-called chlorine carriers, e.g., sodium dichloroisocyanurate,
were used as bleach in detergents for automatic dishwashers; later, following the
example of the oxygen bleaches for washing, this was replaced by sodium perborate.
Although boron did not represent a serious environmental problem in the wastewaters of communes, as a precautionary measure perborate was replaced by sodium
percarbonate in a stepwise process. A prerequisite for this change was the technological solution of the boron-free encapsulation of the percarbonate. In contrast to
detergents for washing, in which the problem of fading color and damage to ﬁbers
still remains, a wide range of cleaning agents, in particular automatic dishwashing
detergents, contain transition metal complexes to activate the bleach. Such bleach
catalysts, for instance, pentaammineacetatocobalt(III) dinitrate (PAAN) or [Co(salen)], do not only oﬀer the advantage of allowing the cleaning process to take place
at lower temperature, but also result in a smaller amount of chemical residues being
deposited in the environment than with the use of bleach activators [132].

3. Bleach in Toilet Cleaners and Hygiene Cleaners
The bleach components in the area of hygiene and toilet cleaners are either sodium
hypochlorite (active chlorine) or hydrogen peroxide (active oxygen). Agents containing sodium hypochlorite have found wide acceptance worldwide on account of their
good bleaching function and pronounced antibacterial action. In Germany, agents
based on hydrogen peroxide are oﬀered more often for ecological reasons. Sodium
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hypochlorite is stable only in basic solution, in which the hypochlorite anion is the
active oxidizing agent:
HOCl þ HO W ClO þ H2 O
In acidic solution, sodium hypochlorite breaks down with the evolution of chlorine
gas. Besides huge quantities of chlorine bleach liquor, over 750,000 tons per year of
bleaching agents based on active oxygen are consumed worldwide. The value of the
global market for bleach activators is estimated to be about 325 million Euro, of which
more than 98% are accounted for by TAED and NOBS. Within the last 10 years, the
annual consumption of bleach activators has risen from 90,000 to about 105,000 tons,
corresponding to a growth rate of roughly 1.5% per year [134].
Whereas the market is consolidating in Europe, new production plants for
persalts (and activators) have recently put onstream in the United States and the
Far East.

D. Enzymes
Whereas now formulations for textile detergents without enzymes are unthinkable, the
use of enzymes in other cleaning products is mainly restricted to automatic dishwashing detergents. Practically all formulations in this product segment contain
proteases and amylases.
In some cases, the performance proﬁle of the cleaners is expanded with special
enzymes. One example is the class of mannanases, which reduces the binding of the
food residues through carbohydrates to the surface to be cleaned [135]. Peroxidases
are being developed as alternative to bleach activators (and in detergents also to
inhibit dye transfer). The yield, performance, and stability of these enzymes are
also being further improved.
Table 44 shows the performance proﬁle of enzymes for laundry detergents and
cleaning agents, and Table 45 gives an overview of genetic modiﬁcation of the microorganisms that produce the enzymes, and of the enzymes themselves.
Gene technology produces an enzyme identical to the natural product in higher
yield in a fermenter. One method to achieve this is the reproduction of the gene on the
chromosome of the wild type or a suitable other microorganism (gene ampliﬁcation).
The second possibility consists of reproducing the genetic information with the help of
plasmids. Protein engineering changes an enzyme by point mutation in such a way
that, for instance, one amino acid replaces another found in the natural enzyme. The
exchange of methionine, for example, can provide higher stability in the presence of
oxygen bleaches.

E. Antimicrobial Agents
In general, chemical substances that can target and kill microorganisms or restrict
their growth are termed antimicrobial agents. A slightly diﬀerent meaning is given to
biocides or biocidal agents, which also act against microorganisms, but has a wider
range. The term includes substances that are active against higher organisms, e.g.,
insects, snails, or rats [136].
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TABLE 44 Performance Proﬁle of Enzymes for Laundry Detergents and Cleaners
Enzymes

Substrates

Degradation
products

Proteases

Albumin (proteins)

Amylases

Starch

Lipases

Fat and oil

Fatty acids, glycerine

Cellulases

Damaged (amorphous)
cellulose ﬁbrils
Guaran thickener
(Guar ‘‘rubber’’)

Saccharides, sugar

Bleachable dyes

Soluble oxidation
products

Mannanases

Peroxidases

Soluble peptides,
amino acids
Saccharides,
soluble sugar

Monosaccharides

Stain removal or
cleaning action
Egg, blood, milk, cocoa,
grass, spinach
Chocolate, oatmeal, meat,
juices, potato starch,
carrot, grass
Removal of fatty-like soil
at low temperatures
Removal of ﬂuﬀ
Reduction in binding
of the residue,
antiredeposition action
Under development

There is a large number of diﬀerent antimicrobial agents and groups of active
ingredients for the diﬀerent uses in the household, in medicine, in health care, and for
diverse industrial and technical applications.
Two areas of use are prominent in the ﬁeld of fabric and home care products for
the private household [137]:


Preservatives to prevent the growth of microbes in processed goods are of general
importance.
 Antimicrobial ingredients with proven antimicrobial action are used in cleaning
agents to reduce the number of germs on surfaces.

TABLE 45 Gene Technology and Detergent Enzymes
Aim

Method

Conventional optimization

Classical selection processes

Higher fermentation yield

Reproduction of the genetic
information
on the chromosomes of the
wild type (gene ampliﬁcation)
with the help of plasmids
Protein engineering (change in
the packing density and/or
distribution of the charged
amino acids on the surface,
amino acid exchange—positional
mutagenesis)

Improved stability
at higher pH values
and temperatures
in liquid detergents
against bleach

Result
Wild-type enzymes
(natural enzymes)
Enzymes identical to
the natural product

High performance
enzymes (‘‘novel’’
enzymes)
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Disinfectants and disinfecting cleaners will not be covered in detail in this
chapter, because they are mainly found in the ﬁeld of health care.
Table 45 gives an overview on antimicrobial ingredients that are used in cleaning
and care agents. Depending on the chemical structure (Fig. 21), the physical properties
(solubility, vapor pressure), and the eﬃciency against microorganisms, the antimicrobial ingredients are suitable primarily for conservation or for application on surfaces
or for both.

FIG. 21 The chemical structure of preservatives and antimicrobial agents.
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FIG. 21 Continued.

In Table 46, all substances that are exclusively or primarily employed for germ
reduction are listed. A clear distinction between them and other contents that are not
explicitly antimicrobial is not always possible. In suﬃciently high concentration,
practically all substances have a germ-inhibiting action. Examples are surfactants,
which are in almost all cleaning agents, or acids and bases, which are used to improve
the cleaning function for lime-containing (! acids) or greasy dirt (! alkalis). A higher
or lower pH value always also has an antimicrobial eﬀect.

1. Preservatives [137]
Cleaning and care products that contain water but are not self-conserving (see below)
require the addition of a preservative to ensure a suﬃciently long shelf-life without
developing microbial cultures, also when unsealed or opened. The latter is particularly
important, because the use of the product frequently leads to contamination with
microorganisms, which can then multiply in the opened container. The surfactants
used in cleaning and care products today, for example, must be readily biologically
degradable. If they are not present in concentrated form, they therefore form a good
nutrient medium for bacteria and fungi.
Self-conservation in the sense of a suﬃcient microbiological stability is present
under the following conditions, and no further addition of preservatives is necessary:


powder and solid formulations
water-free, solvent-based liquid products
 strongly acidic or basic milieu
 presence of antimicrobial ingredients, e.g.




strong oxidizing agents (peroxides, active chlorine compounds)
suﬃciently high concentrations of surfactants
 alcohols (ethanol, 1-propanol, 2-propanol) in concentrations above 10%.
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TABLE 46 Antimicrobial Ingredients in Cleaning and Care Products
Ingredient group
Aldehydes
Alcohols

Formaldehyde
releasers

Interface-active
compounds with
antimicrobial
action

Organic halogen
compounds

Heterocycles
without halogen
Oxidizing agents

Phenol derivatives

Ingredient

Conservation

Glutardialdehyde
Ethanol
1-Propanol/2-propanol
Benzyl alcohol
2-Phenoxyethanol
Imidazolidinyl urea
DMDM hydantoin [1,3-bis(hydroxymethyl)-5,5-dimethyl-2,4imidazolidinedione]
Dehydroacetic acid
N-Hydroxymethylglycinate
Ethylene glycol bis(hydroxymethyl
ether)
Benzalkonium chloride
Didecyldimethylammonium
chloride
Amphosurfactants
(in suﬃciently high concentration, all
surfactants have an antimicrobial
action)
5-Chloro-2-methyl-4-isothiazolin-3one/2-methyl-4-isothiazolin-3-one
(mixture) (e.g., Kathon CGR,
Euxyl K 100R)
3-Bromo-2-nitro-1,3-propanediol
(Bronopol)
5-Bromo-5-nitro-1,3-dioxane
(Bronindox)
1,2-Dibromo-2,4-dicyanobutane
1,2-Benzisothiazolin-3-one

+
+
+
+
+
+
+

Peracetic acid
Hydrogen peroxide
Sodium perborate/sodium
percarbonate
Sodium hypochlorite
Chloroisocyanurate
Nonhalogenated phenols:
o-Phenyl phenol
Thymol
Halogenated phenols:
4-Chloro-m-cresol (4-chloro-3-methylphenol)
4-Chloro-m-xylenol (4-chloro-3,5dimethylphenol)
o-Benzyl-p-chlorphenol (Chlorophen)

Germ reduction
on surfaces
+
+
+

+
+
+
+
+

+
+

+

+

+

+
+
+
+
+
+
+
+
+
+
+

+

+

+

+

+

+

+
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TABLE 46 Continued
Ingredient group

Acids with lipophilic
character, their
salts and esters

Terpenes and
ethereal oils

Ingredient
4,4V-Dichloro-2-hydroxy-diphenyl
ether (4,4V-dichlorophenoxy-phenol,
TinosanR)
p-Hydroxybenzoic acid ester
(Parabene, PHB ester)
Benzoic acid
Salicylic acid
Sorbic acid
10-Undecylenic acid
(in suﬃciently high concentration,
all acids have an antimicrobial
action)
Thymol (see also phenols)
Geraniol
Tea tree oil
Orange terpenes

Conservation

Germ reduction
on surfaces

(+)

+

+
+
+
+
+

+
+
+
+

+
+

(+)
+
(+)

The substances listed in the table are speciﬁcally used to conserve or to reduce the number of germs on surfaces. A
smooth transition of function toward an antimicrobial action is observed for ingredients not given in the table. In
suﬃciently high concentration, practically all ingredients of cleaning and care products are germ-reducing.

In general, cleaning and care agents that do not fulﬁll these criteria contain
preservatives that are added to control an unavoidable microbiological contamination
arising from the product ingredients or during usage.
Preservatives are not equally eﬀective against all microorganisms. Some show
only limited eﬃciency against fungi and Gram-negative bacteria, and this level can be
further lowered by the conditions of the surroundings such as changes in pH or in the
presence of dirt (see Table 47). In practice, a mixture of a variety of preservatives is
employed to augment the eﬃciency, to exploit synergic eﬀects, and for ecological and
toxicological reasons to keep the concentration in an eﬃcient application as low as
possible [138].
The toxicological potential of preservatives can be a problem in practice, because
on one hand they are biocides, therefore toxic for microorganisms, but on the other
hand harmless for humans. Their potential to trigger allergic responses and skin irritation is discussed as the preeminent toxicological risks. Besides the inherent properties of the substance (e.g., it must not be carcinogenic), the concentration under the
conditions of the application is the prime determining factor for the toxicological risk
potential of an active ingredient. For this reason, there is often a ﬁne line between
eﬃciency and toxicological risk, because, strictly speaking, a completely harmless
preservative is also completely ineﬀective. This tension explains the controversial
public discussion on this topic.
A special ordinance that regulates the use of preservatives in cleaning and care
products does not exist. Most preservatives that are used in these products are also
allowed in cosmetics [139]. The upper limit for the concentration of preservatives in the
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end product is in general governed by the admissible highest concentration according
to the cosmetics ordinance.
Besides being toxicologically harmless, preservatives that are used in cleaning
and care products must be compatible with all the other ingredients, survive the
conditions of the productions undamaged, and be active in the prescribed pH range
(Table 47). Therefore in some products, preservatives not listed in the cosmetics
ordinance are also used, which are characterized by particularly good thermal stability and eﬃciency in the alkaline range. To this group belongs, e.g., 1,2-benzisothiazolin-3-one.
In principle health regulations and consumer protection are governed by the
laws on food and commodities (in Germany the LMBG §30).
The criteria for suitability mentioned there distinctly restricts the number of
preservatives that may be used today. In Europe, in the medium term, a further
reduction in the spectrum can be anticipated with the biocide recommendations of the
EU, because in these recommendations considerably more testing will be required to
ensure the toxicological and ecological safety of biocides.
The statement ‘‘free of preservatives’’ in Germany means that the product does
not contain preservatives from the positive list of the cosmetics ordinance, appendix 6,
or comparable substances. Germ-reducing ingredients can nevertheless be present,
e.g., alcohols, surfactants in higher concentrations, and/or ethereal oils.

2. Active Ingredients for Germ Reduction on Surfaces [137]
In areas of the household that have a heavier risk of microbes, e.g., around basins in
the bathroom and toilet, the working surfaces, and sinks in the kitchen or on mold
formation, it can be sensible and necessary purposely to target microorganisms. This
aim is fulﬁlled by diﬀerent groups of cleaning products that contain ingredients for
reducing germs on surfaces, for instance, strong oxidizing agents. In Germany, the
ingredient predominantly used for this purpose is hydrogen peroxide, whereas in
other European countries and worldwide, hypochlorite-containing products are
more common.
Strongly acidic and strongly basic products, such as toilet cleaners or drain
cleaners, are used because of their solvent properties for calcium deposits and grease.
In addition, these products always provide the additional beneﬁt of a good germreducing eﬀect. The same holds for machine dishwashing detergents. The bleach in
these products (mainly sodium perborate or percarbonate, seldom an active chlorine
carrier), which is necessary to remove intensely colored stains, has a pronounced antimicrobial action.
In Germany, all-purpose cleaners, hand dishwashing liquids, and other product
categories have been oﬀered with antimicrobial additives since 1999. As active
ingredients cationic surfactants (benzalkonium chloride), acids with lipophilic character (e.g., benzoic acid or salicylic acid) or terpenes (e.g., geraniol) are used, and
occasionally aldehydes (glutardialdehyde) are also employed. These products can then
be labeled as antibacterial, for instance. Whereas such products groups have shown
success in the marketplace in Southern Europe and America, in Germany they have
not yet made headway. Table 48 gives an overview of cleaning agents and the
ingredients used for germ reduction on surfaces.
Too great a dilution and too short a duration of the contact leads to a loss of the
germ-reducing eﬀect. Similarly, a heavily soiled surface inﬂuences the germ-reducing

+, active; (+), partially active.

Formaldehyde,
formaldehyde precursors
2-Bromo-2-nitro-1,3propanediol (Bronopol)
1,2-Dibromo-2,4dicyanobutane
5-Chloro-2-methyl-4isothiazoline-3-one/2methyl-4-isothiazoline-3one (mixture)
Benzalkonium chloride
2-Phenoxyethanol
p-Hydroxybenzoates
(Parabene, PHB ester)
Sorbic acid
Benzoic acid

Preservative
+
+
+
+

+
+
+
(+)
(+)

5–9

2–9.5

4–9

4–10
3–10
4–8

3–5
3–5

Gram-positive
bacteria

3.5–10

pH range

TABLE 47 Activity Range of Preservatives

(+)
(+)

(+)
(+)
+

+

+

+

+

Gram-negative
bacteria

+
+

+
(+)
+

+

+

(+)

+

Yeasts

+
+

+
(+)
+

+

+

(+)

+

Mold fungi

100–500
700–1500

500–1000
4000–5000
1000–5000

15

5–100

50–70

125–500

Concentration of
application (mg/L)
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TABLE 48 Cleaners with Signiﬁcant Germ-Reducing Properties
Type of product (selection)
Machine dishwashing detergent

Cleaning agents with stated disinfectant
action (‘‘hygiene cleaners’’)
Antimold agents (for corrective measures)
Cleaning agents with additional sanitary
function in the form of a stated
antimicrobial or antibacterial action
(hand dishwashing liquids, all-purpose
cleaners, bathroom cleaners, etc.)
Cleaners for use in the vicinity of the toilet

Drain and pipe cleaners
Moist towelettes

Antimicrobial ingredient used
Sodium perborate, sodium percarbonate
(active ingredients on the basis of
chlorine, e.g., chloroisocyanurate, are
now hardly used in Germany
Hydrogen peroxide, sodium
hypochlorite
Benzalkonium chloride, sodium
hypochlorite
Benzoic acid, salicylic acid,
glutardialdehyde, geraniol, thymol,
benzalkonium chloride, tea tree oil

Acids in higher concentration, e.g.,
amidosulfonic acid, phosphoric acid,
potassium and sodium hydrogen
sulfate, etc.
Sodium hydroxide, potassium hydroxide
Hydrogen peroxide, alcohol

action. A special deﬁnition or norm for how eﬀective a cleaning agent that is labeled
antibacterial or antimicrobial must be has not yet been found.
In a diﬀerent category of cleaning agents for general germ reduction are disinfectants and disinfectant cleaners. They have been deﬁned as agents that, on the
prescribed use, reduce the number of germs on the surface by a factor of 105 (bacteria)
or 104 (yeasts or molds) [140]. They have central importance in health care, e.g., in
hospital (disinfection of surfaces, apparatus, laundry, and wounds) and industrial
hygiene, or in the food-processing industry. Because disinfectants fall under health
care, even if they are also used in the private household, they are not further discussed
in this chapter. Although the active ingredients of these disinfectants are partly
identical to the ingredients of the cleaning agents with antimicrobial action, the aim
in their use is diﬀerent. Furthermore, they also diﬀer both in the concentration of the
ingredient in the ﬁnal product and in the instructions for use.

F. Acids and Alkalis
The use of acids and alkalis for cleaning has a long tradition. Mineral acids such
as hydrochloric acid or acid sulfates such as sodium or potassium hydrogen sulfate served very early on to remove limescale and rust. Soda, alkali silicates, and
hydroxides were principally employed for the more easily removed oily and fatty
dirt. The use of hydrochloric acid in the home has now been relegated to the past
for reasons of human safety and the ever increasingly delicate materials found in
the home.
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1. Acids
Acids can remove mineral deposits of all kinds. Included is calcium-containing dirt,
e.g., lime deposits, calcium soaps, urine scale, cement smears, and corrosion deposits
such as rust, patina, or verdigris. For such soils, acids provide an essential extension of
the cleaning action of surfactants, which are alone scarcely eﬀective against inorganicmineral residues. Therefore acids are fairly common in cleaners.
Today, about eight acids are used in diﬀerent cleaning applications in the
household. The acids are selected according to the following criteria:








phase (solid or liquid)
solubility
acid strength (aggressiveness and ability to remove limescale)
volatility and smell
toxicological safety
production costs
compatibility with other ingredients in the cleaners.

In practice, the compatibility with materials and health considerations limit
the use of acids. On neutralization, inorganic acids form salts and can increase the salt
content of lakes (slightly). The organic acids used today are readily and completely
biodegradable.
Many materials and surfaces in the household are sensitive to acids. Critical
aspects are the type and concentration of the acid. With a detailed knowledge of their
properties, acid-sensitive materials can indeed be treated with suitable acids.
The following materials found in the household are considered sensitive to
acid:






gypsum and calcium-containing natural stone (marble, Terazzo, cement, and
concrete surfaces, klinker, etc.)
enamel (here vast diﬀerences in resistance to acids are observed)
metals
textiles, in particular cotton fabrics
PVC.

(a) Inorganic Acids. Hydrochloric acid is a very strong and aggressive acid.
Previously, it was used as toilet cleaners, but today it has disappeared from the
household. However, it is still used in the industrial sector because of its excellent
ability to remove stubborn limescale and urine scale.
Phosphoric acid is a relatively strong acid. It is the preferred agent in scale
removers because of its excellent ability to remove lime scale. In contrast to hydrochloric acid and acetic acid, it has the advantage that it does not attack chrome-plated
surfaces. However, under certain circumstances, enamel can be damaged.
Amidosulfonic acid (H2N–SO3) ﬁnds application in many cleaners. Suitably
diluted, it is only slightly corrosive and dissolves lime scaling well. A gentle action on
materials can be further promoted by additives (inhibitors). Amidosulfonic acid can be
found among others in toilet cleaners, scale removers, and bathroom cleaners. It reacts
with scale chieﬂy to form calcium amidosulfonate [Ca (SO3NH2)2], which in time is
converted into calcium sulfate under the action of moisture.
Sodium hydrogen sulfate (NaHSO4) is used as a relative strong, solid acid in
powder formulations for toilet cleaners.
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(b) Organic Acids. Nowadays organic acids predominate in acidic household
cleaners (all-purpose cleaners, bathroom and toilet cleaners). Acetic acid was in the
foreground for a long time, but citric acid has established itself as the acid component
for a vast variety of formulations.
H2 C-COOH
j
HO-C-COOH
j
H2 C-COOH

pK S1 ¼ 3:14
pK S2 ¼ 4:77
pK S3 ¼ 6:39

Today citric acid is contained in very many bathroom cleaners. However, it is
also found in many other acidic cleaning agents, e.g., in scale removers, toilet cleaners,
and other formulations.
As an alternative, lactic acid is increasingly recommended
CH3
j
HO-CH-COOH

pK S ¼ 3:87

but it has not yet found wide application [141].
Also, malic acid
OH
j
HOOC-CH2 -CH-COOH

pK S1 ¼ 3:40
pK S2 ¼ 5:05

and maleic acid
HC-COOH
jj
HC-COOH

pK S1 ¼ 1:9
pK S2 ¼ 6:5

can now be found in formulations of cleaning agents.
Formic acid (pKs = 3.77) is an organic acid with a very high volatility and an
acrid smell, which is particularly unpleasant in concentrated solutions. It has a
stronger etching action and dissolves calcium deposits better than acetic acid. Formic
acid is used in combination with other acids in bathroom and toilet cleaners.
Acetic acid (pKs = 4.76) is suitable as a scale remover. It is used in many cleaning
agents, e.g., vinegar-based cleaners. Disadvantageous is its acrid smell, which for a
long time was considered an indication of its special cleaning power. Acetic acid is
favored in household tips and is promoted in the ecological literature as environmentally friendly. This estimation cannot be upheld here. Acetic acid has several
disadvantages, and its eﬃciency is often exaggerated. For example, the fact that acetic
acid is corrosive to copper and brass ﬁttings (formation of verdigris) and can lead to
tile grouting scum must be taken into consideration. Citric acid is a convenient and
equally environmentally friendly alternative.

2. Alkalis
The cleaning and grease-dissolving action of alkali has been known for many years.
Already in 2500 BC the Sumarians described a recipe containing oil and plant ash
to clean textiles. Potash (potassium carbonate, K2CO3), a major component of plant
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ash, and soda (sodium carbonate, Na2CO3) served as alkalis in this recipe—in these
areas (North Africa and Asia Minor), these ingredients occurred naturally. The
alkalis were used as such or as raw materials for the manufacture of soap. In Roman
times, ammonia-containing agents were added that were obtained from aged urine.
The alkaline agents served then predominantly for the washing of textiles, but also to
wash crockery.
The ﬁrst washing powder of the modern age consisted of almost 50% soda and
sodium silicates. In the 1930s, ﬁrst the monosodium and disodium phosphates and
then the pentasodium triphosphate were developed, not only to complex calcium
and magnesium ions (control of water hardness), but also to store and deliver alkali
during cleaning.
Today alkaline agents are used in combination with surfactants in cleaning
agents to improve the cleaning performance for greasy dirt. Furthermore, an alkaline
solution facilitates the general dirt removal. In general, both dirt and surfaces
naturally have a negative charge, the so-called surface or zeta potential. Through
the addition of negatively charged OH ions, this surface potential is augmented, and
the similarly charged surfaces repel. As a result, the dirt adhesion is reduced, and it is
more easily removed. In addition, in the alkaline region, the swelling of polymers, in
particular of proteins and carbohydrates, is accelerated and fats and oils are—
partially dependent on pH—saponiﬁed. The sum of all these eﬀects leads to a better
cleaning performance for surfactants in the alkaline region, in particular with regard
to fatlike dirt. A disadvantage is that in the alkaline region, of course, no acids can
be used, with the result that mineral (in particular calcium) deposits can only be
removed with diﬃculty. Complexing agents help in this case, which bind the calcium
and magnesium ions and keep them in solution.
Soda, sodium silicates, and pentasodium triphosphate today play an essential
role in the composition of dishwashing detergents and form up to 60% of the
formulations (see Chapter 2, Section I.B). The strongly alkaline sodium metasilicate
has been replaced by optimized combinations of soda, sodium disilicate, and pentasodium triphosphate, which give a lower pH value in the washing suds for this range of
products. Soda and sodium silicates are also found in laundry detergents and diverse
other cleaners and scouring products.
The intended use of alkaline cleaners demands that attention be paid to the
alkali-intolerance of certain materials. The following materials are sensitive to alkali:







dispersion paints
varnished surfaces
adhesive joints
linoleum
aluminum
wool and silk.

Sodium or potassium hydroxide, soda, potassium soaps, ammonia solution, and
amines such as triethanolamine, as well as various sodium silicates and phosphates,
are employed in liquid alkaline cleaners to adjust the pH value.
Solid sodium hydroxide is used in pipe and drain cleaners to saponify greasy
deposits and to release hydrogen by the reaction with aluminum turnings to disperse
dirt particles:
2 Al þ 6 H2 O þ 2 OH ! 2 Al½ðOHÞ4



þ 3 H2 z
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G. Solvents
Solvents that are soluble in water support the cleaning action of surfactants, ensure
that no residues remain on surfaces, serve as solubilizers for nonmiscible components,
and act as preservatives (Table 49). Water-soluble solvents (e.g., acetone) and waterinsoluble solvents lift fatlike dirt even without surfactants. In care products, they serve
as solvents for active ingredients and care components. They evaporate after use and
thus contribute to the VOC.
The most important solvents used in liquid heavy-duty detergents and in cleaner
formulations are the low molar mass alcohols such as ethanol, 1-propanol, and 2propanol. Examples of cleaner products are hand dishwashing liquids, all-purpose
cleaners, and glass and window cleaners. The alcohols serve both as solubilizers and
to reinforce the cleaning action. They are often employed also for their antibacterial
function.
In special cases, mixtures of terpene alcohols such as orange oil are used in
cleaners, both to promote the formation of microemulsions and to reinforce the
cleaning eﬀect. These ingredients are also declared as ‘‘bioalcohol’’ or ‘‘natural
alcohol,’’ because they are extracted from, for example, oranges by the application
only of physical separation processes.
Water-insoluble solvents can be present in care products for leather, furniture,
and automobile, in carpet cleaners, and in stain removers.
Solvents are as a rule highly ﬂammable and require particular safety precautions
on handling. Low boiling solvents, especially, can lead to a health risk in poorly aired
rooms on account of their high vapor pressure. Therefore during use, attention must
always be paid to a suﬃcient supply of fresh air. All solvents can irritate the skin
because of their action of dissolving oil. Nowadays, aromatic solvents have been
replaced by aliphatic solvents for health reasons.

TABLE 49 Overview on Solvents for Cleaning and Care Products
Solvent type

Solvent functional group

Water-soluble
solvents

Alcohols
Glycols
Glycol ethers

Water-insoluble
solvents

Ketones
Aliphatic hydrocarbons
Esters
Ethers
Aromatic hydrocarbons
Halogen-containing
hydrocarbons
Essential oils

a

Examples
Ethanol, 1-propanol,
2-propanol
Ethylene glycol, glycerin
Ethyl diglycol, butyl glycol,
butyl diglycol
Acetone
Gasoline (petrol), branched
alkanes
Ethyl acetate, butyl acetate,
fatty acid methyl esters
Di-n-octyl ether
Toluene, xylene
Perchloroethylenea
Orange oil, limonene

Chlorinated hydrocarbons are no longer used in cleaning agents because of their severe environmental
drawbacks (exceptions: in dry cleaning, closed plants).
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H. Solubilizers (Hydrotropes)
Short-chain aromatic sulfonates such as xylenesulfonate, cumenesulfonate, or also
certain glycol ether sulfates or urea serve, strictly speaking, as solvent mediators
(hydrotropes) that are not themselves solvents. As alternative for aromatic compounds, purely aliphatic, short-chain anionic or amphoteric solubilizers are increasingly used. On occasion, these compounds are termed hydrotropic surfactants [142].
Examples are short-chain sodium alkyl sulfates (C8 to C10), sodium 2-ethylhexyliminodipropionate, alkylphosphoric acid partial ester, and didodecyldiphenyloxidedisulfonates. The chemical structure of important hydrotropes and hydrotropic
surfactants is shown in Fig. 22.
The action of these hydrotropes in cleaner formulations is traced to their
inclusion in micelles, which as a result display an increased solubilizing capability.
Hydrotropes raise the turbidity point of nonionic surfactants, which, in fact, cleared
the way for their use in formulations containing electrolytes, such as alkaline cleaners
(by ‘‘clarifying’’). For particularly high demands, functionalized hydrotropes are
additionally included [143].
Hydrotropes also inﬂuence the association of surfactant molecules to liquid–
crystalline structures and consequently the viscosity of liquid formulations, which is
very important for their handling.

FIG. 22 The chemical structure of hydrotropes and hydrotropic surfactants.
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I. Abrasives
The concept of abrasives is very wide and incorporates not only the structures of
interest here with granular structure, but also metal wools, plastic scouring pads,
pumice stone, and bound forms such as whetstones and sandpaper. The purpose of
abrasives of varying chemical compositions, granule size, and granule structure in
cleaner and care products is to remove stubborn (pigment) dirt from surfaces or to
regenerate, upgrade, or maintain them through mechanical action such as rubbing,
brushing, or scouring with suitable agents (scouring powders, liquids, or pastes). Only
such abrasives that clean or polish the surfaces may be included but not those that
might cause damage.
For this reason, granules with round or ellipsoid geometries are favored. Natural
raw materials such as quartz (sand), granite, and corund (crystalline a-alumina) with
sharp-edged granule structures are more likely to ﬁnd technical application. This is
also valid for synthetic diamond, synthetically produced silicon and boron carbide,
and also boron nitride.
The nature of siliceous earth products presents an interesting combination of
very hard, but rounded quartz particles and relatively soft kaolin platelets. For this
reason, the particles have no sharp-edged structures and allow products with relatively
uniform granule size to be manufactured, which can gently polish a surface. During
polishing, the relatively loose agglomerations of the siliceous earth structure are
destroyed by shearing. The ﬂat kaolin platelets (Fig. 23) form a layer on the surface to
be polished and prevent direct contact with the quartz granules; consequently, the
softer surfaces of the object to be polished are not scratched [144].
Lately, besides calcium carbonate and various aluminum silicates, argillaceous
earths (aluminum oxides) are playing an ever larger role, because as well as the cleaning based on the polishing action, smaller scratches can be removed. Aluminum oxide
has a structure that continually divides into smaller segments during polishing, a
property that gives a shiny scratch-free ﬁnish also to sensitive surfaces [145].
A high cleaning and polishing quality is achieved by an optimal match between
the abrasive and the care agent, the interface-active ingredient, and the substance to

FIG. 23 Structure of an argillaceous earth used in polishing. (Courtesy of Alcoa World
Chemicals, Frankfurt a. M., Germany.)
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remove dirt. Abrasives are included in, among others, scourers, ceramic glass, and
stainless-steel cleaners, ﬂoor cleaners, and polishes for automobile care.

J. Thickeners
To clean vertical or ceiling surfaces, viscous formulations or gels are particularly
interesting, because they stick up to 20 times longer than conventional liquid cleaners
and can thus raise the eﬃciency of the cleaning process. Thickeners are used to increase
the viscosity of liquids and to improve the thixotropic properties of gels. This term
covers a multitude of very diﬀerent organic compounds, natural and modiﬁed, as well
as inorganic substances. Examples are agar–agar, carrageene, gum arabicum, alginates, pectins, guar, starch, dextrins, carboxymethylcellulose, cellulose ether, hydroxyethylcellulose, polyacrylates, polyacrylamides, and their copolymers, polysilicic acids,
montmorillonites, and clays [146].
The increase in viscosity of a liquid is always tied to a change in short-range
structure or its formation. Thus it is clear that in many cases, the selection of the
correct parameters can generate the desired viscosity without an external thickener as
additive—even under the conditions of the application.
Thus solutions of surfactants in high concentrations can form liquid–crystalline
phases, which under certain circumstances can be used in formulations. Pictorially,
one can imagine that the small rods formed by surfactant micelles at high concentrations become entangled, increasing the viscosity. If the components of the solution
pass through a microemulsion state on contact with excess water, the surfaces to be
cleaned can afterward simply be rinsed free of all cleaner residues.
The simplest way to thicken aqueous solutions of certain anionic surfactants
(e.g., fatty alkyl ethersulfates) is to add electrolytes such as sodium chloride, because
the maximum viscosity depends on the salt concentration. Fatty alkylsulfates do not
react analogously with sodium chloride.
With polymers, a nonassociative and an associative thickener action can be
distinguished for surfactant solutions. In the ﬁrst case, the viscosity of the solution
increases through tangling, steric hindrance, and electrostatic repulsion. Associative
thickeners have hydrophobic groups along the chain.
A critical association concentration that depends on the HLB value of the
nonionic surfactant can be observed, which, however, also depends on the length and
structure of the carbon chain. The lower the HLB value for fatty alcohol ethoxylates,
the higher the interaction for a particular ratio of polymer to surfactant, and therefore
the higher the viscosity. For comparable HLB values, the higher the molar mass of the
surfactant, the higher the maximum of the viscosity at the critical association
concentration [147].
The association of sodium polyacrylate and tetradecyl-N,N-dimethylamine-Noxide is shown as example in Fig. 24 [122]. For systems with fatty alkyl-N,Ndimethylamine-N-oxide, the degree of protonation and the nature of the anion
controls the viscosity. Protonation and charging the amine oxide changes the size of
the head group, and the hydrodynamic radius decreases. Consequently, the curve
radius of the amine oxide micelles changes: spherical micelles turn into rod- or
wormlike micelles that behave like dynamic polymers and can tangle. After addition
of an excess of acid the viscosity of the solution breaks down, and the resulting systems
contain two phases and are watery. They can easily be thickened again by the addition
of water (‘‘thickening by thinning’’!) [148,149].
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FIG. 24 Thickening action: Association of sodium polyacrylate and micelles of tetradecylN,N-dimethylamine-N-oxide. (Courtesy of H. Hoﬀmann, University of Bayreuth, Germany.)

Naturally modiﬁed water-soluble polymers, cellulose ethers, and guar derivatives are eﬃcient thickeners for a broad range of diﬀerent surfactant types generally applied for household detergents products. Acceptable viscosities can easily be
achieved provided the polymer type and concentrations of both polymer and surfactant are appropriately chosen [150].
Solutions of very hydrophilic ionic surfactants in the micellar phase can be
thickened with relatively hydrophilic unmodiﬁed nonionic polymers as well as with
hydrophobically modiﬁed polymers with associative behavior (at higher concentrations). Solutions of nonionic surfactants in the micellar phase can be thickened with
both unmodiﬁed and hydrophobically modiﬁed nonionic polymers. Interaction between nonassociating nonionic water-soluble polymers and surfactants is much more
facile with anionic surfactants than with amphoteric and, in turn, very much stronger
than with nonionic surfactants.
Gel cleaners are used in practical applications such as limescale removal in
sanitary areas, because the high viscosity of such cleaners leads to a longer duration
of the action on the dirty surfaces. The viscosity of such a system can be adjusted by
a suitable combination of surfactants with scale removal acids without other additives. The fact that too high a viscosity leads to a lowering of the scale removal
potential is a diﬃculty in such formulations. The control of this eﬀect by the rheology
of the cleaner is possible with the use of fatty dihydroxyethylbetain as viscosityregulating surfactant [151].

K. Foam Regulators
Foam is often understood as an important measure for washing or cleaning performance. To soap detergents, which are very popular in regions with low per capita
income worldwide, and to detergents, which are designed for use in vertical-axis
washing machines, small amounts of foam boosters are added. Such compounds
include fatty acid amides, fatty acid alkanolamides, betaines, sulfobetaines, and amine
N-oxides.
Furthermore, foam boosters are used in hand dishwashing detergents and
personal care products. However, in many cases, the right combination of surfactants
enables the desired foam characteristics without addition of boosters.
Because foam decreases the mechanical action especially of horizontal axis,
drum-type washing machines and causes loss of active ingredients by overﬂow heavy-
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duty detergents contain foam regulators (inhibitors) such as soap, silicone, and paraﬃn
oil systems. To avoid the dependence of soap on water hardness and the nature of the
builder system, today most European heavy-duty detergents contain dimethylsiloxanes and/or paraﬃns as foam depressors.

L. Fluorescent Whitening Agents and UV Protection Additives
After repeated laundry cycles, white fabrics might show a yellowish shade because of
redeposited impurities, for instance, polymeric compounds whose conjugated bonding
systems absorb in the short UV and reﬂect longer wave part of the spectrum. Since the
1940s, ﬂuorescent whitening agents (FWAs, also called optical brighteners) have been
proven as additives to laundry detergents to compensate the yellow surplus by
emission of blue light. Because more visible light is emitted than absorbed, the colors
give more brightness. Today, more than 1000 FWAs are on the market [152], which are
also used as ‘‘whiteners’’ in the paper industry, in plastics and synthetic ﬁbers, and in
photographic papers.
Two of the mostly used FWA types are sulfonated diaminostilbene derivatives,
mainly for cotton, and substituted distyrylbiphenyls also for polyamide fabrics. In
Fig. 25, two examples are given: disodium 4,4V-bis[(4-anilino-6-morpholino-1,3,5triazin-2-yl) amino]stilbene-2-2V-disulfonate and disodium 4,4V-bis(2-sulfostyryl)biphenyl.
The UV absorbing FWAs have been a starting point for the novel UV protection
agents, which can be used for the care of skin, colors, and even other ingredients.
Clothing in general has been considered to oﬀer suﬃcient protection against UV
radiation. However, recent studies came to the conclusion that about 25% of the
typical daily apparel, especially many summer cotton fabrics provide less protection
than a sun protection factor (SPF) 15 sunscreen, which is the minimum endorsed by
the Skin Cancer Foundation [153]. The UV absorption of fabrics can be substantially
improved in the home laundry process by addition of a UV absorber to the fabric care
product, so that it exhausts onto the fabric during laundering. The novel approach is to
use a low concentration of a UV absorber in a detergent or in a rinse conditioner. The
UV absorber then builds up over repeated wash cycles.
UV absorbers can also be used for photofading inhibition of dyed clothes and
ingredient protection in the modern transparent and translucent packaging. In the last
case, tailor-made benzotriazole derivatives are recommended [154].

M. Fragrance Oils, Odor Absorbers, and Colorants
Fragrance oils have at least two functions in laundry detergent and cleaner formulations: To mask unpleasant odors and to inﬂuence purchasing behavior of the consumer in favor of the particular product. In addition, a pleasant pervading perfume is
expected for some time after fabrics have been washed or large surfaces or bath and
sanitary ceramics have been cleaned. The same holds for room fresheners. The nature
of the fragrance must appeal to the consumer and enhance the product image.

1. Odor Thresholds
The properties of a scent to diﬀuse from the product into the ambient air of, for
example, the kitchen or the bathroom and to remain there as fragrance for some time
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FIG. 25 Fluorescent whitening agents: Disodium 4,4V-bis[(4-anilino-6-morpholino-1,3,5triazin-2-yl)amino]stilbene-2-2V-disulfonate and disodium 4,4V-bis(2-sulfostyryl)biphenyl.
(Courtesy of J. Kaschig, Ciba Specialty Chemicals Inc., Basel, Switzerland.)

is diﬃcult to quantify. Commonly, ﬁve trained testers are asked to compare their
impression of the intensity of the fragrance in a standardized bathroom with that of
a consumer product at intervals immediately after use of the product, after 15, 30, 60,
90, and ﬁnally 120 min, and give it a value on a scale from 0 (no scent) to 5 (very intense
scent) [155].
Some odor thresholds lie at extremely low concentrations. Examples are given
in Table 50. Compounds with the strongest odor intensity such as pyrazine and
organosulfur compounds, which mostly have a very unpleasant smell, have thresholds
of up to three orders of magnitude below those of typical fragrance components. Even
such compounds are used in extremely low concentration as components of grapefruit
and other exotic fragrances.

2. Fragrance Oils for Laundry Detergents
The requirements for industrial fragrance oils are very complex [156]. Besides the
desired impression of the perfume, the stability in particular at the required pH and
with the other components of the formulation including bleach, absolute toxicological
safety, and easy biological degradation should be mentioned. The aroma oil may not
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TABLE 50 Odor Thresholds of Typical
Ingredients of Fragrances

Component
a-Pinene
Amyl acetate
Benzyl acetate
Phenyl ethyl alcohol
Heliotropine
a-Damascone
Ambrox
Hedion

Concentration for
the odor threshold
(ng L1 ambient air)
265
95
40
8
1
0.4
0.3
0.2

cause any discoloration or phase separation of the formulation. The perfume should
remain unchanged over long periods. The composition of the fragrance also needs to
be inexpensive. For consumers that are allergic to fragrances, some product groups
oﬀer products without fragrances.
Fragrance oils are complex mixtures of volatile organic compounds (aroma
components) with molar masses up to 300.
In Fig. 26, the construction of a fragrance oil is shown. Readily volatile compounds form the head note, which is responsible for the ﬁrst impression and gives the
notion of freshness. The ‘‘middle’’ of the fragrance represents the character of the
perfume. The base ensures the long-lasting eﬀect (substantivity). Therefore fragrances
for dishwashing are designed without base note.
The chemical structures of selected fragrances are collated in Fig. 27. About 20–
100 components from the substance classes hydrocarbons, alcohols, esters, aldehydes,

FIG. 26 Construction of a fragrance oil.
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FIG. 27 The chemical structure of some aroma chemicals.
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mono- and sesquiterpenes, and essential oils from plant extracts are used in the
composition of a fragrance oil. This list is distinctly shorter than that for cosmetic
fragrances, in which often several hundred substances are required.
Table 51 gives an example for the composition of a fragrance oil for a laundry
detergent powder [157].

3. Fragrance Oils for Household Cleaners
A limitation is evident in acidic (pH < 4.5) and basic cleaners (pH > 8). For these
products, a total of only 20–30 fragrances are available. An example of the compoTABLE 51 Example for the Composition of a Fragrance
for a Laundry Detergent Powder
Ingredient
cis-3-Hexenol
Orange oil terpenes
Dihydromyrcenol
Ylang-Ylang Base (Cananga odorata)
2-Phenylethanol
Linalool
Rose oxide 10%
Styrolyl acetate
Methylchavicol substitute
Geranyl nitrile
Linalyl acetate
Undecavertol Givaudan (4-methyl-3-decen-5-ol)
Isobornyl isobutyrate Bell
Aldehyde C11 Undecylen 10%
Dimethylbenzylcarbinyl acetate
Vertenex HC IFF ( p-tert-butylcyclohexyl acetate)
Citronellyl acetate
Hexyl cinnamic aldehyde
Methyl cedryl ketone
Galaxolid 50 IFF (1,3,4,6,7,8-hexahydro-4,6,6,
7,8,8-hexamethyl-cyclopenta-g-2-benzopyran
Tonalid PFW (a musk aroma chemical)
Eucalyptus globulus oil
Lavandine oil grosso
Diphenyl ether
a-Jonone
Cyclamen aldehyde Givaudan
Isoraldeine 70 Givaudan (a-isojonone)
BHT
Nerolin Yara Yara (2-methoxy naphthalene)
Iso E super IFF (an ambra aroma chemical)
Cyclohexyl salicylate Cognis/KAO
Ambroxan Cognis/KAO
Verotyl PFW (2-phenylethyl ethyl acetal)
Dipropylene glycol
Source: Ref. 157.

x
5
40
60
15
30
40
30
20
8
30
40
20
20
5
60
20
5
60
10
40
80
12
20
12
8
5
60
10
2
20
20
1
15
177

Types and Typical Ingredients of Detergents

85

sition of a fragrance oil for a household cleaner is given in Table 52 [155] and for an
acidic gel toilet cleaner in Table 53 [157].
The citrus scent in household cleaners is generated by the use of citral and
geranonitrile. However, citral can only be used in low concentrations because as
conjugated unsaturated aldehyde, it is unstable. Therefore this component is partially
replaced with geranonitrile, the nitrile corresponding to citral, and exudes a similar
although ‘‘sharper’’ citrus character.
Methyl pampelmousse is added to modernize the citrus note with a touch of
grapefruit. Petit grain suggests freshness and a slight Eau-de-Cologne eﬀect. Ligustral,
a so-called green note, is used together with aldehydes for the ‘‘peel eﬀect.’’ Eucalyptus
and terpineol reinforce the association with cleaning action.
A room-ﬁlling eﬀect is achieved both with ﬂoral scents like Hedion, hexyl
cinnamic aldehyde, or benzyl salicylate, and with the musk scents like ethylene
brassylate.
Acetic acid and ammonia were previously considered the ‘‘sign’’ of a particularly
pronounced cleaning action. There are still such products on the market. However, the
odor of these substances can also be perceived as very unpleasant. Methyl or ethyl

TABLE 52 Typical Composition of a Fragrance for a Household Cleaner
(citrus cologne, used in concentration of 0.5–1%)
Ingredient
Octaldehyde
Nonaldehyde
Decaldehyde
Dihydromyrcenol
Citral
Geranyl nitrile
Petit grain oil (oils from the leaves of lemon trees)
Orange oil (cold pressed)
Lemon oil (cold pressed)
Ligustral (2,4-dimethyl-3-cyclohexene-1-carboxaldehyde)
Methyl Pamplemousse (6,6-dimethoxy-2,5,5-trimethyl-2-hexene)
Linalool
Eucalyptus globulus oil
Citronellol
Geraniol
Geranyl acetate
Rose oxide
Terpineol
o-tert-Butyl cyclohexyl acetate
Benzyl acetate
Isojasmone
Hedion
Hexyl cinnamic aldehyde
Benzyl salicylate
Ethylene brassylate (1,4-dioxacycloheptadecane-5,17-dione)
Source: Ref. 155.

%
0.10
0.15
0.25
4.10
0.15
0.35
0.50
50.00
2.50
0.25
0.35
4.40
1.25
7.40
2.30
0.50
0.20
4.00
0.90
1.80
0.05
2.50
7.00
6.50
2.50
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TABLE 53 Typical Composition of a Fragrance for an Acid
Toilet Gel Cleaner
Ingredient

x

Eucalyptus oil
Dihydromyrcenol
Isobornyl acetate
Geranyl nitrile
Cycloester (4-tert-butylcyclohexyl acetate)
Lilestralis (2-[4-butylbenzyl] propanol)
Undecalactone (10% dipropylene glycol)
Nerolin Yara Yara (2-methoxy naphthalene)
Fixolid (6-acetyl-1,1,2,4,4,7-hexamethyl tetralin)
Isoamyl salicylate
Damascone (1% dipropylene glycol)
Verdyl acetate (tricyclodecenyl acetate)
Galbanumn artessence (synthetic fragrance to
mimic galbanum extract)
Orange oil terpenes

30
100
20
120
30
5
5
1
10
10
20
75
10
564

Source: Ref. 157.

lactate is used to mask the presence of ammonia, for instance from decomposed urea.
A chemical reaction consumes the ammonia and forms ammonium lactate.
Another mechanism is based on the fact that the human nose reacts physiologically diﬀerently to various fragrances. If ‘‘pleasant’’ smells compete successfully with
‘‘unpleasant’’ odors for the receptors of smell, in the overall impression the unpleasant
odor is noticed less strongly or even not at all. A very strong perfume can decrease the
eﬀect of a weaker unpleasant odor.
Moreover, certain volatile molecules are also assumed to be able to block
receptors without triggering a signal. This elicits a temporary weak sense of smell or
switches it oﬀ altogether (anosmia). No reproducible proof of this phenomenon has
yet been found.

4. Odor Absorbers
A particularly elegant solution to actually remove smells has been achieved recently
with the use of very speciﬁc absorbers. The most important example is the group of
cyclodextrins. Cyclodextrins are cyclic oligomers of starch. The most important
representatives are a-, h-, and g-cyclodextrins with six, seven, and eight anhydroglucose units, respectively (Fig. 28). The special feature of these cone-shaped molecules
lies on one hand in the fact that their hydroxyl groups that point outward makes
them soluble and chemically modiﬁable. This structural property can be used to solubilize sparingly soluble compounds and in separation processes. On the other hand,
in their 0.5–0.8-nm diameter hydrophobic cavity, they can accommodate guest molecules [158].
Because the majority of odor molecules also have hydrophobic properties,
unpleasant smells can be ﬁltered from ambient air with the help of cyclodextrin
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FIG. 28 The structure of cyclodextrins (CD).

aerosols, but also bound permanently to textile surfaces. Another absorber with this
function is zinc ricinoleate.

5. Colorants for Fabric and Home Care Products
Colorants comprise soluble dyes and insoluble pigments, each of which can have a
natural or synthetic source. In laundry detergents and cleaners for the household, both
water-soluble organic dyes, chieﬂy in liquid formulations, and pigments are found, the
latter often mixed with individual components as speckles for powder, granulates, or
tablets.
Color in fabric and home-care products is added predominantly for aesthetic
reasons, but it has a functional character as well. The diﬀerent shades serve to
distinguish the products. Furthermore, the intrinsic color of raw materials can be
covered in this way. Even the so-called colorless formulations often contain minute
amounts of dyes to augment the ‘‘luster’’ of the liquid product. Fragrance and color
must match. Thus, for example, yellow suggests citrus fragrance. Favored shades for
cleaners are blue and green.
In shoe- and leather-care products the pigments serve mainly to retain and
refresh the color. Some pigments for shoe-care products, 90% of which are aqueous
dispersions, are compiled in Table 54.
Usually, soluble dyes, commonly acidic or direct dyes, are added to increase the
brilliance and enhance the color.

TABLE 54 Pigments for Shoe Care
Shade

Pigments

White
Yellow
Red
Brown

Titanium dioxide (preferably rutile types because of a higher coverage)
Monoazo and bisazo pigments, iron oxides
Monoazo and bisazo pigments, iron oxides
Mostly mixtures of yellow, red, and blue/black pigments, monoazo
brown pigments
Phthalocyanine pigments
Copper phthalocyanine pigments
Mixtures of red and blue pigments, dioxazine/carbazole pigments
Mostly carbon black, partially also Nigrosin dyes

Blue
Green
Violet
Black
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Dyes and pigments must fulﬁll a range of speciﬁcations to be suitable for use
in detergents. Among them are a strong shade, compatibility with other components, stability to light and heat, and absolute toxicological safety. In contrast to,
for instance, textile dyes, dyes for cleaners must not transfer (minimal substantivity)
to the surfaces to be cleaned [159]. In this context, the so-called transient dyes, which
serve to identify ﬁbers and threads in the textile industry, gave important stimuli for
dyes in household cleaners.
Water-soluble polymers that carry chromophoric groups on the polymer chain
(polymeric dyes) serve as transient dyes. One example is 4-(N,N-di(polyoxyethylene)amino)-4V-nitroazobenzene (see structural formula).

In liquid formulations, acidic triphenylmethane dyes that often bear sulfonate
groups are also used because of their good solubility in water. An example of a
triphenylmethane dye is the disodium salt of ﬂuorescein. Ultramarine is one of the
often used, light-stable pigments that gives mainly blue but also green, red, or violet
shades. Ultramarines are sulfur-containing sodium aluminum silicates of varying
composition.

N. Maintenance and Care Components
The most important ingredients of maintenance and care products are polymer
dispersions, wax emulsions, and silicones. In addition, the so-called ﬂuorocarbon
resins play a role, although now decreasing, in shoe and leather care. Almost all
formulations contain at least two of these maintenance components.

1. Waxes
At room temperature, waxes are malleable, ﬁrm to friable solid organic masses of
coarse- or ﬁne-crystalline structure that can be translucent but not glassy. They
melt above 40jC without decomposition and show a relatively low viscosity just
above their melting point. Waxes can be polished with light pressure. In care products,
they serve to form ﬁlms and therefore oﬀer protection, but also to impart a gloss to
surfaces [46].
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(a) Natural Waxes. Renewable animal and plant waxes count among the natural
waxes, as do fossil waxes from brown coal and oil [160]. Natural waxes such as
beeswax and lanolin, or Carnauba wax (a Brazilian palm) and Candelilla wax
(from the leaves and twigs of a Mexican Euphorbia shrub), are monoester longchain fatty acids (waxy acids) with long-chain fatty alcohols, triterpenes, or steroid
alcohols. These waxy esters also contain free hydroxyl and carboxyl groups, which
allow the formation of emulsions without addition of external emulsifying agents
(self-emulsifying).
(b) Synthetic Waxes. Synthetic waxes include waxes from the Fischer–Tropsch
synthesis or oleﬁn polymerization. Such hydrocarbon waxes are frequently functionalized later by oxidation and polyoleﬁn waxes additionally through the inclusion of
comonomers with carboxyl groups [161]. Polyethyleneglycol waxes (Table 55) are also
found in this category.
(c) Montan Waxes. Brown coal from special sources, e.g., from the Mansfelder
Land in Germany, yields montan waxes, also called the bitumen of brown coal, in a
two-stage extraction. Fifty percent of its content consists of esters of C22–C34 fatty
acids (predominantly hexacosanic, octacosanic, and triacontanic acids) with C24, C26,
and C28 waxy alcohols. Further components are free fatty acids and hydroxy compounds, ketones, resins, and asphalt-containing material [162,163].

TABLE 55 Overview on Natural and Synthetic Waxes
Wax type
Ester wax (esters from long-chain waxy
acids and long-chain waxy alcohols,
triterpene or steroidal alcohols, if
necessary, also glycols)

Hydrocarbon waxes (containing only
carbon and hydrogen)

Polar hydrocarbon waxes (with oxygen
functions)

Polar waxes with ether or amide groups

Examples
Animal provenience: beeswax, lanolin
(wool wax), shellac (scale insect)
Plant provenience: carnauba wax,
candellila wax, rice wax, sugar
cane wax
Fossil plant waxes: montan wax
(brown coal)
Fossil waxes: macro- und microcrystalline
paraﬃn waxes from brown coal and
petroleum
Synthetic waxes: Waxes manufactured
by the Fischer Tropsch synthesis,
polyoleﬁn waxes (molecular masses:
2,000–10,000)
Oxidized polyethylene waxes (containing
carboxy groups), waxes resulting from
an oxidative degradation of polyoleﬁns,
polyoleﬁns bearing grafted waxes,
copolymers
Poly(ethylene glycol) waxes, (partially
synthetic) fatty acid amide waxes
(ethylene bis[stearoylamide]), eruca
amide)
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Raw montan wax from which the resin has been removed is oxidized with
chromic acid. Besides the bleaching action, the chemical modiﬁcations that result
(ester content sinks; acid content increases) give a so-called acid wax that can be
further processed with alcohols to form modiﬁed ester waxes. Partial esteriﬁcation
leads to mixtures of ester wax and waxy soaps.
(d) Applications. The self-emulsifying eﬀect of functionalized waxy esters may be
used in the production of wax emulsions. Mostly, however, external emulsiﬁers such
as sorbitan ester with a high degree of ethoxylation and special alkyl polyglucosides
are required.
Waxes ﬁnd broad application in maintenance products. However, they are also
ubiquitous in the cosmetic, pharmaceutical, and food industries, and used in the
production of candles and as process chemicals in plastics production and the textile
industry (lubricants), for the coating of citrus fruit, as well as in many other ﬁelds.
The annual world production of waxes runs to about 3.3 million tons, of which
3.0 million can be attributed to macro- and microcrystalline paraﬃn waxes, 130,000
to polyoleﬁn waxes, and 10,000 and 15,000 to animal and plant waxes, respectively.

2. Polymer Dispersions
Synthetic organic polymers play an important role both as complexing agents and
dispersants in cleaning agents and as components in ﬂoor maintenance agents in
particular, but also in leather care. Their use is insigniﬁcant in the automotive industry
and in furniture care.
Polyacrylates and styrene–acrylic acid copolymer dispersions in particular, but
also especially ﬁnely particulate polyoleﬁn dispersions (polyethylene and modiﬁed
polypropylene) as well as polyurethane dispersions mixed with wax emulsions, are
used in ﬂoor maintenance products to give a temporary or more or less permanent
protective layer to the ﬂoor. This protective layer prevents damage to the ﬂoor and the
penetration of dirt (as well as heel marks caused by dirt particles), and simultaneously
lends an attractive appearance (aesthetics) to the ﬂoor covering. Polyoleﬁn dispersions
assist in providing an antislip ﬁnish. The characteristics required of polymer dispersions for ﬂoor maintenance products are compiled in Table 56.

TABLE 56 Characteristics of Polymer
Dispersions for Floor Maintenance Products
Good leveling behavior
Good spreading behavior
No unpleasant odor during or after processing
Uniform streak-free drying
High ﬁlling power
Attractive gloss of the protective layer
High wear resistance
Good soil resistance
Good grip (prevention of slipperiness)
High stability to water in the presence of product
ingredients, including disinfectants
Ecological safety
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Styrene–acrylic acid copolymers can be cross-linked by zinc. The toughness of
the protective layer and therefore the resistance to damage with traﬃc is thereby
increased. This feature is very important with higher traﬃc as in business premises. A
relatively new development is the group of wax-grafted polymers, which combine the
advantages of the two components in one [164,165].
The formulation of ﬂoor maintenance products from polymer dispersions and
wax emulsions mostly require additional emulsiﬁers and—for the desired ﬁlm formation of the application—also plasticizers.

3. Silicones
Silicones are added to maintenance products to impart gloss, protection, and
smoothness to the surfaces, as well as to improve the wettability and therefore the
application of the products to the surface. Silicones are found above all in auto care
products and polishes, as well as in formulations for leather and furniture care. An
important additional application is the cleaning and care of glass ceramic hobs. The
sheen of tiles can also be enhanced by silicones. In ﬂoor maintenance products,
silicones are only important as defoaming agents.
An almost unfathomable diversity of silicones in the form of ﬂuids (oils) with
molar masses of over 100,000, waxes, three-dimensionally cross-linked resins and
emulsions are available for use in care products. Highly viscous polydimethylsiloxanes
contribute to a higher stability and higher luster of the protective ﬁlm, but tend to form
streaks, haziness, and patchiness. An optimal result is only obtained with an apt combination of diﬀerent components.
Care products contain a variety of other components besides silicones of
diﬀerent chemical structure, among them natural and synthetic hard and soft waxes.
The commonly used wax types that can be combined well with silicones are paraﬃn
waxes, polyethylene waxes, acid and ester waxes, and plastic microwaxes. Synergic
eﬀects are found above all in the area of hydrophobic action.
Cross-linked and non-cross-linked silicones with amino functions are used to
raise the permanence of the ﬁnish and its stability to cleaners. The polar amino groups
ensure an eﬀective anchoring of the polish on the paint substrate. The use of threedimensionally cross-linked silicon resins enables the hydrophobic properties of the
polish to be enhanced.
An overview of the silicon types that are commonly used in maintenance
products for automobiles (paint polishes, paint preservers, penetrating care products,
hot waxes, ingredients to break down the water ﬁlm), furniture, leather, metal, and
glass ceramic surfaces is given in Table 57 [165].
In general, the physical properties of silicones vary only slightly with temperature. Maintenance formulations based on silicones can be used at low and high
temperatures without loss of eﬃciency.
The detailed chemical structure of the silicones, which are often used as mixtures,
is frequently classiﬁed as a business secret of the producer. The starting point is
the fundamental structure of the polydimethylsiloxanes, which are obtained from
dimethyldichlorosilane by methanolysis:
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TABLE 57 Silicone Types in Maintenance Products
Silicone type

Properties

Eﬃciency

Polydimethylsiloxanes with
kinematic viscosities of
0.65–60,000 mm2 s1 as
oils and nonionically and/or
anionically stabilized oil/water
(o/w) emulsions

Low surface tension,
extremely high ﬂexibility
of the polymer
chains, low
intermolecular
interactions

Amino functional
polydimethylsiloxanes
with kinematic viscosities of
15–1000 mm2 s1 as
oils and nonionically and/or
cationically stabilized o/w
emulsions
Nonreactive silicone resins
as pure resins or o/w
emulsions

Low surface tension,
extremely high ﬂexibility
of the polymer chains,
polar amino functions

Good spreading behavior,
support of the cleaning
action, good leveling
behavior, easily buﬀed,
good water repellency,
imparts good gloss, no
layer formation
Good leveling behavior,
good buﬀability, very good
water repellency, very good
(in-depth) gloss, good
adhesion on substrates

Nonreactive silicone waxes as
pure waxes or nonionically
stabilized o/w emulsions

Melting ranges from
30jC to 75jC,
organically modiﬁed

Siloxane polyether copolymers

Hydrophilic, water-soluble,
or dispersable in water

Viscous, threedimensional network

Good leveling behavior,
excellent and long-lasting
water repellency, very good
adhesion on substrates, no
layer formation
Outstanding and extremely
long-lasting water
repellency, if necessary, oil
repellency, outstanding
stability against cleaners,
imparts good gloss, no
layer formation
Good spreadability, good
antistatic eﬀect, good
antimisting eﬀect, causes
no turbidity, if necessary,
emulsifying properties

The general formula for amino functional polydimethylsiloxanes is:
RðCH3 Þ2 SiO  ½ðCH3 Þ2 SiO x  ½RfðCH2 Þm NHðCH2 Þn NH2 gSiO y  SiðCH3 Þ2 R
Polydimethylsiloxanes can be modiﬁed terminally or laterally by polyether
groups on the basis of ethoxy or mixed ethoxy/propoxy blocks (dimethicone copolyols). The general structure of such laterally constructed siloxane–polyether copolymers can be represented as follows:
ðCH3 Þ3 SiO  ½ðCH3 Þ2 SiO x  ½ðCH3 ÞfðCH2 Þm OðC2 H4 OÞn ðC3 H6 OÞo RgSiO y  SiðCH3 Þ3
Such compounds are suitable as emulsiﬁers and wetting agents. Depending
on the structure, they can be employed both as foam enhancers and as foam inhibitors. Typical applications for foam enhancers and inhibitors with a silicone basis
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are wet and dry carpet cleaners or cleaners for hard surfaces and wipe-on shine ﬂoor
polishes.
Silicon resins and silicon waxes can be described by the following formula:
½ðCH3 Þ3 SiO0:5 x ½ðCH3 Þ2 SiO y ½SiO2

z

or

ðCH3 Þ3 SiO  ½ðCH3 Þ2 SiO x  ½ðCH3 ÞfðCH2 Þm CH3 gSiO y  SiðCH3 Þ3
Also, the trisiloxane copolymers with only three silicon atoms in their siloxane
backbone present interesting structures:

Diﬀerent ethoxy and propoxy blocks or alkyl groups can be bound to the middle
silicon atom (heptamethyltrisiloxane surfactants). These examples illustrate the
diversity of the possible structures.

4. Fluorocarbon Resins
To create a hydrophobic and oil-repellent ﬁnish, ﬂuorocarbon resins (see, e.g., Ref.
[166]) are used in the dirt-repellent armory of maintenance products for carpets,
textiles, and in impregnation sprays and foams for leather care (smooth and suede
leathers). Occasionally, these products are also found in care emulsions in liquid and
paste form.
Fluorocarbon resins are predominantly based on multiply ﬂuorinated C4–C8
side chains. Two structural types have come to the fore: One is built on the basis of
perﬂuoroalkylethanols by polyaddition to polyisocyanate polyurethane structures;
the second route, the (co)polymerization of acrylic acid perﬂuoroalkyl esters and other
acrylic acid monomers to ﬂuorocarbon resins, has over time gained more importance.
To prevent too high a molar mass, telomerization is used as alternative to polymerization. This process encompasses the oligomerization of an unsaturated monomer in
the presence of a (solvent) molecule AB, the telogen, for example to form the following
molecule, in which A and B represent the end groups from the telogen:
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The ﬂuorinated side chains are responsible for the hydrophobic and oleophobic
properties. Film formation and adherence properties are controlled by the alkyl chains
in the polymer. If the ionogenicity is taken into account, ﬂuorocarbon resins are
compatible with wax and silicon emulsions, as well as with polymer dispersions.
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Würzburg, 2001; ref. SÖFW-J. (English Version) 2001, 127 (10), 4–16.
Henning, K. In Jahrbuch für den Praktiker 2003; Ziolkowsky, B., Ed.; Verlag für
chemische Industrie H. Ziolkowsky: Augsburg, 2003; 239–256.
Buchmeier, W. (on behalf of IKW—The German Cosmetic, Toiletry, Perfumery and
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Analysis of Detergent
FormulationsGeneral Procedure
HEINRICH WALDHOFF * Henkel KGaA, Düsseldorf, Germany

I. INTRODUCTION
Comprehensive analysis of a complex detergent formulation is a demanding task,
which requires special know-how and, often, the application of nearly the whole
spectrum of classical and modern instrumental analysis techniques. For the proper
identiﬁcation of all ingredients, those in the parts per million (ppm) concentration
range included, even specialized laboratories have to closely cooperate with product
specialists. Such an analysis requires many laboratory working hours, which means
huge amounts of funding.
So far, the most extensive description of the analysis of detergents was composed
by Longman [1] in 1976 in his monograph ‘‘The Analysis of Detergents and Detergent
Products.’’ All reagents and methods are described in great detail. Even though it
represents detergent formulations and the state of analytical art of that time, a number
of methods and procedures outlined there are still applied today.
The quality control of detergents was comprehensively described by Milwidsky
and Gabriel [2] in ‘‘Detergent Analysis: A Handbook for Cost Eﬀective Quality Control,’’ which was published in 1982. Methods, instruments, and techniques are described
in detail. Chapter 10 is dedicated to the analysis of unknown detergent products.
Basic procedures and detailed methods for the determination of essential
detergent ingredients can be found in British Standard (BS) 3762 ‘‘Analysis of
Formulated Detergents’’ published in 1986 [3]. In 1994, Cullum [4] published an
abstract of classical and more modern analysis methods applied in detergent analysis.
Krusche [5] presented in 1995 an overview of the general procedure and the applied
methods and techniques for the deformulation of powdered laundry detergents. An
extensive survey of proceedings and techniques for the analysis of detergent formulations was given by Battaglini [6] in 1996. Battaglini depicts the general procedure and
demonstrates the detailed analysis of surfactants step by step with the help of ﬂow
charts. The chemical analysis of industrial metal cleaning compositions is described in
great detail in ASTM D 800-91 [7] (reapproved in 1997). Schmitt [8] in 2002

* Retired.
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characterized the basics of the analysis of formulated products in Chapter 19 of his
monograph ‘‘Analysis of Surfactants.’’
The ﬂow chart in Fig. 1 shows the principal proceeding for the deformulation of
a detergent, which is more or less similar for most product types. Basic features of the
speciﬁc analysis of the individual component groups are outlined as abstracts and/or
ﬂow charts in the following sections. The state of analytical art is depicted comprehensively in separate individual chapters. Due to the diversity of detergent formula-

FIG. 1 Flow diagram: analysis of detergents—general procedure.
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tions and to the diﬀerences in equipment and know-how, it is not reasonable to try to
develop a detailed analysis approach that is optimal for all types of detergents in all
analytical laboratories. It will always be the task of the performing analyst to ﬁnd his/
her own best way.

II. INITIAL MEASURES
A nonroutine detergent analysis should always be started with some initial measures in
order to guarantee an eﬀective and smooth processing. Here mutual consultation of
the client and the analyzer is the ﬁrst step. The analyzer has to understand the
intentions of the client. The client, on the other hand, has to know and accept which
results can be delivered by analytical measurements and which cannot.
All accessible sample-speciﬁc information should be carefully evaluated. Potential sources are as follows:






The client (knows the application scope of the product and often has an idea on
which ingredients can be expected)
Previous analysis results of the same product type
Special knowledge of experts for this type of detergent
Patent literature (an especially useful source when new raw materials are to be
expected)
Application recommendations and starting formulations from raw material
manufacturers (see their websites in the Internet) and special technical literature [9]

TABLE 1 Components to be Declared According
to European Union (EU) Regulations
Ingredient concentration
z0.2%
Phosphonate
Phosphate
Anionic surfactants
Cationic surfactants
Amphoteric surfactants
Nonionic surfactants
Bleaching agents
Based on oxygen
Based on chlorine
EDTA
NTA
Phenols and halogen phenols
p-Dichlorophenols
Aromatic hydrocarbons
Aliphatic hydrocarbons
Halogenized hydrocarbons
Soap
Zeolites
Polycarboxylate

No limit
Enzymes
Preservatives
Disinfectants
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The package label (due to national and international regulations, many ingredients
have to be declared on the package label, or in enclosed product information
papers) (Table 1).

When all basic conditions have been clariﬁed, a tailored working schedule should
be designed with ﬁxed milestones and delivery date and also with mutual agreed costs.
The ﬁnal step before starting analytical laboratory work is the provision of a
representative detergent sample in suﬃcient quantity by the client, which is divided
in the analytical laboratory into representative test samples of suitable size for
scheduled measurements.

III. GENERATION OF REPRESENTATIVE PRODUCT SAMPLES
Compulsory for correct analysis results at any stage are product aliquots, which have
exactly the same composition as the original material. The eﬀorts necessary to achieve
this are often underestimated. Never forget that a mistake during sampling leads
inevitably to wrong and—even worse—misleading results.
The sampling (Fig. 2) starts with obtaining a representative sample of the
original product. In the simplest case, this is a single detergent package bought in a
supermarket, etc., which is delivered as a whole to the analytical laboratory. In the
worst case, an average sample has to be generated from bulk material or from a couple
of packages. This laboratory sample is divided in the analytical laboratory into
representative test samples for individual measurements.

A. Sampling of Bulk Material and Packages
ISO 8212 [10] describes the general techniques of taking and preparing samples of
soaps and detergents during the manufacturing process at the time of packaging. In
case of packages, it deﬁnes the techniques of preparing a bulk sample and a ﬁnal
sample. The devices used are described and illustrated. ISO 8213 [11] outlines the
general techniques of taking and preparing samples from bigger packages or in bulk

FIG. 2 Flow diagram: detergent sampling—general procedure.
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with view of the assessment of a solid chemical product lot, for use in conjunction with
a previously established sampling plan (see ISO 6063 or 6064). It is applicable to solid
chemical products, in particulate form, ranging from powders to coarse lumps. Special
sampling devices are illustrated.
The sampling of bulk material and packages is a science of its own, which
requires special expertise and does not typically belong to the duties of the analytical
laboratory. Therefore, the procedures shall not be discussed here in detail.

B. Homogenizing and Dividing of Laboratory Samples
Sample preparation in the analytical laboratory means the homogenization and
downsizing of samples in a mass range of about 0.5–5 kg to test samples of about
0.5–50 g. Homogenizing and dividing of powdered, liquid, or pasty laboratory samples
(Fig. 3) is described in detail in ISO 607 [12], and other more or less identical national
and international standards.
Liquid detergents and dispersion are homogenized by mixing with the help of a
mechanical stirrer or by intensive shaking. An aliquot is decanted directly after mixing
into tightly lockable vessels. If the detergent contains low boiling ingredients, care has
to be taken that no losses occur due to evaporation.
Pasty formulations are homogenized by mechanical mixing in the original vessel
in which they were delivered to the laboratory (mixing time of about 5 min; gentle
heating is recommended). When a creamy condition is achieved, suitable amounts are
transferred into sample vessels by using a spatula, etc.
Powdered products require a labor-intensive procedure due to segregation of
components of diﬀerent particle sizes and densities during transport and handling.

FIG. 3 Flow chart: routine procedure for laboratory sample homogenizing and dividing.
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Devices used for homogenization and downsizing are the conical and/or rotating
sample divider and the ultracentifugal mill.
The conical sample divider (Fig. 4) always splits into two aliquots of the same
size. The procedure has to be repeated with one of the resulting halves until two
samples of the wanted size appear. The ﬁnal size must not be smaller than 10 g,
according to ISO 607 [12]. It is not practical to generate such small samples with the
conical device. It is more reasonable to downsize with the conical system to about 100–
200 g and perform further splitting with the help of a rotating system (Fig. 5) [13],
which splits into eight or more aliquots.
The instrument works by pouring the powder on to a rotating cone or dome and
collecting the spun oﬀ material in an array of beakers or jars. The minimum amount
per collecting vessel has to be at least 10 g. The content of a vessel always has to be used
as a whole in order to avoid mistakes caused by particle segregation.
Generation of test samples V10 g is possible only after milling. Especially suited
is an ultracentrifugal mill, which generates sample materials of very low particle size
and excellent homogeneity; the starting material here should be 100–200 g of
prehomogenized (by conical sample divider) sample. The minimum size of samples
taken from milled material should be about 400–500 mg.
Due to heating during milling, chemical destruction of sensitive ingredients may
occur. Milled material is therefore not suited if enzyme activities or active chlorine has

FIG. 4 Conical sample divider.
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FIG. 5 Rotating sample divider.

to be determined. Components containing active oxygen are problematic in combination with bleaching accelerators and should therefore not be stored after milling.
Detergent pellets are a new ﬁnishing form, which is gaining more and more
market shares. For the sampling of such products, standard methods are not available
so far. A pragmatic procedure is to select a reasonable number of pellets out of the
laboratory sample, to remove the packaging paper or foil, to crash the pellets in a
mortar, and to treat the resulting powder as described before. In case of multilayer
pellets with two or three layers of diﬀerent composition, the layers should be separated
and further treated as separate samples.

IV. BASIC SAMPLE ASSESSMENTS
The basic assessments comprehend the determination of physical powder and liquid
characteristics and the measurement of fundamental formulation data.

A. Physical Characterization
1. pH Value
The pH value [14,15] is determined potentiometrically using a glass electrode in a
solution of 1 g of sample in 100 mL of deionized water. In liquid detergents, the pH is
measured also in the original formulation.
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2. Viscosity
Viscosity [16] measurement of liquid products can be performed by diﬀerent techniques; often applied is the falling ball viscometer [17] (Höppler viscosimeter), but the
Ubelode viscosimeter and the rotational viscosimeter [18,19] are also common instruments here. The result is reported in Pascal seconds (dynamic viscosity g).

3. Density
The density [20] of liquid or pasty detergents can be determined with a pycnometer
[21]; more convenient and much faster is an oscillation-type densitometer [22]. The
density Dt is reported in gram per milliliter or liter at a deﬁned temperature.

4. Apparent Density
The apparent density [23,24] expresses the mass of bulk powder detergents. For
determination, a receiver of known volume—typically 500 mL—is ﬁlled with the loose
test material; the mass of the ﬁlled in powder is determined by weighing. The result is
calculated and reported in gram per liter.

5. Particle Size Distribution
The particle size distribution [25] of powdery detergents is measured by sieve analysis.
One hundred grams of detergent powder is agitated on a set of test sieves [26,27] by
means of a sieve machine. The particle size distribution is calculated in mass percent of
the fractions isolated on the single sieves.

B. Summary Formulation Characteristics
1. Solid/Volatile Content
A simple procedure for the determination of the solids’ content is storing a precisely
weighed amount of detergent sample in a tarred ﬂask in a drying cabinet at 105–110jC
until a constant weight is reached (powder detergents approximately 2 h). Then the
weight loss respective of the weight of the residual material has to be determined.
Especially for liquid and pasty samples, drying under vacuum at 50jC seems to yield
good results [6]. Instead of a drying cabinet, microprocessor-controlled systems [28]
heated by infrared or halogen dryers are also used. They are ﬁtted with an integrated
balance and operate on thermogravimetric principles.

2. Alcohol-Soluble/Insoluble Matter (Details in Section VII.A.2)
The content of alcohol-soluble substances gives an impression on the ratio between
surface-active agents plus other ingredients with comparable solubility and other
mainly inorganic components. Beside short-chain alcohols, other organic solvents are
also used. The test sample is dry solid detergent material or the drying residue from
liquid or pasty formulations.

3. Water-Soluble/Insoluble Matter
The alcohol-insoluble fraction is dissolved in hot water; undissolved matter is ﬁltered
oﬀ, dried, and weighed. The result is calculated as percent by weight water-insoluble
matter.

4. Alkalinity [29]
Measured are active alkalinity and total alkalinity. Inactive alkalinity is the arithmetic
diﬀerence of both. Active alkalinity is determined by titration of a 1% sample solution
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in water with 0.1–0.5 N hydrochloric acid against the color change of phenolphthalein
(pH 8.4–10), and total alkalinity determined by titration against the color change of
methyl orange (pH 3–4.4). The alkalinity is often calculated as percent per weight
sodium dioxide (Na2O) (Table 2).

C. Qualitative Tests
To get an impression of the chemical composition, the sample can be checked for
essential ingredients by classical colorimetrical and wet chemical methods as well as by
modern instrumental techniques. Whenever possible methods and techniques are
applied here, those allow a qualitative and a quantitative analysis in one run in order to
save costs.

1. Microscopical Check
Visual examination of powder samples under the optical microscope gives an
indication of the manufacturing process (mix, spray mix, extrusion, etc.). An experienced analyzer may be able to identify individual ingredients such as enzyme prills,
ﬁber-shaped cellulose derivatives, perborate, etc., by shape and color. A scanning
electron microscope can deliver further reaching results by element analysis of single
particles (Fig. 6) [30].

TABLE 2 Alkalinity of Typical Detergent Ingredients
Alkalinity
Substance
Sodium hydroxide
Sodium orthosilicate
Sodium sesquisilicate
Sodium metasilicate
Alkaline sodium silicate
Neutral sodium silicate
Trisodium phosphate
Disodium phosphate
Tetrasodium pyrophosphate
Tetrapotassium pyrophosphate
Pentasodium triphosphate
Sodium hexametaphosphate
Sodium metaborate4H2O
Borax
Sodium perborate
Sodium percarbonate
Sodium carbonate
Sodium bicarbonate
Sodium sesquicarbonate
Tetrasodium ethylenediamine
tetraacetate
Trisodium nitrilotriacetate

Formula
NaOH
Na4SiO4
(Na6SiO7)1/2
Na2SiO3
Na2O2SiO2
Na2O3SiO2
Na3PO4
Na2HPO4
Na4P2O7
K4P2O7
Na5P3O10
(NaPO3)6
NaBO24H2O
Na2B4O710H2O
NaBO2H2O24H2O
Na2CO33H2O2
Na2CO3
NaHCO3
Na2CO3NaHCO32H2O
C10H12N2O8Na4
C6H6O6NNa3

Phenolphthalein
[% Na2O]

Methyl orange
[% Na2O]

76.0
58.5
54.3
49.0
29.5
21.6
10.0
—
6.7
6.2
1.6
19.6
—
11.5
17.0
19.5
29.0
—
13.8

76.0
60.5
56.0
51.5
34.0
28.2
18.8
22.0
22.9
18.6
16.9
2.9
22.5
16.4
21.6
39.1
58.0
36.9
41.3
16.3

12.05

18.08
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FIG. 6 Rastor electron microscope (REM) picture of an enzyme pellet with porous surface.

2. Assessment by Infrared Spectroscopy (IR) and Nuclear Magnetic
Resonance (NMR)
IR (details in Chapter 13) allows the identiﬁcation of components by their functional
groups, which aﬀect typical absorption signals. By comparison of sample spectra with
reference spectra, a more detailed determination can often be achieved [31] even in
mixtures.
1
H + 13C NMR yield qualitative structure information by typical shifts of
resonance signals for protons and C-atoms (details in Chapter 13) (Fig. 7).
Modern two-dimensional methods and the computer and databank-assisted
evaluation of measuring readings allow, even in complex matrices, an identiﬁcation of
single species [32].

3. Surface-Active Agents
For the detection of surfactants, colorimetric tests are described in BS 3762, Part 2 [33].
Anionic or cationic surface-active agents can be detected by formation of character-

FIG. 7 NMR spectrum of a detergent.
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istically colored adducts with dimidium bromide (3,8-diamino-5-methy-6-phenylphenanthridium bromide) and acid blue 1 (sodium a-(4-(diethylamino)phenyl)-a((diethylimino) cyclohexa-2,5-dienylidene) toluene-2,4-disulfonate) (mixed indicator),
which can be extracted into a chloroform layer.
Ethylene oxide-based nonionic surfactants are detected by formation of a blue
complex with ammonium hexathiocyanatocobaltate, which is also chloroformextractable (Fig. 8).

FIG. 8 Scheme: colorimetric surfactant identiﬁcation.
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4. Oxidizing Agents
Active oxygen and/or chlorine-containing ingredients can be detected by the reaction
with iodide ions, which are transformed in acidic aqueous solution into brown-colored
iodine [33]:
2A  Cl þ 2J Z Cl þ J2 ðbrownÞ
A  O þ 2Hþ þ 2J Z J2 ðbrownÞ þ H2 O
Active oxygen with potassium titanium oxalate forms a yellow complex under strong
acidic conditions. The reaction does not occur with active chlorine.

5. Fluorescent-Whitening Agents [33]
A ﬁlter paper strip is dipped into a 2–5% aqueous sample solution and compared
under an ultraviolet (UV) lamp with a comparative strip, which had been dipped into
distilled water. If the sample strip is brighter than the water-dipped strip, the detergent
contains ﬂuorescent-whitening agents.

6. Urea
A drop of aqueous detergent test solution is placed on a ﬁlter paper and a drop of a
p-dimethylaminobenzaldehyde solution (1 g in 100 mL of ethanol + 0.2 mL concentrated HCl) is added. A bright yellow spot indicates the presence of urea (or some other
amines and amides). Urea can seriously interfere with normal methods for analysis. If
it is present in suﬃcient quantity, it will appear as a contaminant in many fractions
isolated from a sample. It can be eliminated by treatment with nitrous acid [34].

7. Boron-Containing Components
Borate or perborate forms in the presence of concentrated sulfuric acid with methanol
volatile boric acid ester, which colors a ﬂame characteristically green.
About 100 mg of detergent powder is ﬁlled into a test tube; 3 mL of concentrated
sulfuric acid and some milliliters of methanol is added. The mixture is heated to boiling
point under shaking and the evolving gas is ignited. If the ﬂame shows a green color,
borates are present.

8. Carbonate
þ
CO2
3 þ 2 H ! CO2 z þ H2 O

CO2 þ Ba2þ þ 2 OH ! BaCO3 # þ H2 O
Carbonates can be detected by liberation of gaseous carbon dioxide after addition of strong acid to the original sample, or to an aqueous sample solution or suspension. If the liberated gas is passed through a barium hydroxide solution, solid
barium carbonate is precipitated.

9. Identification of Crystalline Components by X-Ray
Diffraction (XRD)
A clear, unambiguous identiﬁcation of crystalline components can be achieved by
XRD analysis [35]. However, restrictions are that only crystalline components can be
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identiﬁed and only in mixed solid products. XRD of evaporation residues or tower
products makes no sense.
The diﬀraction patterns of the ﬁnely powdered test samples are identiﬁed by
comparison measurements with commercial raw materials, or with the help of patterns
stored in the International Center for Diﬀraction Data (ICDD) Powder Diﬀraction
File (PDF) [36]. With the help of sophisticated software, it is now possible to identify
single components even in mixture with other crystalline substances. But, of course,
preseparation and isolation of components always simplify the evaluation of readings.

V. ELEMENTARY ANALYSIS
A. X-Ray Fluorescence (XRF) Spectrometry
XRF spectrometry is a very powerful and universal technique for the qualitative and
quantitative analyses of elements in detergents with atom numbers >9 and a
concentration =c0.1%. The ﬁrst XRF method (see Chapter 13), which was designed
especially for detergent analysis, was published in 1977 by Graﬀmann [37]. The clue of
this method was the insertion of test sample into a borate glass melt. By the melting
process at about 1200jC, organic components are burned and the other ingredients are
broken down and dissolved in the borate glass. From this procedure result glass lenses
with a very reproducible and homogeneous surface whose relative elemental composition corresponds to that of the sample. Matrix inﬂuences are minimized by the
dilution eﬀect. The quantiﬁcation is achieved by comparison measuring with calibration samples of known composition with the same matrix (Table 3).
With a modern computer-controlled instrument, the whole measuring process,
inclusive of data registration and evaluation for potentially up to 28 elements, is now
achieved in less than 5 min. Critical (due to losses during the melting process) is the
precise quantiﬁcation of elements in volatile chemical compounds (e.g., silicones) or
those that form volatile compounds during the fusion process. In 1980, Vaeth and
Grießmayr [38] published a special fusion procedure, which was said to avoid these
losses. The oxidizing reagent they used is magnesium nitrate hydrate.
In 1986, Williams [38a] (Interox, Widnes, Cheshire, UK) published an XRF
method, which, besides phosphorus, silicon, and aluminum, shall be especially suited
for quantitative sulfur determination. The detergent (0.25 g) is ground and then

TABLE 3 Typical Elements in Detergents
Element
Al
Si
P
B
S
C, H, O

Source component
Sodium aluminum silicates
Silicates, silicone oil
Phosphates, phosphonates
Borate, perborate
Surfactants, inorganic
sulfate
All types of organic
components

Element
Ca
Mg
Na
K
N
Ti, V, Mo,
Co, Mn, Fe

Source component
Calcium carbonate
Magnesium silicate
Cations from salts
and surfactants
Ammonium cations,
cationic surfactants
Trace components
and impurities
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oxidized with 1 g of sodium carbonate and 1 g of a 3:1:1 mixture of sodium, potassium,
and strontium nitrate for 6 min at 800jC. After addition of 5 g of lithium metaborate,
the melting process is continued under agitation for 3 min at 950jC. The melt is cast to
form a glass bead suitable for XRF. The results for S, P, Si, Mg, and Al agreed within
2% with those from wet chemical methods.
In 2000, van Dahlen and Vooijs [38b] (Unilever, The Netherlands) developed an
XRF method for the determination of zeolite and silicate in detergents, which is very
similar to the methods described before. The sample is decomposed by melting at
1250jC in a matrix of lithium tetrametaborate in the presence of ammonium nitrate as
oxidizing agent. From the melt, glass beads are formed, which are used for measurement.
Kawauchi et al. [39] published in 1996 an XRF method for phosphor determination in detergents with a very simple sample preparation. Fifty microliters of sample
or standard solution is applied to ﬁlter paper, which is inserted into the instrument
and measured. Errors due to heterogeneity of the deposit were minimized by a special
drying process of the paper and by incorporating strontium as internal standard.

B. Optical Spectrometric Methods (See Chapter 13 for Details)
Inductively coupled plasma optical emission spectrometry (ICP-OES) is the main
technique for multielement trace analysis [40,41], which also ﬁnds application for
determination on higher element concentrations. In contrast to XRF spectrometry,
this technique requires a particle-free, clear sample solution for measurement, which
might bring a greater eﬀorts for test sample preparation.
In 1996, Kawauchi and Ishida [42] published an ICP method for the determination of zeolite, silicate, and phosphate in laundry detergent. Under alkaline
oxidative conditions, the sample is decomposed and subsequently dissolved in hydrochloric acid, and, ﬁnally, the aluminum, silicon, and phosphorus contents are
measured. The method showed good precision and was ﬁve times faster than adequate
wet chemical procedures.
Atomic adsorption spectrometry (AAS) [43] and atomic emission spectrometry
(AES) [44] are also primarily used for trace analysis in detergents. The instruments are
much cheaper than ICP-OES systems, but due to the single element mode in a
multielement analysis, each element to be determined requires a special measuring
procedure, which is time-intensive.

C. Classical Chemical Procedures
Elements bound in components can be transformed by fusion with sodium carbonate,
for example, or by special chemical digestion reactions into a typical compound, which
can be determined by gravimetry, colorimetry, or other classical methods. These are
described in most lecture books of inorganic analytical chemistry. A comprehensive
detailed collection has been published in 1976 by Longman [1]. Most of these
procedures are very labor-intensive and have therefore been replaced by modern
instrumental techniques. Nevertheless, some of them are still in use, especially in
smaller laboratories, or if they are ﬁxed in governmental regulations. A typical example
is the determination of total phosphorus after fusion and hydrolysis by colorimetry.
A reliable and simple total P determination procedure was published in 1980 by
Graﬀmann et al. [45]. Burgi and Bollhalder [46] described in 1994 a spectrophoto-
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metric method for total P determination in detergents, in which the digestion is
achieved by a special oxidation reagent (OxisolvR Merck, Darmstadt, Germany) that
is microwave-assisted.

D. Nitrogen Determination According to Kjeldahl
The Kjeldahl method [47,48] is based on the transformation of organic-bound
nitrogen to ammonium by boiling concentrated sulfuric acid (370jC) in the presence
of a special catalyst. After adding a surplus of sodium hydroxide solution, the
ammonium is distilled into a boric acid-containing receiver ﬂask and quantiﬁed with
the help of a NH3-sensitive electrode or by titration. Due to its speciﬁcity and
precision, the method ﬁnds wide application. A broad spectrum of automated or
semiautomated instruments for sample initial weights of typically about 0.5–2 g is
commercially available and routinely used.

E. Instrumental Microelement Analysis
Carbon, sulfur, oxygen, hydrogen, and nitrogen can be determined by special elementspeciﬁc analysis instruments. Fully automated systems are commercially available
now, which are well suited for the analysis of detergent samples because they allow
weights of samples up to 2000 mg [49]. The determination of sulfur as well in detergent
test samples as in separated fractions by an automated sulfur analyzer proved very
reliable and has become a routine procedure.

VI. DETERMINATION OF IONIC SPECIES
A. Ion Chromatography (IC)
IC has developed into an essential universally applicable tool for the analysis of ionic
species in detergents. A broad spectrum of IC separation methods is described in
monographs [50,51] and in the literature [52–54]. Detection is achieved in ﬁrst line by
conductivity measurement, and for special applications also by electrochemical or UV
detectors. In use are systems with and without suppression of basic conductivity.
Instruments equipped with suppressor [55] seem to be especially suited for detergent
analysis because due to excellent sensitivity, this type enables a reduction of matrix
eﬀects by dilution of test sample solutions to a large extent.
Common ions analyzed by IC in detergents are: chloride, sulfate, ortho-phosphate, pyrophosphate, tri(poly)phosphate, borate, nitrate, carbonate (low concentrations), acetate, nitrilotriacetate (NTA), and others. Typical chromatograms and
separation conditions are displayed in Fig. 9 [56], Fig. 10 [56], and Fig. 11 [57]. Analyzed were 0.05–0.1% detergent solutions in water; undissolved particles were
removed before injection by passing through ﬁlter cartridges (Figs. 10 and 11).
IC is also a powerful and very sensitive tool for the determination of cations such
as ammonium, alkali, alkaline earth, and other metal ions (Fig. 12) [58].
In daily routine, the determination of metallic cations by IC is performed only
relatively limited so far because these are calculated preferentially on the basis of
element concentrations, which are determined by the well-established and speciﬁc
methods discussed before.
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FIG. 9 IC chromatograms of common inorganic anions in detergents.

FIG. 10 IC chromatograms of typical inorganic anions in detergents.
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FIG. 11 IC chromatogram of phosphate species.

B. Capillary Electrophoresis (CE)
Pretswell et al. [59] checked CE in comparison to IC and gravimetry. They determined
chloride, sulfate, and nitrate in detergent matrices. The results showed no signiﬁcant
diﬀerence between the three methods.
There are many publications in recent literature describing CE methods for
determinations in a broad spectrum of matrices, but, so far, CE has no signiﬁcant
importance in detergent routine analysis especially in the ﬁeld of inorganic component
analysis. This will not change as long as UV is the only CE detection method that is
suited for use in daily routine.

FIG. 12 IC chromatogram of common cations in detergents.
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C. Classical Analysis Methods
Alternatively to IC, classical analysis methods are applied mainly for ammonia,
carbonate, and, to some extent, phosphate, chloride, and sulfate.

1. Ammonia
The sample solution is alkalized by addition of a surplus of 30% aqueous sodium
hydroxide solution; the evolving NH3 gas is distilled into a boric acid-containing
distillate receiver and quantiﬁed by titration with sulfuric acid.
If urea is contained, the alkalization should be performed by addition of
magnesium oxide suspension, in order to avoid ammonia formation by saponiﬁcation.

2. Carbonate
The classical method for carbonate determination (details in Chapter 7) especially in
detergents is the liberation of bound carbon dioxide by acidiﬁcation and the
quantiﬁcation of CO2 amount by volumetric measurement or by weighing after
absorption, for example, in concentrated potassium hydroxide solution. This method
is still widely used because it can be performed at low costs with simple instrumentation and, in contrast to IC, it comprehends water-soluble and water-insoluble
carbonates.

3. o-Phosphate
For detergent analysis, the photometric determination of phosphorous ﬁnds widespread application. The formation of a yellow complex with vanadate/molybdate [60],
which can be measured at 436 nm, is the preferred method (for experimental details,
see Section V.C). It is very precise, and robust interferences by silicate occur only in
case of large excess.
o-Phosphate may also be determined colorimetrically by measurement of the
blue color (720 nm) formed with molybdate; this method is very sensitive but, to the
author’s experience, less robust. Description can be found in appropriate analytical
text books (see also Chapter 6).

4. Chloride
Very convenient for a quick chloride determination (e.g., in the alcohol extract) is
titration. The chloride is precipitated with silver ions in acidic solution (nitric acid); the
surplus of Ag+ is determined by backtitration with thiocyanate as titrant and Fe2+ as
indicator (formation of a red-colored complex with surplus thiocyanate). The titration
can be performed also potentiometrically using a silver electrode for end-point
determination.
In contrast to IC, this method is not suited for direct application on solutions of
the original sample if other components are contained, which also react with silver ions
(e.g., phosphate).

5. Sulfate
Sulfate can be determined conveniently by precipitation titration with lead nitrate
solution. The end point is indicated potentiometrically using a lead-sensitive electrode,
or, alternatively, visually with dithizone indicator. ISO 8214 [61] describes comprehensively the gravimetric determination of inorganic sulfates in detergents. After
elimination of interfering components such as surfactants, etc., sulfate is precipitated
as barium sulfate and quantiﬁed gravimetrically. Detailed descriptions of classical
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analysis methods for nearly all inorganic ionic components in detergents can be found
in ‘‘Analysis of Detergents and Detergent Products’’ by Longman [1], ‘‘Detergent
Analysis’’ by Milwidsky and Gabriel [2], and also in standard textbooks of inorganic
analysis.

VII. FRACTIONING OF DETERGENTS INTO
COMPONENTS/COMPONENT GROUPS
The rapid progress in instrumental analysis techniques during recent years and the
broad availability of such systems now have led to a drastic reduction of isolation
procedures. But fractionations according to solubility, polarity, electric charge, and,
to some extent, molecule size are still essential standard procedures (Fig. 13).

A. Fractioning by Solid/Liquid Extraction
1. Technique and Apparatus
Solid/liquid extraction of detergents or detergent fractions is performed most simply
by boiling the sample dispersed in a portion of solvent in an Erlenmeyer or a roundbottom ﬂask equipped with a condenser.
Very convenient is the use of a Soxhlet apparatus (Fig. 14) [62,63]. The powdered
sample is weighed into the Soxhlet thimble and extracted for at least 20 cycles.
If the detergent has been produced in a spray dry process, surfactant material
may be trapped in the beads. To avoid losses, the content of the thimble should be
isolated and crashed in a mortar, and the extraction procedure should be repeated. The
liquid phase is separated then and the extracted matter is isolated by evaporation of the
solvent.
A new microprocessor-controlled fully automated accelerated solvent extraction
(ASE) system [64] for solid–liquid extraction (Fig. 15) [65] has been commercially
available since some years ago. Extracting agents here are overheated solvents under a

FIG. 13 Flow chart: fractioning of detergents.
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FIG. 14 Soxhlet apparatus.

FIG. 15 Principle of ASE.
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pressure of up to 200 bar. Components with diﬀerent solution behaviors can be
isolated in one cycle by fully automated successive extraction with diﬀerent solvents.
The solvent amount required per sample is only about 15 mL and, the run time is less
than 15 min.
The instrument is equipped with an integrated autosampler, which enables the
convenient processing of larger sample numbers. Starting material is the dry granular
or powdery detergent for solid products; liquid formulations are solidiﬁed by
adsorption to diatomaceous earth and can directly be extracted then. In daily routine,
ASE has proven its eﬃciency and speed as a superior tool that can totally replace the
classical techniques [66].

2. Extraction of Surface-Active Agents
Methanol, ethanol, isopropanol, or n-butanol is the most often applied extracting
solvent for surface-active agents and other ingredients of comparable solubility
(Table 4). The starting material is dry, pulverized, solid detergent, or dry residue
from liquid and pasty formulations. Inorganic salts—mainly sodium chloride—are
sparingly soluble in dry methanol and ethanol, and nearly insoluble in higher alcohols.
In order to optimize the solution capabilities and to minimize coelution, sometimes
mixtures of alcohols are used (e.g., 2-propanol and methanol) [67,68] (Table 5).
If only nonionic surfactants are to be expected, the uses of less polar solvents
such as ethyl acetate or diethyl ether may be advantageous due to a higher speciﬁcity.
The solution behavior of surfactants in alcohol, acetone, petroleum ether (PE),
and ethyl acetate was examined Govindram and Krishnan [69] (Table 6). They
published a scheme for separation of surfactants based on solubility diﬀerences in
these solvents.

3. Extraction of Organic Nonsurfactant Components
More or less, speciﬁc extraction procedures may be applied for foam-inhibiting agents,
bleaching accelerators, etc.:



Paraﬃn can be extracted suﬃciently, speciﬁcally with hexane.
For silicone oil, ethyl acetate is a common extracting agent.

TABLE 4 Common Alcohol-Soluble Detergent Ingredients
Surfactants
Alkyl benzene sulfonate
Oleﬁn sulfonates
Fatty alcohol sulfonates
Fatty alcol ether
sulfonates
Toluene sulfonate, cumol
sulfonate, xylol
Sulfonate
Soap
Amphoterics
Amine oxides

EO–PO adducts
Alkylpolyglycosides
Other sugar/sugar
alcohol-based surfactants

Others
Ethanolamine
Glycols
Urea
Acetates/formiates
and other esters

Esterquats
Imidazolin-based cationics
Alkyl/aryl ammonium
cationics

Polymers (nonsalt types)
Optical brighteners
Foam inhibitors
Bleaching accelerator
(TAED, etc.)
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TABLE 5 Alcohol-Insoluble Detergent Components
Ingredients
Insoluble in alcohol

Insoluble in alcohol + water

Inorganic salts
Phosphates
Carbonates
Soluble silicates
Sulphate
Chloride
Complexanes
EDTA
NTA
Aminophosphonates
Cellulose derivatives
Polycarboxylates

Zeolites
Sodium aluminum silicates
Silicon dioxide
Abrasive agents



Tetraacetylethylenediamine (TAED) and other bleaching accelerators, nonanoyloxybenzene sulfonate (NOBS) and iso-nonanoyloxybenzene sulfonate (isoNOBS), are extractable with acetone or acetonitrile.
 Amine salts can be isolated also using acetone as extractant [70].
The degree of speciﬁty is tailored here with respect to the requirements of the
subsequently applied determination method.

TABLE 6 Solubility of Common Surfactants in Organic Solvents
Surfactants

Ethyl
alcohol

Acetone

Petroleum ether
(40–60 Cj)

Ethyl acetate

Soap
LAS
AOS
SLS
SLES
SCIT
AE (3 EO + 7 EO)
Nonyl phenol ethoxylates
CMEA
Free fatty acids
Betaine

+++
+++
+++
+++
+++
+++
+++
+++
+++
+++
+++


+
+++
+++
+++
+++
+++
+++
+++
+++








+++
+++
+
+++








+++
+++
+++
+++


(+++) Soluble; (+) partially soluble; () insoluble.
LAS, linear alkyl benzene sulfonate; AOS, alpha oleﬁne sulfonate; SlS, sodium lauryl sulfonate, or sodium
cocyl isothionate; CMEA, coconut monoethanolamide.
Source: Ref. 69.
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B. Separation by Solid-Phase Extraction (SPE)
SPE ﬁnds widespread application for substance separation and isolation mainly from
aqueous solutions especially for trace analysis. Detailed descriptions can be found
in the literature [71] and also in the application lists of the SPE equipment manufacturers. The main adsorption agents are aluminum oxide, silica, modiﬁed silica, and
polystyrene resins of comparable types used as stationary phases in high-performance
liquid chromatography (HPLC) columns; therefore, SPE might be seen as HPLC
without instrument.
In contrast to HPLC, the conditions for SPE are ideally chosen in such a way that
either a complete retention or a complete elution of the substance takes place (Table 7).
A large assortment of SPE cartridges of diﬀerent shapes and sizes, membranes,
and bulk materials is commercially available, and also a broad spectrum of instruments up to computer-controlled fully automated systems, which enable smooth SPE
separation processing of large sample numbers.
Because surfactants have, by their nature, both a lipophilic and a hydrophilic
moiety, they are retained by nonpolar as well as polar adsorbents; ionic surfactants are
retained by ion exchange (IE) materials, too. Interfering substances most frequently do
not have an amphiphilic character. Thus, a general separation scheme for surfactants—especially for the separation and enrichment from environmental samples—
consists of a ﬁrst adsorption from a polar solvent onto a nonpolar sorbent where
surfactants and other nonpolar components—if present—are retained and polar
interferences can be rinsed oﬀ. Then, using a nonpolar solvent, the surfactants
(together with nonpolar interferences) are desorbed. In a second adsorption step, this
solution is passed through a polar adsorbent where only the surfactants are retained.
After rinsing oﬀ the interferences, the surfactants can be desorbed.
The processing of a SPE separation can be structured into the following steps:
1. Conditioning of the sorption agent by rinsing with a suited solvent (according to
the recommendation of the manufacturer and to the desired separation).
2. Application of the analyte solution (the volume depends on the analyte
concentration).
3. Puriﬁcation by rinsing with an appropriate solvent.
4. Desorption of the analyte by rinsing with an excess of a tailored solvent/solvent
mixture.

TABLE 7 SPE Sorption Materials and
Interaction
SPE sorption agents
Functional group

Type of interaction

Octadecyl
Cyclohexyl
Cyanopropyl
Diol
Carboxyl
Quaternary amino

Nonpolar
Nonpolar
Polar or nonpolar
Polar
Cation exchange
Anion exchange
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Due to the low adsorption capacity of the common cartridges, SPE is preferentially
applied for substance separation in the lower milligram scale. All steps have to be
carefully optimized and adjusted to the individual separation problem. Also the
recovery has to be validated. A promising two-step SPE procedure for the fractionation of a mixture from anionic, amphoteric, cationic, and nonionic surfactants for
subsequent characterization by IR and NMR was published by Buschmann and Kruse
[72] (Fig. 16).
In the ﬁeld of detergent analysis, SPE is, so far, according to the author’s
experience, primarily applicable for the preparation of test samples for spectroscopic
or chromatographic analysis [73], and not for the substitution of classical fractionation procedures. Due to the further advance of highly speciﬁc instrumental techniques, which require only very small sample amounts, this may change in the
future.

C. Liquid/Liquid Extraction
1. Technique and Apparatus
In the simplest case, the instrumentation consists of one or two separatory funnels, but
also continuous extraction systems are applied. An interesting alternative method,

FIG. 16 Separation of surfactants by SPE.
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which avoids all diﬃculties due to formation of emulsions and/or incomplete phase
separation, is extraction with the help of diatomaceous earth-ﬁlled columns [74,75].
The aqueous or partially aqueous solution of the analyte is applied to the column and
is incorporated into the ﬁlling material (the analyte is not adsorbed). The analytes are
subsequently extracted by a nonwater-miscible solvent. In combination with special
racks, this technique allows a fast and convenient processing of larger sample
numbers. Drawbacks are the relatively small sample solution volumes and the risk
of losses due to absorption to the diatomaceous earth.

2. Applications
Cullum [76] described the use of n-butanol for the extraction of small surfactant
amounts out of active chlorine or other strong oxidizer-containing liquid detergents
because, here, solvent evaporation—in order to isolate the solids for successive solid
liquid extraction—could cause degradation of ingredients. Wet butanol coelutes
inorganic salts to some extent; the residue should therefore be cleaned by redissolving
in dry isopropanol and removing the inorganic salts by ﬁltration.
Chlorinated solvents and ethyl acetate are also common liquid–liquid extracting
agents. For the isolation of free fatty acids or neutral materials from a slightly alkaline
detergent solution in ethanol/water (50/50, vol/vol), PE is an established extractant.
After acidiﬁcation of the sample solution, fatty acids resulting from soap can also be
extracted with PE [77–79]. Longman [80] published complex schemata for a farreaching fractioning of detergents, which include a number of liquid/liquid extraction
steps. A comprehensive survey of liquid/liquid separation systems was published by
Schmitt [81].
In daily routine, liquid/liquid extraction plays (for detergent analysis today) only
a minor role because the technique is sometimes tedious to handle (emulsion
formation, etc.) and many classical applications have become dispensable due to the
high-resolving modern instrumental methods available now.

D. Fractionation by Open Column Chromatography
1. Technique and Apparatus
Column chromatography is predominantly performed with open gravity-driven
columns. Common adsorption agents are silica and alumina, which have to be
carefully conditioned before use according to the speciﬁcations of the manufacturer.
The adsorbent (typical amounts are 10–50 g) is slurried in the solvent and ﬁlled
bubble-free into the column. The analyte mixture (typically 0.5–2 g) is applied to the
top of the column and the components successively eluted with one or more solvents
(1–5 mL/min). The eluate is fractioned in 10- to 15-mL portions, which have to be
analyzed in a ﬁrst step by evaporating the solvent and weighting the residual material.
This process has to be continued until no further material is eluted.

2. Applications
In detergent analysis, a potential ﬁeld of application for open column chromatography
is the fractionation of the nonionic matter. Longman [80] and Rosen [82] described the
separation of neutral component mixtures using alumina-respective silica as stationary phases.
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Advantages of the open column technique are the simple and cheap equipment
and the simple processing, but the technique is time-consuming and labor-intensive,
and the separation is not always satisfying. These drawbacks have led to a replacement
by HPLC whenever possible.

E. Separation of Anionic, Cationic, and Nonionic
Surface-Active Agents by Ion Exchange (IE) Methods
1. Basics
Ionic surfactants are reversibly bound to cationic or anionic ion exchangers by
electrostatic forces. They can be selectively recovered by elution with appropriate
electrolyte solutions. Nonionic species should theoretically not be retained and remain
quantitatively in the eluate; however, hydrophobic interaction with the IE resin can
lead to losses. If in doubt, the completeness of recovery should be checked with the
help of test mixtures. If losses are recognized, the solvent composition and temperature
have to be optimized.
The IE materials applied are mainly divinylbenzene cross-linked anionic or
cationic modiﬁed polystyrene resins. The degree of cross-linking is indicated by a
followed by a ﬁgure after the type designation. For example, a Dowex 1X2 IE is crosslinked with 2% divinylbenzene. Typical cross-linking degrees are 2–8%, with a
preference for lower types because they show a better accessibility of the functional
groups to the bulky surfactant molecules, which is crucial for a quantitative exchange
and recovery. Polystyrene IE resins are resistant to organic solvents, strong acids, and
bases; a characteristic feature, however, is the volume alteration in dependence of
solvent composition, electrolyte concentration, and degree of cross-linking. This
requires a careful preconditioning with the solvents to be used for separation and/or
elution. Also, enough free space has to be assured in the column; otherwise, swelling
can cause destruction.
Silica-based ion exchangers, which are volume-stable, are also commercially
available. However, they are not stable under alkaline conditions and therefore not
suited for this application range.
The exchange capability is speciﬁed in milligram equivalents per milliliter of wet
resin (mEq/mL). A typical range is 0.5–2 mEq/mL (288.4 mg = 1 mEq of sodium
dodecyl sulfate). The lower is the degree of cross-linking, the lower is the exchange
capability; Dowex 1X8 has a theoretical capability of 1.2 mEq/mL, whereas Dowex
1X2 has only 0.6 mEq/mL. The practical useable capability is about half of the
theoretical value. Typical particle sizes are 50–100 mesh for gravity-driven systems and
100–200 mesh for pumped systems. Before use, IE materials have to be carefully
conditioned according to the speciﬁcation of the manufacturer, or as described in the
prevailing method/literature. A slurry of IE in a suited solvent is transferred, then gas
bubbles are freed into an appropriate column (Table 8).
Besides bulk materials, also small prepacked cartridges and IE membranes are
commercially available. For the analysis of formulated detergents, they are of only
minor importance due to their low capacity.

2. Experimental Procedure
Typically, an alcoholic solution of the surfactant mixture is passed through anionic
and/or cationic ion exchangers with a ﬂow of about 1 mL/min/cm2 of column cross-
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TABLE 8 Commercial Ion Exchangers—Types and Surfactant Retention Characteristics
Type
Strongly basic

Functional
group
–N+(CH3)

3

Counter
ion

Surfactant type
retained

Cl
CH3COO

Sulfate/sulfonate
Sulfonate/sulfate
Soap and other
carboxylic surfactants
All anionics
Free acids
SW amphoterics
Sulfate/sulfonate
Free acids
Quaternary cationics
Free bases
Quaternary cationics

OH

Weakly basic
Strongly acidic
Weakly acidic
Mixed bed:
Strongly acidic +
strongly basic

–N (CH3)2H+
–N (CH3)2
–SO
3
–COO
–SO
3
–N+(CH3)3

FIG. 17 Typical IE column. (From Ref. 83.)

Cl
Cl
Na
H+
Na+
H+
OH+

All anions plus cations
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section. Dimensions of standard IE columns are 10–30 mm diameter and 100–200 mm
length. The design should allow easy connection of two or more columns but prevent
unintended drying (Fig. 17).
The experimental procedure shall be exemplary demonstrated by the separation
of a mixture of anionic, amphoteric, cationic, and nonionic surfactants with the help a
three-column system (Fig. 18) developed by Milwidsky and Gabriel [84,85].

3. Outline of Published IE Methods
A comprehensive survey of all aspects of surfactant separation by IE can be found in
the chapter ‘‘Ion Exchange’’ of Cullum’s [4] monograph ‘‘Introduction to Surfactant
Analysis.’’ Comprehensive tabular statements of methods for diﬀerent types of IE
surfactant separations by IE were published by Schmitt [86].
A basic method for surfactant separation by IE was published by Voogt [83]
in 1959. Voogt achieved separation of soaps, sulfates, sulfonates, and nonionic
materials with the help of three IE columns ﬁlled with Dowex 50X8 (H+; cation
exchanger), Dowex 1X2 (Ac; anion exchanger), and Dowex 2X8 (OH; anion
exchanger). Details are listed in line 5 in Table 9. The Voogt procedure was the basis

FIG. 18 Separation of surfactants according to Gabriel.
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TABLE 9 Selection of IE Methods for Surfactant Fractionation in Detergents
Separated surfactants
Soap, hydrotropes, anionics,
and nonionics
Fatty acid ethanolamidex EO
from fatty acid
Urea, quats, soap, hydrotropes,
sulfates/sulfonates, nonionics
Cationics, soaps, other anionics,
and nonionics
Anionics, amphoterics, cationics,
and nonionics

Ion exchanger type

References

1) Dowex 50W2, H+
2) Merck Lewatit MP 7080,
OH column 2 20 cm
1) Bio-Rad AG 50W X2, H+
2) Bio-Rad AG 1X2, OH
1.8 8/1.4 8 cm
1) Dowex 50-W X4, H+
2) Dowex 1-X2, OH 3 10 cm
1) Dowex 50-W X4, H+
2) Dowex 1-X2, Cl
3) Dowex 1 and nonionics X2, OH
1) Zerolit M-IP SRA151 Cl
2) Bio-Rad AG1X2 OH
3) Bio-Rad AG50WX8 H+

[87,88]

[89]

[90]
[91]

[92]

for the subsequent development of a broad spectrum of mostly two-column and
three-column IE methods, which allow a detailed fractionation of a broad spectrum
of surfactant combinations. In modernized form, it is still in use today in many
laboratories.
Potential side reactions because of acidic conditions are the esteriﬁcation of fatty
acids with the solvent and the partial hydrolysis of alkyl sulfates (AS). In 1976,
Wickbold [87] presented a two-column IE system cation exchanger [strong acidic
Dowex 50W X2 (H+), anion exchanger; weakly basic macroreticular resin Merck
Lewatit MP 7080] for separation of nonionics, soap, hydrotropes, and anionic
surfactants, for which he claims that no esteriﬁcation and sulfate hydrolysis occur
(the detailed conditions are outlined in the ﬁrst example in Table 9) [88–92].
Besides these gravity-driven systems, also some pumped systems have been
published [93]. Campbell and MacDonald [94] got an automated computer-controlled
three-column system for surfactant separation patented, which is more or less identical
with the Voogt system, except that column 2 contains the anion resin in chloride and
not in acetate form. Cullum proposes a six-column pumped system [95], which enables
a fractionation into sulfates and sulfonates, fatty acids and other weak acids,
amphoterics, quaternary ammonium salts, weak bases, and betaines. Practical results
achieved with this system have, according to the author’s knowledge, not been
published so far.

VIII. SURVEY OF THE SPECIFIC ANALYSIS
OF COMPONENT GROUPS
A. Surface-Active Agents
Technical surfactants are complex mixtures of homologue and isomeric components,
which makes their detailed characterization in formulations especially diﬃcult and
labor-intensive. To enable an eﬀective processing, the basic types in an unknown
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sample should be identiﬁed by qualitative pretests (see Section IV.C.3). Often
contained are blends of nonionic and anionic or cationic surfactants. Mixtures of
anionics and cationics are still exceptions. High-resolution instrumental techniques
enable the determination of standard surfactant types in the original formulation
without preseparation; but for complex formulations, a routine procedure so far is the
separation of surface-active agents by extraction and the splitting into anionic,
cationic, amphoteric, and nonionic species by IE. For subsequent characterization,
classical wet chemical as well as high sophisticated instrumental techniques are
applied.

1. Anionic Surfactants (Details in Chapter 4)
On a quantity basis, the most important anionic surfactant types in detergent
formulations are linear alkyl benzene sulfonates (LAS), AS, and sodium alkyl
sulfonates (SAS). By two-phase titration at basic and acidic pH, the total amount of
anionic surface-active material with and without soap can be determined. IC, thinlayer chromatography (TLC), IR, and/or NMR delivers information about which
types may be present and which can be excluded (Fig. 19).
Soaps are separated from the other surfactants by tailored elution from the anion
ion exchanger, or by speciﬁc extraction (see Table 6). IR and GLC after esteriﬁcation
are the main tools for further analysis of the soap fraction.
Sulfonates/sulfates can be identiﬁed and, to some extent, speciﬁcally quantiﬁed
by HPLC/IC, which is also a powerful tool for analysis of the common hydrotropes
toluene, xylene, and cumene sulfonates [96]. Speciﬁc summary quantitative data can be
gained by two-phase titration of sulfonate-type surfactants after hydrolysis of the

FIG. 19 Scheme: determination of anionic surface-active agents.
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sulfates. Analysis of the hydrolysis products by GLC reveals the nature of the alcohol
basis of sulfate-type surfactants; determination of SO42 by IC enables a precise
quantiﬁcation of the total amount. For the detailed characterization of the alkyl/
alkylaryl part of sulfonates, GLC after pyrolysis or esteriﬁcation (via the acid chloride
intermediates) is a powerful tool.

2. Cationic and Amphoteric Surfactants (Details in Chapter 5)
In detergents and laundry softener formulations, trialkylammonium or tetraalkylammonium types and esterquats can be contained as active agents. Esterquats may be
hydrolyzed during the exchange procedure; therefore, it seems more reasonable to
hydrolyze them in advance and isolate the resulting fatty acids—characterization by
GLC—and hydroxyl alkyl amines, which can be quantiﬁed by titration, or qualitatively and quantitatively determined by HPLC/IC (Fig. 20).
The total amount of cationic surface-active material is determined by two-phase
titration with sodium dodecyl sulfate or sodium tetrakis phenyl borate as reagent
under acidic and alkaline conditions. At pH 2, the sum of all long C-chain amines is
titrated; at pH 10, only the quaternary types are titrated. TLC, IR, UV–Vis, and/or
NMR is applied for type identiﬁcation. Pyrolysis GLC ﬁnds application for characterization of the hydrophobic molecule parts. HPLC/IC is, to some extent, applicable
for direct qualitative and quantitative analyses of standard types (Fig. 21).
Alkyl- and alkyl amido carboxy betaines are commercially the most important
types in detergents; to some extent, amine oxides can be found. The starting material
for the analysis is the amphoteric matter isolated by IE or extraction procedures. TLC,

FIG. 20 Scheme: determination of cationic surfactants.
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FIG. 21 Scheme: determination of amphoteric surfactants.

IR, and NMR are the tools for identiﬁcation; colorimetric-respective/potentiometric
two-phase titration or one-phase precipitation titration at pH 2 enables a rough
summary quantiﬁcation. Pyrolysis GLC and/or HPLC is applied for the detailed
characterization. Amine oxides can be extracted relatively speciﬁcally from an
alcohol–water solution with chloroform at high pH; they can be spectroscopically
characterized and quantiﬁed by two-phase titration at low pH.

3. Nonionic Surfactants (Details in Chapter 3)
In most nonionic surfactant raw materials, both the lipophilic and the hydrophilic
molecule parts show homologues and isomer distribution, which sometimes makes the
analysis very diﬃcult. The nonionic fraction can be separated by passing a solution of
the alcohol-soluble substances through anion and cation exchanger resin and isolating
the nonadsorbed material (Fig. 22).
TLC, IR, and 1H +13C NMR are the main tools for type identiﬁcation. For
detailed characterization, mass spectrometry (MS), high-temperature and pyrolysis
GLC, supercritical ﬂuid chromatography (SFC), and HPLC are common techniques
that may also result in quantitative data.
The simplest method for quantiﬁcation is weighting the nonadsorbed fraction
after IE. However, the result is only correct, of course, if no other nonionic materials
are contained.
Quantiﬁcation by precipitation titration can also be applied for polyether chaincontaining types. Here, it is crucial to calibrate with exactly the same raw material that
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FIG. 22 Scheme: determination of nonionic surfactants.

is contained in the detergent because the degree of precipitation depends on the length
and distribution of the polyether chains.

B. Inorganic Builder (Details in Chapter 6)
Builder substances support the detergent action and soften wash liquor by eliminating
calcium and magnesium ions contained in the water and in the soil on the laundry.
Common builder raw materials are alkalis, silicates, and polycarboxylates and
complexing agents.

1. Alkali Carbonates
Typical raw materials are sodium carbonate (Na 2CO 3), sodium bicarbonate
(NaHCO 3 ), potassium carbonate (K 2 CO 3 ), and sodium sesquicarbonate
(Na2CO3NaHCO3). The starting material for the analysis is homogenized detergent
sample. Solid carbonates can be identiﬁed by x-ray powder diﬀraction. Further
quantiﬁcation can be achieved by IC or volumetric or gravimetric measurement of
carbon dioxide liberated by acidiﬁcation of the sample (Fig. 23).
For the speciﬁc determination of bicarbonate, the sample is heated up to 105jC,
which results in the transformation into carbonate under liberation of gaseous CO2,
which is quantiﬁed:
2NaHCO3 ! Na2 CO3 þ CO2 z þ H2 O
A second approach is to determine the total carbonate content again after
heating and to calculate the bicarbonate content from the diﬀerence to the ﬁrst
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FIG. 23 Scheme: determination of alkali carbonates.

measurement. Sometimes the ratio between carbonate and bicarbonate can be
estimated roughly by alkalinity balancing.

2. Alkali Phosphate
The most common detergent ingredient in this group is sodium tri(poly)phosphate;
potassium tri(poly)phosphate usually ﬁnds more speciﬁed applications. Monophosphate and diphosphate are also found in modern detergent formulations but usually
only in small amounts, resulting from partial hydrolysis of tri(poly)phosphate (TPP)
(Fig. 24).
The starting material for the analysis is the original sample or the alcoholinsoluble fraction. In daily routine, the analysis is often performed with an aqueous

FIG. 24 Scheme: determination of phosphates.

Analysis of Detergent Formulations

135

TABLE 10 Water-Soluble Silicates in Detergents
Type
Sodium orthosilicate,
anhydrous
Sodium sesquisilicate,
anhydrous
Sodium sesquisilicate,
crystalline
Layered sodium,
disilicate

Formula

Mw

Na4SiO4

184

Na6(Si2O7)1/2

153

Na6Si2O7  11H2O

504

Na2Si2O5

191.2

Type
Sodium metasilicate,
anhydrous
Sodium metasilicate,
crystalline
Alkaline sodium,
silicate
Neutral sodium,
silicate

Formula

Mw

Na2SiO3

122

Na2SiO35H2O

212

Na2O2SiO2

182

Na2O3.3SiO2

242

solution of the original sample. Surfactants and other interfering substances can be
removed by treatment with active carbon followed by ﬁltration. For the determination
of the total inorganic phosphorus content, the condensed species are hydrolyzed and
the resulting ortho-phosphate can be quantiﬁed colorimetrically. An excellent tool for
qualitative and quantitative analyses of the individual phosphate species is IC with
phosphorous speciﬁc detection. Mono(poly)phosphate, di(poly)phosphate, and
tri(poly)phosphate can be analyzed speciﬁcally simultaneously in the same run.

3. Alkali Silicates
(a) Water-Soluble Types. Common commercial types are liquid water glasses,
amorphous sodium silicates, and crystalline (more or less alkaline) silicates (Table
10) (Fig. 25).
Often mixtures of water glass and silicates can be found, which makes the
quantiﬁcation of the individual species even more diﬃcult.
The starting material for the analysis is the alcohol-insoluble detergent fraction.
Crystalline silicates (i.e., sodium metasilicate and layered sodium disilicates) are
identiﬁed by XRD. The quantiﬁcation is mainly based on the silicon content, which
can be determined by classical wet chemical and/or modern instrumental methods,
especially XRF. The result is traditionally expressed in percent by weight SiO2, which

FIG. 25 Scheme: determination of silicates.
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TABLE 11 Water-Insoluble Builder Raw Material
Products
Species
Zeolite A
Zeolite P
Kaolinite
Montmorillonite
Mordenite

Formula
Na12(AlO2)12(SiO2)1227H2O
Na2OAl2O32SiO23.5H2O
Al2(OH)4Si2O5H2O
Al2(OH)2(Si4O10)H2O
[Ca,Na2,K2]Al2Si10O247H2O

is then converted into the individual silicate species, if they can be identiﬁed. For the
alkaline types, the active alkalinity balance result is an additional quantifying
parameter.
In cases when mixtures of amorphous and crystalline types have to be analyzed,
the calculation is often inaccurate because an eﬃcient separation of these species is
often not possible and, so far, there has been no method published for the selective
determination of the amorphous types.
(b) Water-Insoluble Silicates. Some types of synthetic and natural sodium
aluminum silicates (zeolites) have IE capability and ﬁnd application as waterinsoluble builders (Table 11).
Generally, they are applied in combination with water-soluble ion carriers
(complexing agents such as polycarboxylates; see Chapter 8), which transport the
hardener ions from the soil or out of the wash liquor to the silicate particles.
The starting material for the analysis is normally the water-insoluble detergent
fraction. The procedure is similar to that for the soluble types, but quantiﬁcation is
here mainly based on the aluminum content provided by the builder.

C. Complexing Agents and Cobuilder (Details in Chapter 7)
1. Monomeric Types
The starting material for the analysis is the alcohol-insoluble detergent matter. If
water-insoluble substances are contained, they have to be removed. The total content
of complexing agent can be determined by colorimetric or potentiometric titration
with a heavy metal solution (often copper). A powerful tool for type identiﬁcation is
1
H NMR; 31P NMR can deliver qualitative as well as quantitative data for phospho-

FIG. 26 Scheme: determination of phosphonates and carboxylates.
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TABLE 12 Common Phosphonates and Carboxylates in
Detergents
Substance
EDTA
Hydroxyethane
diphosphonate (HEDP)
Nitrilotrimethylene
phosphonate
Citric acid

Formula

Mw

C10H12N2O84
C2H4P2O74

357.2
203.1

C3H6NP3O96

283.1

C6O7H8

192

nates. TLC ﬁnds only restricted use and is mainly applied for ethylenediaminetetraacetic acid (EDTA) and NTA identiﬁcation (Fig. 26) (Table 12).
Gradient HPLC enables the identiﬁcation of most of the common complexing
agents in one run; it is also an eﬀective tool for quantiﬁcation. Citric acid, which can be
contained in cleansers in a concentration up to c15%, can be determined absolutely
speciﬁcally by enzymatic test kits.

2. Polymeric Species
Acrylic acid homopolymers and copolymers (Table 13) are the dominating species
in the ﬁeld of polymeric cobuilders; the typical concentration range in detergents is
1–3%.
Gel permeation chromatography (GPC) and ultra ﬁltration are the techniques
applied here for isolation followed by spectroscopic identiﬁcation (Fig. 27).
By weighing the isolated fractions, the concentration can be determined.
Quantiﬁcation is also possible by analytical GPC, but only if the identity of the
analyte is known and a suited calibration substance is available. Pyrolysis GLC is
applied for qualitative analysis without preisolation; a special variant, which is
characterized by in situ methylation, can be performed directly with a aqueous
detergent solution.

TABLE 13 Typical Polymer Polycarboxylates in Detergents
Type
Polyacrylic acid

Polyacrylic
(acid-co-maleic acid)
Polyacrylic
(acid-co-allyl alcohol)

Formula
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FIG. 27 Scheme: basic procedure for determination of polymer polycarboxylates. *Tetrabutylamonium (TMBH).

D. Bleaching Agents and Accelerators (Details in Chapter 8)
For laundry bleaching, active oxygen and as well as active chlorine-releasing agents
are applied. The type of bleach should always be declared on the package; active
chlorine can normally be identiﬁed by smelling. The samples should not be ground
especially when active chlorine is contained.

1. Active Oxygen-Based Bleaching Agents
The commercially most important oxygen-based bleaching agents are perborate and
percarbonate (Table 14). They are nearly always combined with bleaching accelerators
or with a bleaching catalyst. Hydrogen peroxide also has bleaching abilities and can be
found in liquid formulations (Fig. 28).
XRD is the standard tool for identiﬁcation of the raw material species.
Oxidimetric titration methods with potentiometric or colorimetric end-point detection
are applied for the determination of the active oxygen content:
NaBO2 H2 O2 þ 2NaJ þ H2 SO4 X J2 þ Na2 SO4 þ NaBO2 þ H2 O
J2 þ 2Na2 S2 O3 X 2NaJ þ Na2 S2 O6
An alternative method is the formation of a yellow complex with vanadate molybdate
oxalate, which is quantiﬁed colorimetrically.

2. Bleaching Accelerators and Catalysts
Reactive esters, anhydrides, and diamides are used as bleaching accelerators in
laundry detergents and automatic dishwashing agents. TAED (C10H16O4N2) is the
TABLE 14 Commercial Active Oxygen Bleaching Raw
Materials
Name
Sodium perborate
monohydrate
Sodium perborate
tetrahydrate
Sodium percarbonate

Formula
NaBO2H2O2

Mw
99.8

NaBO2H2O23H2O

153.8

Na2CO31.5H2O2

157.01
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FIG. 28 Scheme: determination of active oxygen bleaching agents.

dominating accelerator in Europe; in Japan and the United States, mainly nonanoylbenzenesulfonate (NOBS) (C15H21O5SNa) is used. They are identiﬁed after
extraction from the detergent by TLC or IR. GLC or HPLC enables quantiﬁcation
and identiﬁcation in one run (Fig. 29).
The only bleaching catalyst with some commercial signiﬁcance is the manganese
complex of 1,4,7-trimethyl-1,4,7-triazacyclononanone (Mn TACT), which can be
found in automatic dishwashing detergents (concentration <50 ppm). For identiﬁcation, no routine suited methods have been published so far. If no other accelerators
have been found, and the formulation may contain traces of manganese, MnTACN
may be contained.

3. Active Chlorine-Based Bleaching Agents
Some typical common active chlorine bleaching agents are listed in Table 15.
The test sample for the analysis is the original detergent powder—which must, by
no means, have been ground—or the original liquid product (hypochloride bleaching
formulations). The analysis is performed comparable to the oxygen bleach components;
identiﬁcation is by XRD (crystalline types) and chlorine quantiﬁcation is by oxidimetry.

FIG. 29 Scheme: determination of bleaching accelerators.
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TABLE 15 Commercial Active Chlorine Bleaching Raw Materials
Name
Sodium hypochlorite
Calcium hypochlorite
Chloroamine T
Trichloroisocyanuric acid
Potassium dichlorocyanurate

Formula

Mw

NaOCl
Ca(OCl)2
CH3C6H4SO2NClNa3H2O
C3O3N3C3
C3O3N3Cl2K

74.4
143.0
281.7
232.4
281.7

E. Enzymes (Details in Chapter 9)
Protease, amylase, cellulase, and lipase are the common enzymes in laundry detergents
and partially in automatic dishwashing agents. Their analysis can be splitted into the
following steps:
.
.
.

Qualitative tests (which enzymes are contained?)
Identiﬁcation of the exact species (which type of protease, etc.)
Quantiﬁcation of the enzyme activity per mass unit.

For qualitative analysis, the sample solution is incubated with speciﬁc substrates
(Fig. 30); the formation of typical degradation products proves the presence of the
corresponding enzyme.
Identiﬁcation of the detailed species of an enzyme can be very diﬃcult and
labor-intensive. It requires special know-how (substrate speciﬁty, physico-chemical
properties, and immunological properties) and equipment (gel electrophoresis, immunological test systems, etc.), which are usually only available in biochemical
laboratories and shall therefore not be discussed any further at this stage (see Chapter
10 and the specialized literature cited there) (Table 16).
For quantiﬁcation, the detergent sample is incubated with the substrate under
exactly deﬁned conditions (reaction time, temperature, pH, etc.). The rate of degradation per time unit is measured in comparison to enzyme standards with deﬁned
activity. In daily routine, the measurements are performed preferentially by autoanalyzer systems and other automated instruments. The result is expressed as activity
units of the calibration enzyme per weight. These units can be arithmetically transformed into percent per weight of deﬁned commercial raw material products.

FIG. 30 Enzyme analysis—basic mechanism.
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TABLE 16 Enzyme Substrates and Their Degradation
Products
Enzyme

Substrate

Protease
Amylase
Cellulase

Casein
Starch
Carboxymethyl
cellulose
Olive oil

Lipase

Degradation
products
Amino acids
Glucose
Reducing sugars
Fatty acid

F. Optical Whiteners (Details in Chapter 10)
Optical whiteners in detergents (typical concentration c0.1%) are mainly based on
stilbene structures. In the most cases, they are water-soluble due to sulfonate groups.
The determination can be performed by ion pair reversed-phase HPLC coupled with
UV, ﬂuorescence, or mass detection.
To get reliable results, it is absolutely vital to prevent sample exposure to
daylight and to inject freshly prepared sample solutions directly.
The extraction of unknown brighteners followed by puriﬁcation with membrane
dialysis is the technique of choice for a ﬁnal identiﬁcation by NMR spectroscopy,
particularly when coupled techniques such as HPLC-MS or HPLC-NMR are not
available.

G. Miscellaneous Components (Details in Chapter 11)
1. Solvents
Common solvents in detergent formulations are water and water-miscible organic
solvents, preferably short-chain monoalcohols, glycols, glycol ethers, and glycerol.
Water is determined by azeotropic distillation or, more speciﬁcally, by the Karl–
Fischer method. Interferences by alkalies, etc., with the titration reagent can be
avoided by using a KF system with attached drying oven, where the water is heated out
and transferred by a dry nitrogen stream into the titration cell.
Organic solvents are routinely analyzed by a broad spectrum of HPLC and GLC
methods. HPLC-MS or GC-MS allows a rapid and unambiguous identiﬁcation of
unusual solvent types.

2. Solubilizing Agents
Toluene sulfonate, xylene sulfonate, and cumene sulfonate are preferentially used as
solubilizing agents—to a minor degree, also urea. HPLC with UV or conductivity
detection is the main routine method for qualitative and quantitative analyses of shortchain alkylaryl sulfonates. Urea can be determined highly selectively by enzymatic test
systems or by HPLC.

3. Dye Transfer Inhibitors
Polyvinyl pyrrolidone (PVP), polyvinyl imidazole (PVI), and polyvinyl pyridine-Noxide are the common dye transfer inhibitors in laundry detergents. After presepara-
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tion by extraction with alcohol, identiﬁcation and quantiﬁcation can be achieved by
pyrolysis GLC using a nitrogen-speciﬁc detector.

4. Soil Antiredeposition Agents
Carboxymethyl cellulose (CMC) and carboxymethyl starch (CMS) are applied as
special soil antiredeposition agents for cellulose ﬁbers and nonionic cellulose ethers for
synthetic ﬁbers. Cellulose derivatives may be quantiﬁed photometrically after color
formation with anthrone. A precise type determination can be achieved by IR after
isolation by dialysis or ultra ﬁltration.

5. Soil Repellent Agents
Anionic polyester from terephthalic acid and polyethylene glycol ﬁnds, besides other
species, application as soil repellent agent. Pyrolysis GLC can be applied for identiﬁcation. A widely used routine method is alkaline splitting, followed by determination
of the terephthalic acid by HPLC.

6. Antifoaming Agents
Typical antifoaming agents are silicone oil mostly compounded with silica, paraﬃns,
and, to a lower extent, soap with broad C-chain length distribution (C12–C22). They
are isolated by extraction and determined by AAS or ICP (silicone-in-silicone oil) or
by GLC.

7. Preservatives
Preservatives shall prevent the decomposition of neutral liquid detergent formulations. Preservation can be achieved by organic solvents in higher concentrations, or by
addition of special antimicrobial agents in concentrations in the lower ppm range.
Common agents are aldehydes, mainly glutardialdehyde, formaldehyde, as well as
isothiazoline-3-on and benzoic acid-based species besides others such as salicylic acid,
etc. The main tools for their determination are HPLC and GLC, sometimes combined
with MS; for formaldehyde, photometry also ﬁnds intensive application.

8. Fragrants
In daily routine, the main test for fragrants is sniﬃng by a laboratory technician. A
deeper analysis can be performed by GLC-MS after extraction by special procedures;
but due to the high complexity of fragrants, this is a task for specialized laboratories
and perfumers.

IX. FINAL PRODUCT FORMULA RECONSTRUCTION
FROM INTERMEDIATE RESULTS
A. General Considerations
The reconstruction of the total product formula from the intermediate analysis results
is the ﬁnal and often very demanding step of any detergent analysis. It requires a lot of
product and raw material knowledge and, for very complex formulas, often also
criminological perspicacity. The principal procedure is shown in Fig. 31.
Speciﬁcally determined substances and components, reconstructed and quantiﬁed from intermediate element and ion data, are combined to a coherent product
formula. The plausibility of the calculated formula should be checked carefully. If
there are any doubts, it should be scrutinized in cooperation with experts from the
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FIG. 31 Flow chart: product formula reconstruction and veriﬁcation.

product development ﬁeld whether the calculated composition corresponds with the
detergency power. If this is not the case, one has to start analyzing again.

B. Fundamental Proceeding for Formula Reconstruction
and Verification
1. Directly Transferable Data
Components, which have been determined by speciﬁc analysis methods, require no
further validation at this stage and are directly transferable into the ﬁnal result. In the
exemplary analysis, this applies for EO–PO adduct and TAED; sulfate and chloride
are calculated as sodium sulfate and sodium chloride; the results are also transferred
because it can be expected with utmost probability that they are contained in this
alkaline detergent as sodium salts. The qualitative results for CMC and fragrants, and
the activity data for protease and amylase also do not need further veriﬁcation.

2. Phosphorus Components
Routinely measured are the total and the inorganic phosphorus contents, which are
traditionally expressed as P2O5, and the data for 1-(ortho)phosphate, 2-(pyro)phosphate, and 3-(tri(poly))phosphate. If the inorganic P and the total P content are
identical, organic phosphorus components such as phosphonates or phosphor-containing surfactants can be excluded.
Here ortho-phosphate, pyrophosphate, and tri(poly)phosphate are the only
sources of phosphorus. It depends on the analysis technique applied, and whether the
data for these species are determined absolutely or whether the relative distribution has
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been measured; the absolute values have to be arithmetically calculated by distribution
of the total inorganic P content. From the relation of ortho-phosphate and pyrophosphate to tri(poly)phosphate, the degree of TPP conservation can be calculated.
The phosphates can be contained completely as alkali salts or as partially
hydrogen ion-containing compounds. This has to be checked and calculated with
respect to the alkali balance.

3. Boron Components
By XRD, sodium perborate monohydrate was identiﬁed as the main boron-containing
ingredient. It is quantiﬁed on the basis of the active oxygen content. The residual free
boron is calculated as metaborate tetrahydrate, which is contained as decomposition
product in nearly all perborate-containing formulations. The boron contents are
traditionally calculated as B2O3.

4. Silicon Compounds
For the detergent sample discussed here, the total silicon content is signiﬁcantly higher
than the value for the water-soluble fraction. By XRD, the insoluble matter was
identiﬁed as sodium aluminum silicate. The quantity is calculated on the basis of the
aluminum content.
The soluble silicon is calculated on the basis of the residual silicone as sodium
water glass whose identity can only be conﬁrmed indirectly by checking the whole
sample composition.

5. Balancing of Alkalinity
Determined was the total alkalinity; the value has to be cross-checked against the sum
of the partial alkalinity data of the contained basic ingredients. A comprehensive list
has been published by Milwidsky and Gabriel [2].

6. Balancing of Water/ Total Mass
The ﬁnal step in the balancing and validation process is the water balance. The masses
of all ingredient components are summarized and the diﬀerence to 100% is calculated
and checked against the mass of the determined water. Crystalline-bound water and
water generated under drying conditions by decomposition (see borate and perborate)
have to be taken into account. If this cross-check has successfully been passed, the ﬁnal
product formula can be expected to be more or less alright.
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Determination of Nonionic
Surfactants
KOSUKE TANAKA and AKINORI IGARASHI LION Corporation,
Tokyo, Japan

I. INTRODUCTION
A. General Considerations
Nonionic surfactants are widely used in household and industrial products as washing
agents, solubilizers, emulsiﬁers, and foaming agents, often in combination with ionic
surface-active agents.
Their hydrophobic molecule part is mainly formed by alkyl or alkyaryl groups;
the dominant hydrophilic groups are ethylene oxide (EO) chains followed by polyols.
The balance of these groups within individual molecules provides the characteristic
properties such as detergency, emulsiﬁcation, dispersion, wetting, foaming, and solubilization. The diﬀerent nonionic surfactant types have various properties, which can
be generally shown by Griﬃn HLB scale [1]. Correlation of HLB values and
application range are shown in Table 1.
The scale is used to evaluate the hydrophilic/lipophilic balance. It is an indicator
of the solubility in oil or water. The scale normally ranges between 1 and 20; a high
number indicates high water solubility and a low number means low water solubility.
Comprehensive information with respect to nonionic types, physical characteristics,
chemical characteristics, etc. can be found in the corresponding volumes of the
surfactant series edited by Marcel Dekker. Therefore, general aspects shall be
discussed only in a very short form here.

B. Types, Structures, and Applications of Nonionic Surfactants
1. Ethoxylated Alcohols
Ethoxylated alcohols can be displayed with the generalized formula:
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TABLE 1 Correlation of HLB Values
and Application Range
HLB

Application

15–18
1.5–3
3.5–6
7–9
8–18
13–15

Solubilizers
Defoaming agents
Water-in-oil emulsiﬁers
Wetting agents
Oil-in-water emulsiﬁers
Detergents

The starting alcohols (ROH) are primary alcohols as well as secondary and
branched types. For use in detergents, the alkyl chain ranges usually from C10 to C18
and the EO chain from 7 to 10 mol.
Ethoxylated alcohols are available as broad-range ethoxylates (BREs), which
are characterized by a broad distribution of the EO chain length and narrow-range
ethoxylates (NREs). The EO adducts distribution of NRE produced with the
magnesium oxide catalyst [2–8] containing aluminum is shown in Fig. 1.
As compared with BRE produced with the basic catalyst, the EO adduct
distribution of NRE is narrower. Many studies [9–15] have shown the speciﬁc
properties of NRE types, which are now important components of dishwashing
detergents and liquid heavy-duty detergents. The EO and propylene oxide (PO)
adducts of higher alcohols are widely used as so-called ‘‘low-foaming’’ nonionic
surfactants.
The reaction of EO and PO to the starting alcohols usually is carried out stepwise
by using a homogeneous basic catalyst. However, in such reaction, the distribution
range of EO and PO becomes broad, and unreacted alcohol is contained. By using acidic catalysts, the distribution becomes narrower and the reaction rate is also high [16].

FIG. 1 Ethylene oxide adduct distribution of narrow-range ethoxylated alcohol. (From
Ref. 3.)
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2. Ethoxylated Alkylphenols
Ethoxylated alkylphenols can be represented with the generalized formula:

Ethoxylated alkylphenols are generally obtained by adding EO to alkylphenols
in the presence of KOH catalysis. The most commercial types contain branched-chain
alkyl phenol. The alkyl chain is C8 and C9 and the EO chain usually ranges from 1 to 20
mol. Ethoxylated alkylphenols are widely used like ethoxylated alcohols; however,
they are not any longer in household products because of environmental problems.

3. Ethoxylated Acids
Ethoxylated acids can be represented with the generalized formula:

For detergents, the suitable alkyl chain length is C12–18 and the EO chain usually
ranges from 10 to 20 mol. Ethoxylated acids contain by-products such as diester,
unreacted fatty acid, and polyethylene glycol. Ethoxylated acids provide characteristic
properties. Generally, the EO chain for detergency may vary from 12 to 15. The EO
contents from 5 to 7 are used as emulsiﬁer. Ethoxylated acids are susceptible to
hydrolysis under acid or alkaline conditions, compared with ethoxylated alcohols.
Ethoxylated fatty acid esters are well known as nonionic surfactants. Ethoxylated
methyl laurates are used as wetting agents.

4. Fatty Acid Alkanolamides
Fatty acid alkanolamides can be represented with the generalized formula:

Fatty acid alkanolamides are generally obtained by the reaction of an alkanolamine with either a fatty acid or a fatty acid ester in a ratio of 1:1 or 2:1 [17].
By-products such as amine and amide esters are formed by the esteriﬁcation of
the hydroxyl group of the alkanol amine. Moreover, carcinogenic N-nitrosodiethanolamine is also formed by nitrosation of diethanolamine. N-nitrosodiethanolamine can
be analyzed by the high-performance liquid chromatography (HPLC) method [18–21]
and the gas chromatography (GC) method [22–25].
Fatty acid alkanolamides are eﬀective in increasing the viscosity of liquid
formulations. They are usually applied in shampoos, dishwashing detergents, and
liquid soaps.

5. Ethoxylated Alkanolamides
Ethoxylated alkanolamides can be represented with the generalized formula:
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Ethoxylated alkanolamides are generally obtained by adding EO to alkanolamide in the presence of KOH catalysis. The reaction products contain by-products of
ethoxylated amine, ethoxylated fatty acid, and polyethylene glycol fatty acid ester.

6. Esters of Polyhydroxy Compounds
Esters of polyhydroxy compounds such as glycerin acylate, sorbitan acylate, and
sucrose acylate are widely used as food emulsiﬁers.
Glycerin acylates can be represented with the generalized formula:

Glycerin acylates are generally obtained by the esteriﬁcation reaction of glycerol
with fatty acid or by the transesteriﬁcation reaction of glycerol with triglycerides. The
reaction products are mixtures containing 1-monoglyceride, 2-monoglyceride, 1,2diglyceride, 1,3-diglyceride, and triglyceride.

7. Ethoxylated Esters
Ethoxylated sorbitan acylates can be represented with the generalized formula:

Ethoxylated sorbitan acylates are generally obtained by adding EO to sorbitan
esters in the presence of KOH catalysis.
Ethylene oxide can be added to all hydroxyl sites. Sorbitan fatty acid ester causes
intramolecular dehydration at the esteriﬁcation of sorbitol and fatty acid, and
generates 1,5-sorbitan fatty acid ester and 1,4-sorbitan fatty acid ester. Ethoxylated
sorbitan fatty acid ester is mainly used for cosmetics or foods as an emulsiﬁer.

8. Ethylene Oxide/Propylene Oxide Copolymers (POE/POP)
POE/POP can be represented with the generalized formula:

POE/POP are generally obtained by polymerization of ethylene oxide to form
a hydrophobic group of polypropylene glycol. These adducts are mainly used as detergents, emulsiﬁers, and antistatic agents.
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9. Alkylpolyglucosides (APGs)
Alkylpolyglucosides can be represented with the generalized formula:

APGs have been more and more used in household products as well as in
cosmetic and skin-cleansing lotions. In terms of their toxicological and ecological
properties, they are superior agents.

10. Amine Ethoxylates
Amine ethoxylates can be represented with the generalized formula:

Amine ethoxylates are generally obtained by adding EO to fatty amines prepared from
naturally occurring fatty acid.

11. Amine Oxides
Amine oxides can be represented with the generalized formula:

Principally, they are produced by the oxidation of tertiary amines with hydrogen
peroxides. In an acidic pH region, they show cationic behavior and, therefore, are
often classiﬁed as cationic or amphoteric surfactants. They are useful as foam
stabilizers and are used extensively in cosmetics and household products.

II. ANALYSIS BY SPECTROSCOPIC METHODS
A. Infrared Spectroscopy (IR)
IR is a very quick and simple technique, and is useful to the structural analysis of
organic compounds, such as nonionic surfactants. They show absorption bands with
large molecule extinction coeﬃcients if nonionic surfactants are isolated; identiﬁcation
and structural analysis are comparatively easy. In order to obtain information of
functional groups, IR spectra should be recorded of separated fractions or individual
compounds even if they do not separate into a single ingredient.

1. Ethoxylated Alcohols
The IR spectrum of lauryl alcohol ethoxylate (n = 10) is shown in Fig. 2. In the
spectrum, a strong C–O–C band appears at 1100 cm1. The band is a characteristic of
polyoxyethylene (POE)-type nonionic surfactants. The peak at 1100 cm1 is larger in
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FIG. 2 IR spectrum of lauryl alcohol ethoxylate (n = 10).

compounds with higher EO content and increases as the extent of ethoxylation
increases. Also, the spectrum shows a CH3 and CH2 band in the range 2950–2850
cm1, and a CH2 band at 1350, 960, and 840 cm1. Other absorption bands are not
useful for structural determination [26,27].
Because no peak at 1740 cm1 appears in the spectra of ethoxylated alcohols,
they are readily distinguishable from ester-type nonionics. They can be distinguished
from ethoxylated alkylphenol because of the absence of benzene ring peak at 1600 and
1500 cm1.
The average degree of condensation of ethoxylated alcohols can be estimated by
measurement of the ratio of absorbance intensities between EO peak and alkyl peak.
The IR determination of EO average degree requires a calibration curve prepared from
standard compounds. For ethoxylated coconut alcohol, the absorption intensities at
720 and 1250 cm1 are measured and their ratio is calculated. When EO additional
number per 1 mol of alcohol is 2, 4, 6, 8, and 12, the ratio is 0.67, 1.47, 2.14, 3.0, 4.56,
and 10.1, respectively [28]. EO content of ethoxylated alcohols can be determined by
combining the HI cleavage method and IR spectrum method [29].

2. Ethoxylated Alkylphenols
The IR spectrum of octylphenol ethoxylate (n = 10) is shown in Fig. 3. The spectrum
exhibits a strong C–O–C band of POE-type nonionic surfactants at 1100 cm1, and a
CH2 band at 1350 cm1. These bands are the same as those of ethoxylated alcohols. A
CC band at 1610 and 1500 cm1 suggests benzene ring. A C–H band at 800 cm1
suggests disubstituted benzene.
Infrared spectrophotometry can be used to determine the ethylene oxide content
of ethoxylated alkylphenols by calculating the ratio between the band heights at 1350
and 1610 cm1. For measurements of IR spectra, 10 standards of known composition
are available. The linear relationship gives the ratio and EO additional number. The
ratio is independent of the length of the alkyl chain [30]. The average degree of
condensation of octylphenol ethoxylates can be estimated rapidly by IR spectrometry
[31]. The average properties to be determined are related to the ratio between the band
heights at 960 and 840 cm1. The equations of the ratio as function of the average
molecular weight, degree of condensation, and HLB are obtained.
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FIG. 3 IR spectrum of octylphenol ethoxylate (n = 10).

3. Ethoxylated Fatty Acids
IR spectrum of stearic acid ethoxylate (n = 10) is shown in Fig. 4. The spectrum
exhibits a strong C–O–C band of POE-type nonionic surfactants at 1100 cm1, and a
CO band of ester at 1735 cm1. These bands are the same as those of ethoxylated
alcohols. A band in the range 3400–3200 cm1 is a character of O–H bending. Bands in
the range 2950–2580 cm1 and at 720 cm1 suggest alkyl chain.

4. Fatty Acid Alkanolamides
The IR spectrum of lauric acid monoethanolamide is shown in Fig. 5. The spectrum
exhibits three strong vibrations: the CO band at 1640 cm1 and the NH band at 1550
cm1 are characteristics of amide bond; the C–O band at 1050 cm1 is a characteristic
of primary alcohol. However, fatty acid alkanolamides have two types: fatty acid

FIG. 4 IR spectrum of stearic acid ethoxylate (n = 10).
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FIG. 5 IR spectrum of lauric acid monoethanolamide.

monoethanolamide amide and fatty acid diethanolamide. If a terminal amine group
on fatty acid monoethanolamide is replaced by an ethanol group (fatty acid diethanolamide), the N–H band at 1550 cm1 disappears and the C–O band of primary
alcohol at 1050 cm1 becomes more intensive (Figs. 5 and 6).

5. Ethoxylated Alkanolamides
The IR spectrum of polyoxyethylene lauric acid monoethanolamide (n = 3) is shown
in Fig. 7. The spectrum exhibits three strong bands: the CO band at 1640 cm1 and the
NH band at 1550 cm1 are characteristics of amide bond; the C–O–C band at 1100
cm1 is a characteristic of POE-type nonionic surfactants. The band at 1100 cm1
includes the C–O band (1050 cm1).

FIG. 6 IR spectrum of lauric acid diethanolamide.
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FIG. 7 IR spectrum of polyoxyethylene lauric acid monoethanolamide (n = 3).

6. Esters of Polyhydroxy Compounds
The IR spectrum of glycerin monostearate is shown in Fig. 8. It exhibits a strong CO
band of ester bond at 1735 cm1. Also, A C–O–C band at 1175 cm1, an O–H band at
3300 cm1, and a C–O band at 1100 cm1 appear in the spectrum.
However, the IR spectrum of sorbitan monostearate is shown in Fig. 9. In the
spectrum, three strong vibrations at 1735, 1175, and 3300 cm1 appear as well as in the
spectrum of glycerin monostearate. But the diﬀerent patterns of the bands in the range
of 1400–1000 cm1 can be used to distinguish sorbitan monostearate from glycerin
monostearate.

FIG. 8 IR spectrum of glycerin monostearate.
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FIG. 9 IR spectrum of sorbitan monostearate.

7. Ethoxylated Polyhydroxy Esters
The IR spectrum of polyoxyethylene sorbitan monolaurate is shown in Fig. 10. The
band pattern is almost the same as that of ethoxylated fatty acid. Because the bands of
sorbitan structure in the range of 1110–1050 cm1 overlap with a strong C–O–C band
of POE, the distinction between both compounds is diﬃcult if only based on IR.

8. Ethylene Oxide/Propylene Oxide Copolymers (POE/POP)
The IR spectrum of polyoxyethylene/polyoxypropylene copolymer (n = 73 and m =
27, where n represents the average number of EO adducts and m represents the average
number of PO adducts) is shown in Fig. 11. The spectrum exhibits a strong CH3 band

FIG. 10 IR spectrum of polyoxyethylene sorbitan monolaurate.
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FIG. 11 IR spectrum of polyoxyethylene/polyoxypropylene copolymer (n = 73 and m = 27).

of POP at 1380 cm1. The other absorption bands are similar to those of alcohol
ethoxylate.
IR can give the concentration ratio of the hydrophobe/hydrophile units [32]. A
calibration curve is prepared from mixtures of polyethylene glycol and polypropylene
glycol dissolved in chloroform. The ratio of the absorbance at 1379 cm 1
(corresponding to the methyl group of the PO moiety) and 1350 cm1 (corresponding
to the CH2–O absorption) is measured and plotted vs. known percent PO. In addition,
there is the method using the absorbance ratio of 2880 and 2975–2980 cm1 [33], and
the method using the overtone bands of 8503 and 8271 cm1 by near-IR [34].
Generally, IR spectrometry is accurate only over a limited range of EO/PO ratio,
whereas the nuclear magnetic resonance (NMR) method is more widely appreciable.
Characteristic bands of nonionic surfactants are shown in Table 2.

B. Nuclear Magnetic Resonance Spectroscopy
NMR spectroscopy is greatly used in the analysis of nonionic surfactants. It is applied
in both qualitative and quantitative analyses by using a chemical shift, a splitting
pattern, and integration. Although it is optimal to measure isolated compounds by
means of separation methods, useful information is obtained also with a mixture.
Moreover, measurement of 13C NMR becomes easy by development of pulse Fourier
transform NMR technique, and it is becoming a much more variable technique for the
structural analysis of a compound. Furthermore, the LC-NMR techniques are highly
sophisticated but very informative because NMR spectra of each ingredient separated
by HPLC are measured.

1. Ethoxylated Alcohols
The 1H NMR spectrum of lauryl alcohol ethoxylate (n = 10) is shown in Fig. 12. The
peak at 3.7 ppm is assigned to POE group. In addition, the other signals are observed
at 3.4–3.5 ppm (a-methylene), 1.6 ppm (h-methylene), 1.3 ppm (methylene), and 0.9
ppm (methyl).
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TABLE 2 Characteristic Bands of Nonionic Surfactants
Class of surfactants

Wavenumber (cm1)/relative intensity

Ethoxylated alcohols

3300 OH/Medium
1350 CH/Medium
1150–1100 C–O/Very strong
960 CH/Medium
840 CH/Medium
3300 OH/Medium
3030 CC/Week
1600–1580 CC/Medium
1500–1480 CC/Medium
1350 CH/Medium
1150–1100 C–O/Very strong
960 CH/Medium
840 CH/Medium
3300 OH/Medium
1740–1730 CO/Very strong
1350 CH/Medium
1350–1250 C–O/Strong
1150–1100 C–O/Very strong
960 CH/Medium
840 CH/Medium
3300 OH/Strong
1640 CO/Very strong
1550 N–H/Strong
1060–1040 C–O/Strong
3300 OH/Strong
1640 CO/Very strong
1350 C–H/Strong
1150–1100 C–O/Very strong
960 CH/Medium
840 CH/Medium
3300 OH/Strong
1740–1730 CO/Very strong
1180–1140 C–O/strong
1120–1040 C–O/Medium
3300 OH/Medium
1740–1730 CO/Very strong
1350 CH/Medium
1350–1250 C–O/Strong
1150–1100 C–O/Very strong
960 CH/Medium
840 CH/Medium
3300 OH/Medium
1380 CH3/Medium
1350 CH/Medium
1150–1100 C–O/Very strong
960 CH/Medium
840 CH/Medium

Ethoxylated alkylphenols

Ethoxylated acids

Fatty acid alkanolamides

Ethoxylated alkanolamides

Esters of polyhydroxy compounds

Ethoxylated esters

Ethylene oxide/propylene oxide copolymers
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H NMR spectrum of lauryl alcohol ethoxylate (n = 10).

The average alkyl chain length and average degree of polymerization can be
measured by NMR after trimethylsilylation [35]. The trimethylsilyl (TMS) derivatives
of ethoxylated alcohols are prepared by adding 0.2 mL of hexamethyldisilazane and
0.1 mL of trimethylchlorosilane to a solution of about 50 mg of ethoxylated alcohol in
1 mL of dry pyridine in a 50-mL round-bottom ﬂask. The reaction mixture is allowed
to stand at room temperature for 5 min, after which the solvent and excess reagent are
removed under vacuum on a rotary evaporator at room temperature. The obtained oil
is dissolved with deutero-chloroform and NMR spectrum is measured. In order to
calculate the original ethoxylated alcohol composition, the integral of the signal near
0 ppm is assigned to nine hydrogen atoms of (CH3)3Si. The integral at 0.7–1.5 ppm
represents the hydrogen atoms on the alkyl part of the ethoxylated alcohols without
the terminal CH2 because it is connected to oxygen and will appear with the ethoxy
part of the spectrum at 3.0–3.9 ppm.
If the starting alcohol is a straight-chain type, the average length of alkyl chain
and the average values of EO unit can be presumed from the intensity of methylene of
alkyl and EO on the basis of the signal intensity of CH3, respectively.
Although the chemical shift region of 1H NMR is about 20 ppm, 13C NMR is as
large as 230 ppm, and because the chemical shift values diﬀer by the slight diﬀerence
around the nuclear carbon, it has more information about the carbon distribution of
an alkyl group and an ethylene oxide group than 1H NMR.
The carbons in the ethoxylates are divided into two band groups: alkyl carbons
in the alkyl moiety appearing in the region of 10–45 ppm, and alkoxy carbons in the
range of 60–80 ppm. The signals of CH2O in alkyl chain-adjoined EO chain appear in
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the range of 70–75 ppm, and the chemical shifts of these signals change the diﬀerence
of EO addition number. The distribution of oligomers can be determined for the
ethylene oxide chain length under quantitative measurement conditions [36]. Information about isomers in alkyl group and about the sequence of EO/PO can also be
obtained [37].
In most cases of NMR measurements, the spectra of complex mixtures are
measured after isolation with chromatographic method such as size exclusion chromatography (SEC). Although the oﬀ-line technique is laborious and time-consuming,
hyphenated technique (LC-NMR) enables the simultaneous separation and 1H NMR
detection in the close system. LC-NMR is also used for analysis of nonionic
surfactants. Diﬀerent surfactant mixtures are separated by a mixed exclusion–adsorption method of liquid chromatography and simultaneously characterized by 1H NMR
spectroscopy [38]. Information about the degree of oligomerization of the ethylene
oxide chain and the chemical structure of the end groups can be obtained in a one-step
experiment.

2. Ethoxylated Alkylphenols
The 1H NMR spectrum of octylphenol ethoxylate (n = 10) is shown in Fig. 13a. The
signals of aryl protons are obtained at 7.2 and 6.8 ppm; the discernment from alcohol
ethoxylate is easy. The signals at 0.7 and 1.4 ppm are assigned to methyl of the tertiary
octyl group. Moreover, the signal at 1.7 ppm is assigned to methylene of the tertiary
octyl group. The other signals are obtained at 4.1 ppm (a-methylene), 3.8 ppm
(h-methylene), and 3.6–3.7 ppm (other methylenes) of the POE group, respectively.

FIG. 13 1H NMR spectra of ethoxylated alkylphenol. (a) Octylphenol ethoxylate (n = 10)
and (b) nonylphenol ethoxylate (n = 10).
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The 1H NMR spectrum of nonylphenol ethoxylate (n = 10) is shown in Fig. 13b.
The signals in the range of 0.4–0.9 ppm are assigned to methyl of the nonyl group, and
signals in the range of 0.9–1.8 ppm are assigned to the methylene and methine of the
nonyl group. Attribution of the signals in the range of 3–7.2 ppm is the same as that of
octylphenol ethoxylate. Discernment of octylphenol ethoxylate and nonylphenol
ethoxylate is not diﬃcult by the spectrum pattern of the range of 0.9–1.8 ppm.
Moreover, the average values of EO unit can be estimated from the signal intensities of
the aryl group (7.2 and 6.8 ppm) and the POE group (3.6–4.1 ppm).
The 13C NMR spectrum of ethoxylated alkylphenol is divided into three band
groups: alkyl region appearing at 30–60 ppm, oxyethylene region appearing at 60–75
ppm, and phenol region appearing at 110–160 ppm. For the ﬁve kinds of alkyl carbons,
there appear to be only four obvious resonance lines. This is because the alkyl region at
31.7 ppm actually consists of two overlapping lines [39].
The mixture containing APE can be separated and analyzed by on-line LCNMR. Using an octadecyl-modiﬁed silica gel as the stationary phase, the sample is
separated into functionality fractions when the eluent composition is acetonitrile–
deuterium oxide [38,40].

3. Ethoxylated Fatty Acids
The 1H NMR spectrum of stearic acid ethoxylate (n = 10) is shown in Fig. 14. The
signal at 4.2 ppm is assigned to methylene of the POE group that adjoined the ester
bond, and the signal at 3.7 ppm is assigned to the other methylenes of the POE group.
The signals at 2.3 and 1.6 ppm are based on a-methylene and h-methylene of the acyl
group, and the signals of the other methylenes of the acyl group and methyl are
obtained at 1.3 and 0.9 ppm, respectively. The average value of the EO unit is

FIG. 14

1

H NMR spectrum of stearic acid ethoxylate (n = 10).
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presumed from the signal intensities of EO and a-methylene of the acyl group (2.3
ppm).
The derivatization with trichloroacetyl isocyanate followed by 1H NMR spectral
analysis is used for qualitative identiﬁcation and quantitative determination in
mixtures of linoleic acid monoesters and diesters of polyethylene glycols with various
molecular masses [41]. The direct determination of monoesters and diesters is
practically impossible due to the overlap of signals at 4.22 ppm for the COOCH2
group in both compounds. The 1H NMR spectrum obtained after in situ reaction of
the ester mixtures with trichloroacetyl isocyanate at a new signal at 4.43 ppm derived
from monoester. The quantitative analysis is most conveniently based on the integral
intensities of the signals for the protons in monoester at 4.43 ppm and for the protons
in monoester and diester at 4.22 ppm.

4. Fatty Acid Alkanolamides
The 1H NMR spectrum of fatty acid monoethanolamide is shown in Fig. 15a. The
signals at 3.4 and 3.7 ppm are assigned to N–CH2 and O–CH2 protons of the ethanol
group, respectively. The signals of a-methylene and h-methylene, which adjoined the
amide bond of the acyl group, are observed at 2.2 and 1.6 ppm, respectively. The signal
of methyl is observed at 0.9 ppm, and the signals of other methylenes of the acyl group
are observed at 1.3 ppm. NH proton is observed at about 5.8 ppm (because it is an
active proton, the chemical shift changes with temperature, etc.), and discernment
from fatty acid diethanol amide is possible by the existence of this signal. Furthermore,
the discernment from fatty acid diethanolamide is possible by comparing the signal
intensities at 2.2 and 3.4 ppm (3.7 ppm). The 1H NMR spectrum of fatty acid

FIG. 15

1

H NMR spectra of fatty acid monoethanolamide (a) and fatty acid diethanolamide (b).
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diethanolamide is shown in Fig. 15b. Attribution of the signals is the same as those of
fatty acid monoethanol amide. The signals at 3.4 and 3.7 ppm become complicated
because of the anisotropy of an amide group.

5. Ethoxylated Alkanolamides
The 1H NMR spectrum of polyoxyethylene lauric acid monoethanolamide is shown in
Fig. 16. The signals of a-methylene and h-methylene, which adjoined the amide bond
of the acyl group, are observed at 2.2 and 1.6 ppm, respectively. The signal of methyl is
observed at 0.9 ppm, and the signals of other methylenes of the acyl group are observed
at 1.3 ppm. The signal at 3.4 ppm is assigned to a-methylene, which adjoined the amide
bond of the ethanol group, and the signal at near 3.7 ppm is based on the other
methylenes of the POE group. The average values of the EO unit can be estimated from
signals at 2.2 and 3.4–3.7 ppm.

6. Esters of Polyhydroxy Compounds
The 1H NMR spectrum of glycerin monostearate is shown in Fig. 17. The signals at 2.4
and 1.6 ppm are assigned to a-methylene and h-methylene of the acyl group,
respectively. The signals at 1.3 and 0.9 ppm are assigned to the other methylenes
and methyls of the acyl group. The signals at 4.1, 3.9, and 3.6 ppm are assigned to
CH2–OCO, CH, and CH2 protons of the glycerol group, respectively.

7. Ethoxylated Polyhydroxy Esters
1

H NMR spectrum of polyoxyethylene sorbitan laurate (n = 20) is shown in Fig. 18.
The signals in the range of 4.7–3.9 ppm are based on sorbitan moiety. The signal at 2.3
ppm is assigned to a-methylene of the acyl group, and the signals of other methylenes

FIG. 16

1

H NMR spectrum of polyoxyethylene lauric acid monoethanolamide.
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FIG. 17

1

FIG. 18

1

H NMR spectrum of glycerin monostearate.

H NMR spectrum of polyoxyethylene sorbitan laurate (n = 20).
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and methyls of the acyl group are obtained in the range of 1.6–0.9 ppm. Moreover, the
signal at near 3.7 ppm is assigned to methylene of the POE group.

8. Ethylene Oxide/Propylene Oxide Copolymers (POE/POP)
The 1H NMR spectrum of POE/POP (n = 40 and m = 60) is shown in Fig. 19. The
characteristic doublet signal of the side-chain methyl of POP is observed at 1.15 ppm.
The signals of methylene and methine of POP are observed in the range of 3.7–3.4
ppm, and the signals of the methylene of POE are observed at 3.7 ppm. The signal
intensities at 1.15 and 3.4 ppm based on POP group are the same. Therefore, n/m is
estimated from comparing with the signal intensities at 1.15 and 3.7 ppm.
From the NMR spectrum of POE/POP after TMS derivatization, not only the
EO/PO ratio but also the average number of EO and PO can be obtained. The average
number of PO can be estimated by comparing the signal intensities of TMS protons at
near 0 ppm with PO protons at 1.15 ppm. The average number of EO can be also
obtained from the signal intensities of PO and EO at near 3.5 ppm.

9. Alkylpolyglucosides
The 1H NMR spectrum is dominated by the signals of the CH2 protons of the alkyl
chain at 1.0–1.5 ppm. The protons of the hydroxyl groups yield a signal at 4.5–5 ppm.
The CH protons of carbohydrate moieties are observed as a broad multiplet signal at
near 3.4 ppm. The protons of the methyl groups are found at 0.85 ppm. The intensities
of the diﬀerent signals allow the calculation of the concentrations of the alkyl chain
and glucose moiety, respectively.

FIG. 19

1

H NMR spectrum of polyoxyethylene/polyoxypropylene copolymer.
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TABLE 3 Proton Chemical Shifts for
Organic Functional Groups
Type of proton
R-CH3
R2-CH2
CH2–O–
CH2–C–O
CH2–CO
CH2–O–CO
CH2C
CH2–N–CO
Ar–H

Chemical shifts (ppm)
0.9
1.3
3.3–3.4
1.6
2.0–2.7
3.7–4.1
4.6–5.9
3.4
6–8.5

At the 13C NMR spectrum of alkylpolyglycoside, the carbon atoms of alkyl CH3
are found at 14 ppm; those of alkyl CH2 are between 20 and 30 ppm. The CH2 carbon
atom leads to a signal at 60 ppm. The carbon atoms at the anomeric center give two
well-separated signals; their relative intensities reﬂect the ratio between the a isomer
(98 ppm) and the h isomer (103 ppm) of the alkylpolyglucoside. Other carbons are
found between 60 and 80 ppm.
Proton and carbon chemical shifts for organic functional groups are shown in
Table 3 and Table 4, respectively.

C. Mass Spectroscopy
The most popular ionization methods are electron impact ionization (EI) and chemical
ionization (CI). In these methods, the sample must be vaporized before the ionization
step. Therefore, it is diﬃcult to apply these methods to nonvolatile nonionic surfactants. Because ﬁeld desorption (FD) and fast atom bombardment (FAB) are developed, the application of MS was expanded and the report of mass analysis of a
nonionic surfactant also increased. Furthermore, by appearance of electrospray
ionization (ESI) and atmospheric pressure chemical ionization (APCI), combination

TABLE 4 Carbon Chemical Shifts for
Organic Functional Groups
Type of carbon
R-CH3
R2-CH2
CH2–O–
COOR
COOH
CHC
Ar–O
Ar–H

Chemical shifts (ppm)
0–30
25–45
40–40
165–180
175–185
105–145
150–165
110–135
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with ﬂow injection analysis (FIA) or HPLC is also attained. The matrix-assisted laser
desorption and ionization (MALDI) mass spectrometry technique is a powerful tool
for the characterization of ethoxylation homologues. The mass spectra of typical
nonionic surfactants by each ionization method are shown below. Generally, from
nonionic surfactants, positive ions are more easily formed than negative ones. For
analyzing nonionics in mixtures with anionic surfactants, therefore, it is advantageous
to use the positive detection mode.

1. EI and CI
Generally, the analysis by mass spectrometry with EI or CI is usually combined with
separation methods such as GC, HPLC, thin-layer chromatography (TLC), and
supercritical ﬂuid chromatography (SFC) [42–46].
The EI mass spectrum of nonylphenol ethoxylate (x = 4, where x represents the
adduct number of EO) isolated by GC is shown in Fig. 20, and the CI mass spectrum
(positive, with i-butane) of nonylphenol ethoxylate (x = 4) is shown in Fig. 21.
Although many fragment ions based on molecular structure occurred in the EI
spectrum (Fig. 20), molecular ion (m/z 396) is observed slightly. The fragment ion
(m/z 311) occurred with homolytic cleavage of the hexyl group, and this suggests the
existence of a branched alkyl chain. On the other hand, in the CI spectrum, pseudomolecular ion (m/z 397: proton adduct ion) is observed strongly.

FIG. 20 EI mass spectrum of nonylphenol ethoxylate.
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FIG. 21 CI mass spectrum (positive, with i-butane) of nonylphenol ethoxylate.

The analysis of alkylphenols by GC is diﬃcult to perform due to the presence of
many diﬀerent components. Using GC-MS method after trimethylsilyl derivation, it is
possible to separate not only the homologues with diﬀerent numbers of the EO units
but also isomers with diﬀerent alkyl group structures [47]. The homologues of
alkylpolyglucosides as trimethylsilyl derivatives are analyzed by GC-MS [48].
Nonionic surfactants can be also analyzed by using direct EI or CI methods
without previous separation. In the EI mass spectra of ethoxylated fatty alcohols, a
pseudo-molecular ion (proton adduct ion) and fragment ions containing the hydrophobic part of the molecule, which cleaved the CO bond of the ether group, are
observed [49,50]. In the case of unsaturated hydrophobic chains, molecular ions of
much higher relative intensity than the pseudo-molecular ion of the saturated series are
observed. Ions containing the hydrophilic part of the molecule such as (CH2O–
(CH2CH2O)y–H)+, (HO–(CH2CH2O)y–H+H)+, and (CH2–CH2–O–(CH2CH2O)y–
H–2H)+ are observed.
In the EI mass spectra of ethoxylated fatty acids, the molecular ions (M+H)+,
(M-H)+, (M–H2O)+, (RCOO–(CH2CH2O)x-CH2CH2)+, (RCOO–(CH2CH2O)x–
CH2CH2+H)+, (R–CO)+, (CxH2x+1)+, and (CxH2x)+ are observed. The relative
intensities of these ions are diﬀerent depending on whether the hydrophobic chain is
saturated or unsaturated. In the EI mass spectra of fatty acid diethanolamides
(M+H)+, (R–CO)+, (R–CON(CH2)CH2CH2OH)+, and (M–H2O)+, m/e 147, m/e
104, m/e 74, and m/e 114 are observed. In the case of unsaturated hydrophobic chains,
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molecular ions are observed at much higher relative intensity than the pseudomolecular ion of the saturated series, which is the same as the case of ethoxylated
fatty alcohols [49,50]. There are other applications by means of CI methods [51,52].

2. Field Desorption
The sample is deposited on an emitter wire on a probe, which is introduced into the
system under vacuum. FD gives a higher concentration of the molecular ion than EI,
but pseudo-molecule ions (M+Na)+ or (M+K)+ occur if sodium or potassium ion is
contained in the sample [53]. In such case, the molecular weight can be clariﬁed by
observing the change of a spectrum by addition of sodium or potassium ion to the
sample. With the FD ionizing method, the determination of a molecular weight of a
nonionic surfactant needs caution because there are cases where the proton addition
molecule ion (M+H)+ gives priority to molecular ion [54]. Applications of the
analysis of ethoxylated fatty alcohols, ethoxylated alkylphenol, ethoxylated fatty
acid, and sorbitan ester have been published [55,56].
In the case of FD-MS measurements, the spectrum of a complex mixture is
measured after isolation by chromatographic method such as HPLC. The FD spectra
of ethoxylated alkylphenols are measured after separation of ethoxylated octylphenol,
ethoxylated nonylphenol, and ethoxylated dodecylphenol by reverse-phase (RP)
HPLC [57].
The disadvantage of the FD technique is that no structural information can be
obtained. To obtain structural information, an MS/MS technique has to be applied.
Individual ions are further reacted to obtain secondary mass spectra. The structural
information is obtained by the MS/MS technique [58].

3. Fast Atom Bombardment
The selection of a liquid matrix is an important factor for obtaining a good FAB mass
spectrum. When POE sorbitan acylate or ethoxylated fatty acid is measured, even if
glycerol is used as matrix, a pseudo-molecule ion is not observed. In that case, sodium
chloride is added to the glycerol or thioglycerol [59,60]. A mass spectrum using
thioglycerol with sodium chloride is described below.
The FAB-MS spectrum of alcohol ethoxylate (C12–C15, n = 10) is shown in
Fig. 22. Each signal is observed as sodium adduct pseudo-molecule ion (M+Na)+.
The eight EO adduct homologues correspond to C12 (m/z 561), C13 (m/z 575), C14 (m/z
589), and C15 (m/z 603). Furthermore, the ion corresponding to products of EO chain
cleavage has been observed at m/z 243, 287, and 331 [61].
In FAB mass spectra, fragmentation is obtained in many cases with pseudomolecule ion as mentioned above. Therefore, information on molecular structure can
be obtained.
Investigations by LCMS have been carried out for the determination of trace
amounts of surfactants and their metabolites in environmental materials. The
technique is useful for the analysis of nonionic surfactants in complicated contamination. Frit-FAB, thermospray (TSP), ESI, and APCI, are used for the interface of
LCMS. The analysis of octylphenol ethoxylate (Triton X-100) by Frit-FAB is shown
in Fig. 23 [61]. Under these HPLC conditions, the EO homologues are eluted in the
order of decreasing EO number. Although the separation for each EO adduct by
HPLC is imperfect, complete separation is realized in the mass chromatogram.
However, because the ionization eﬃciency for each EO adduct diﬀers, the exact
quantitative analysis is diﬃcult.
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FIG. 22 FAB mass spectrum (positive) of alcohol ethoxylate (C12–C15, n = 10).

Furthermore, there were reports applied to LC-MS/MS [61–63]. Recently, there
were many reports using APCI and ESI.

4. Atmospheric Pressure Chemical Ionization
The sample solution is pneumatically converted in the instrument into an aerosol and
is rapidly heated and converted to a vapor at the probe tip. Hot gas from the probe
passes between the sample cone and the corona discharge pin. Analyte molecules with
the reagent ions at atmospheric pressure typically become protonated or deprotonated. APCI is an easy-to-use LC–MS interface that produces protonated molecules
for a broad range of involatile analytes.
The APCI spectrum of nonylphenol ethoxylate (n = 10) is shown in Fig. 24 [64].
A proton adduct pseudo-molecule ion (M+H)+ (m/z 529, 573, 617, 661, 705, 749, and
793) and a proton adduct ion (m/z 635, 679, and 723) of polyethylene glycol, which is a
by-product, can be observed.
APCI mass spectrometry has been successfully applied for the characterization
of alkylpolyglycoside esters of sulfosuccinic, citric, and tartaric acids [65].
Polyoxyethylene alkylphenyl ethers in river water sample of Tokyo (Japan) were
identiﬁed using HPLC/APCI-MS [66]. Coextracted anionic and cationic surfactants
from Amberlite XAD-16 extract were removed by ion exchange. HPLC conﬁrmed the
presence of octylphenol polyethoxylates in the extract, and component oligomers
having 9–14 ethoxylate groups were separated using a 4.6 mm i.d.  100 mm carbon
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FIG. 23 LC-Frit-FAB-MS analysis of octylphenol ethoxylate. Column: Deversil ODS-3K
(0.35 mm i.d., 200 mm); mobile phase: acetonitrile/water/glycerol (50:40:5); ﬂow rate: 2.1 AL/
min; detector: UV 220 nm. (From Ref. 61.)

FIG. 24 APCI mass spectrum of nonylphenol ethoxylate (n = 10). (From Ref. 64.)
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column with ethanol as a mobile phase. The detection limit at a signal-to-noise ratio of
3 was 1 Ag/mL. Then a solution containing ammonium acetate as a mobile phase was
used; the positive ion spectra obtained for octylphenol polyethoxylates showed base
peaks corresponding to ions from the addition of NH+
4.
Alkylpolyglucosides were analyzed by HPLC/APCI-MS [67]. Methyl-h-glucopyranoside, hexyl-h-glucopyranoside, octyl-h-glucopyranoside, decyl-h-glucopyranoside, and dodecyl-h-glucopyranoside were separated using a 2.0 mm i.d.  250
mm Nucleosil RP8 column with acetonitrile/water (40/60) as a mobile phase.

5. Electrospray Ionization
Mobile phase from the infusion pump enters through the probe and is pneumatically
converted to an electrostatically charged aerosol spray. The solvent is evaporated from
the spray by means of the desolvation heater. The resulting analyte and solvent ions
are then drawn through the sample cone aperture into the ion block, from where they
are then extracted into analyzer. Analyte molecules produce singly charged protonated ion (M+H)+ in positive ion mode and deprotonated ion (MH) in negative ion
mode, although this is dependent on the compound structure. ESI is an easy-to-use
LC–MS interface that produces protonated molecules for a broad range of involatile
analytes like APCI.
The ESI spectrum of nonylphenol ethoxylate (n = 7) is shown in Fig. 25. Proton
adduct pseudo-molecule ions (M+H)+ (m/z 441, 485, 529, 573, 617, 661, and 705) can
be observed.
Separations can be used to limit the complexity of mixtures entering the mass
spectrometer for analysis. ESI mass spectrometry is an emerging technique that is
suitable for coupling with liquid chromatography [68–70]. A very sensitive and speciﬁc

FIG. 25 ESI mass spectrum of nonylphenol ethoxylate (n = 7).
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procedure for determination of nonionic polyethoxylated surfactants, such as aliphatic ethoxylated alcohols and nonylphenol polyethoxylates, in aqueous environmental samples with the help of electrospray liquid chromatography/mass
spectrometry was reported [68]. This procedure involves passing 10, 100, 1000, and
4000 mL of raw sewage, treated sewage, river water, and drinking water samples,
respectively, through a 1-g graphitized carbon black extraction cartridge. The limit of
detection was estimated to be above about 20 pg per component injected into the
column or 0.6, 0.02, 0.002, and 0.0002 Ag/L of each analyte in the inﬂuents and
eﬄuents of sewage treatment plants, river water, and drinking water, respectively.
The coupling of electrospray ionization mass spectrometry with gel permeation
chromatography has been used for the separation of a commercial polydisperse
mixtures of ethoxylated octylphenol [71]. Stable electrospray conditions are obtained
upon using, as GPC solvent, tetrahydrofuran containing 105–104 M sodium salt,
which also provides for the formation of intact molecular ions through cationization.
Selected ion chromatograms of sodiated species allow for the monitoring of the elution
proﬁles of individual oligomers and can be used for the calibration of the GPC [71].

III. DETERMINATION OF NONIONIC SURFACTANTS AS SUM
PARAMETER
A. Spectrophotometric Methods
In the analysis of nonionic surfactants, spectrophotometric methods are mostly used
in the trace determination of ethoxylates in aqueous samples. Nevertheless, these
methods are also applied to the analysis of formulated products, but here, often, they
are only used as a more or less qualitative test for ethoxylated components.

1. Cobalt Thiocyanate Method
The most common spectrophotometric method for determination of nonionic surfactant is the cobalt thiocyanate method [73,74]. This method is based on the formation of
a blue complex between ammonium cobalt thiocyanate reagent and POE-type
nonionic surfactants. This complex is extracted with benzene and measured with a
spectrophotometer.
The complex structure consists of a cobaltous ion surrounded by at least 6 mol of
ethylene oxide [75]. Five of the coordinate positions of the cobalt ion are occupied by
the oxygens of the polyether chain and the sixth position by ether oxygen or the
terminal hydroxide. The hydrophobic portion of the POE-type nonionic surfactant
molecule remains freely mobile. The +2 charge of the ﬁrst member of a complex series
is neutralized by Co(SCN)42. The series expands by multiples of 6 mol of ethylene
oxide and Co(SCN)42. This would result in the following structure: (Co(R–O–(CH2–
CH2–O)nH))2+ (Co(SCN)4)2.

Procedure
Dissolve 620 g of ammonium thiocyanate and 280 g of cobalt nitrate hexahydrate in
water and dilute to 1 L. Extract twice with benzene to lower the blank reading. Place
100 mL of sample solution in a separatory funnel. Add 15 mL of ammonium cobalt
thiocyanate reagent and 35.5 g of sodium chloride. Shake to dissolve the salt. Allow to
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stand for 15 min. Accurately add 25 mL of benzene to the funnel. Shake for 1 min, then
let stand to allow the layers to separate. Draw oﬀ and discard the lower layer. Transfer
the benzene layer to a centrifuge tube, stopper, and spin for 10 min. Fill an aliquot into
a cuvet, place into a photometer, and read the absorbance at 322 nm against a reagent
blank. Prepare a calibration curve of weight of nonionic surfactant against their
absorption.
Figure 26 shows a series of curves obtained by testing a sample of n-dodecanol
condensed with varying amounts of ethylene oxide. The samples show decreasing
sensitivity to this test with decreasing ethylene oxide content. Figure 27 shows the
apparent molar absorptivity vs. moles of ethylene oxide for these same samples. This
graph shows a linear relationship between ethylene oxide content of n-dodecanol
ethoxylates and their sensitivity to this reaction. Ethoxylates with less than 2.5 mol of
ethylene oxide are not detected.
Figure 28 shows a series of curves obtained by testing a sample of nonylphenol
condensed with varying amounts of ethylene oxide. The samples show decreasing sensitivity to this test with decreasing ethylene oxide content. Figure 29 shows the apparent molar absorptivity vs. moles of ethylene oxide for these same samples. They do
not show the expected increased sensitivity with increased ethylene oxide content.

FIG. 26 Eﬀect of ethylene oxide content of the sensitivity of n-docecanol ethoxylates. (From
Ref. 73.)
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FIG. 27 Moles of ethylene oxide required for complex formation between n-dodecanol
ethoxylate and ammonium cobalt thiocyanate reagent. (From Ref. 73.)

2. Other Methods
A simple and rapid method has been developed for the determination of nonionic
surfactants in the presence of ionic surfactants [76]. It is based on the extraction of
nonionic surfactants into benzene from aqueous sample solutions containing both
nonionic and ionic surfactants, and the spectrophotometric measurement of the
complex that is formed by the reaction of the extracted nonionic surfactant with
ammonium tetrathiocyanatocobaltate reagent. Ethoxylated nonionic surfactants are
determined with thiocyanate iron [77]. These surfactants react with thiocyanate iron to
form a red complex, which are extracted into 1,2-dichloroethane. The organic phase is
separated and its absorbance is measured at 510 nm. The complex of nonionic
surfactants and tetrabromophenolphthalein is extracted into 1,2-dichloroethane or
o-dichlorobenzene, and the absorbance is measured [78].
The potassium picrate method [79] is based on the extraction of picrate ion from
water into an organic solvent in association with the potassium ion complexes of
polyoxyethylene chains. An extraction spectrophotometric method [80] has been
developed based on ferric thiocyanate, which is generally similar to the cobalt
thiocyanate method.
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FIG. 28 Calibration curves for a series of branched nonylphenol ethoxylates. (From Ref. 73.)

3. Volumetric Methods
(a) Potassium Ferrocyanide Method. Ethylene oxide adducts react with potassium ferrocyanide and form a water-insoluble complex [81]. By precipitation in hydrochloric acid solution with a known quantity of ferrocyanic acid, ﬁltration, and
titration with zinc sulfate, the consumption of ferrocyanic acid can be determined.

Procedure
One hundred milliliters of sample solution containing not more than 0.3 g of ethylene
oxide adduct is placed in an Erlenmeyer ﬂask, and 10 mL of hydrochloric acid and 15 g
of sodium chloride are added. The mixture is shaken until the salt is dissolved. Five
milliliters of potassium ferrocyanide is added. The Erlenmeyer ﬂask is shaken again
and, after standing for a few minutes, the precipitate is ﬁltered oﬀ and washed with 25
mL of washing solution.
After washing with 5 mL of ammonium sulfate solution, ﬁve drops of 2%
potassium ferricyanide solution and ﬁve drops of 1% diphenylamine are added to the
ﬁltrate, which is titrated with 0.075 M zinc sulfate without delay. The solution becomes
greenish, and at the end-point, it changes to blue violet.
The zinc sulfate solution should be standardized against 100 mL of blank
solution. An empirical factor ( f ) is calculated for each ethylene oxide adduct by
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FIG. 29 Eﬀect of ethylene oxide content on the sensitivity of branched ethoxylates. (From
Ref. 73.)

carrying a series of known quantities of the ethylene oxide adduct in question through
the procedure. A standard curve is thereby constructed. The empirical factor ( f ) can
be calculated from the equation:
f ¼ x=c  b
where x is the amount of ethylene oxide adduct, c is the initial added amount of
ferrocyanic acid (determined by titration with zinc sulfate solution), and b is the
amount of ferrocyanic acid left in the ﬁltrate and estimated as above. Thus, cb is the
amount required for the precipitation of the ethylene oxide adduct. By knowing ( f ),
the ethylene oxide compound content of a sample can be calculated from the standard
curve.

4. Other Methods
Ethylene oxide adducts can be directly titrated, making use of their ability to form an
insoluble complex with barium and tetraphenylborate ions. An excess of a soluble
barium salt is added to the sample, and the complex is titrated potentiometrically with
sodium tetraphenylborate solution using a silver indicator electrode or any of several
other electrodes [82].
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Several colorimetric and turbidimetric determination procedures are published,
which are based on the formation of an insoluble complex between the iodobismuthate
ion and polyether linkages in the presence of barium ions [83–87].
The oxyethylene groups in ethoxylated nonionic surfactants can be also quantiﬁed by iodometric titration [88–90]. The sample material is reﬂuxed with hydriodic
acid in the absence of oxygen, leading to decomposition of the ethoxylate chain and the
formation of free iodine, which is titrated in the usual manner with sodium thiosulfate.
Direct titration with tetraphenylborate is interfered from anionic surfactants due
to the formation of an ion pair with the barium–nonionic surfactant complex. Resorting to two-phase titration can eliminate this interference [91–93]. Tetrakis(4-chlorophenyl)borate and tetrakis(4-ﬂuprophenyl)borate do not precipitate with potassium
ion alone, as does tetraphenylborate. The complex formed between potassium ion and
nonionic surfactant is extracted as an ion pair with the tetrakis(halophenyl)borate
from an aqueous phase into an organic phase, whereas the corresponding ion pair with
an anionic surfactant is not extracted under the same conditions. Cationic surfactants
and various amines form also complexes with tetraphenyl borate derivatives so that
the presence of these components leads to interferences.
Several titration methods with visual equivalence point determination are
available for the quantiﬁcation of nonionic surfactants, but these are time-consuming.
The most rapid methods use ion-sensitive electrodes (ISEs) for end-point determination. Polymer membrane electrodes and liquid membrane electrodes can be applied.
Polymer membrane electrodes are physically more robust than ordinary liquid
membrane electrodes and less subject to solubilization by the medium in which they
are immersed. The polyvinylchloride (PVC) membrane electrodes based on the
tetraphenylborate salt of the barium complex of nonylphenoxypolyethyleneoxyethanol respond to ethoxylated nonionic surfactants, and can be used for measuring the
critical micelle concentrations [94,95].

IV. CHROMATOGRAPHIC SEPARATION, IDENTIFICATION,
AND QUANTIFICATION
A. Thin-Layer Chromatography
TLC analysis is widely used for surfactant analysis because it is simple to perform and
has high separation ability without expensive equipment. Especially TLC is used both
for characterization of pure surfactants and for detection of surfactants in complex
mixtures. The widespread availability of densitometers has allowed TLC to become a
quantitative method. Typical separation conditions are introduced about each
nonionic surfactant. Moreover, various separation conditions are summarized in a
table in this chapter.
TLC analysis of nonylphenol ethoxylate (n = 2, 8, 15) is shown in Fig. 30. A total
of 2–5 AL of sample solution (concentration, 2–5% in acetone) is spotted at 2 cm from
the edge of a commercial silica gel TLC plate. The TLC plate is developed from the
spotting point to 17 cm above the origin by ethyl acetate/acetone/water (55:35:10).
After development and air drying, the TLC plate is sprayed with modiﬁed Dragendorﬀ
reagent, which is the most important visualization reagent for ethoxylated surfactants
and consists of potassium iodobismuthate and barium chloride in acetic acid. Each
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FIG. 30 TLC of nonylphenol ethoxylate (n = 2, 8, 15). The number on the right-hand side of
spots shows the EO number.

ethoxylation homologue will be detected as orange spot on a yellow background [96].
Ethoxylated alcohols can be analyzed using the same conditions.
In Fig. 30, the number on the right-hand side of spot means EO addition number.
The largest and the deepest color spot corresponds to average EO addition number.
Presumption of the degree of distribution of EO polymerization is possible by the
degree of coloring.
TLC analysis of oleic acid ethoxylates is shown in Fig. 31. The TLC plate is
developed from the spotting point to 17 cm above the origin by chloroform/methanol
(86:14). After development and air drying, the TLC plate is sprayed with modiﬁed
Dragendorﬀ reagent. Each ingredient will be detected as orange or pink spot on a
yellow background. By visualizing with modiﬁed Dragendorﬀ reagent, it has to be
taken into account that also amines and cationic surfactants result in orange-colored
spots on the plate.
In Fig. 31, the front spot colored orange is diester, the spot colored reddish
orange is monoester, and the polyethyleneglycol colored pink remains near the origin
[96].
The estimation of average EO addition number of fatty acid ethoxylate is
possible by TLC analysis of PEG generated after hydrolysis. The TLC analysis
conditions of PEG are shown below.
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FIG. 31 TLC of oleic acid ethoxylate (ester of oleic acid and polyethylene glycol; average
molecular weights 200, 400, and 600). DE = polyethylene glycol dioleate; ME = polyethylene
glycol monooleate; PEG = polyethylene glycol.

FIG. 32 TLC of polyethylene glycol (average molecular weights 200, 600, 1450, and 6000).
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The TLC separation of polyethyleneglycol is performed by the following
procedure: 1–5 AL of the ethanolic sample solution containing 1–5% polyethylene
glycol and prepared from the detergent or the nonionic fraction by hydrolysis is
spotted at 2 cm from the edge of the plate. The TLC plate is developed from the
spotting point up to 17 cm above the origin by methanol/water (60:40). After
development and air drying, the TLC plate is sprayed with modiﬁed Dragendorﬀ
reagent; each ingredient will be detected as pink spot on a yellow background. A thinlayer chromatogram, which demonstrates the separation of polyethylene glycols
(average molecular weights of 200, 600, 1540, and 6000), is shown in Fig. 32.
A thin-layer chromatogram resulting from the separation of lauric acid monoethanolamide and lauric acid diethanolamide is shown in Fig. 33. The TLC plate was
developed from the spotting point up to 17 cm above the origin by chloroform/
methanol (86:14). After development and air drying, the TLC plate is sprayed with
modiﬁed Dragendorﬀ reagent; each ingredient became visible as orange spot on a
yellow background.
TLC separation of sorbitan monolaurate is demonstrated in Fig. 34. The TLC
plate was developed by chloroform/acetone (70:30). After development and air drying,
the TLC plate was sprayed with potassium dichromate/sulfuric acid solution and
heated at 120jC; the ingredients formed blue spot on a yellow background [97].
An example of the analysis of nonionic surfactants in household detergents by
TLC is described in the following [98]: 1 g of the ethanol-soluble portion of the
household detergent is dissolved in the minimum amount of methanol in 100-mL
volumetric ﬂask and the sample is further diluted to the mark with acetone. Ten
microliters of sample solution is spotted at 1.5 cm from the edge of a commercial
aluminum oxide G plate. The TLC plate is developed from the spotting point up to
10 cm above the origin by 2-propanol. When dry, the plate is sprayed with a

FIG. 33 TLC of lauric acid monoethanol amide (LME) and lauric acid diethanolamide (LDE).
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FIG. 34 TLC of sorbitan monolaurate.

pinacryptol yellow solution, which is made by dissolving 0.0 5g of the reagent in
100 mL of ethanol. The plate is then examined under ultraviolet (UV) light and the
color of the spots is recorded along with their Rf value. Table 5 summarizes the characteristic color with pinacryptol yellow and the approximate Rf value of the surfactant.
Selection of TLC methods applied to nonionic surfactants is presented in Table 6.

B. High-Performance Liquid Chromatography
For the separation of nonionic surfactants, typical HPLC separation modes are based
on the molecular size, the hydrophobe chain length, and the hydrophile chain length.

TABLE 5 Identiﬁcation of Components—Coloring by Pinacryptol
Yellow Under UV Light
Surfactant type
Anionic surfactant
Amine oxides
Alkanolamides
Ethoxylated alcohol
(—) Indicates yellow by iodine.

Color developed

Rf value

Various colors
White
—
Pale blue

0.0–0.2
0.3–0.5
0.5–0.7
0.7–0.9

Fatty acid
alkanol amide

Ethoxylated acylate

Ethoxylated
alcohol

Analyte

Chloroform/ethanol (95:5)
Methylene chloride
2-Butanone, saturated
with water
Ethyl acetate/heptane/25%
ammonium aq. (90:10:2.5)
2-propanol/methanol/25%
ammonium aq. (75:25:4)
Methylethylketone/water
(1:1) lower phase
Ethyl acetate/acetic acid/
water (70:16:15)
Chloroform/methanol
(86:14 )
2-Propanol/25%
ammonium aq. (75:25 )
2-Butanone, saturated
with water
Ethyl acetate/methanol/10 N
ammonium aq. (45:5:2.5 )
Chloroform/96% ethanol
(95:5)

Silicagel G

Alumina

Brinkmann silicagel

Silicagel 60

Silicagel G

Silicagel G activated
at 120jC for 3 h
Silicagel 60

Silicagel G

Silicagel G

Silicagel G

Silicagel G

Acetone/tetrahydrofuran

Acetone/benzene (60:40 )

Silicagel G

Silicagel G

Acetone/benzene (40:60 )

Development solvent
(vol/vol)

Silicagel G

TLC plate

TABLE 6 Separation of Nonionic Surfactants by TLC—Experimental Conditions

Pynacryptol yellow
ﬂuorescence, 366 nm
excitation, and
Dragendorﬀ reagent

Modiﬁed Dragendorﬀ
reagent
Iodine vapor

Modiﬁed Dragendorﬀ
reagent
Modiﬁed Dragendorﬀ
reagent
Modiﬁed Dragendorﬀ
reagent
Dragendorﬀ reagent

Concentrated H2SO4

Vapor of iodine

Dragendorﬀ reagent

Vapor of iodine H2SO4

Vapor of iodine H2SO4

3% KMnO4

3% KMnO4

Detection reagent

Separation of EO
homologues (5)
Separation of EO
homologues (6)
Separation of
monoester, diester (7)
Separation of
monoester, diester (8)
Separation of EO
homologues (9)
Separation of monoethanol
amide, diethanol amide (10)
Separation of monoethanol
amide, amide ester,
monoethanol amine (11)
Fatty acid alkanol amide;
detection in shampoo (12)

Separation of one to six EO
adducts (1)
Separation of 6–10 EO
adducts (1)
Separation of starting
alcohol (2)
Separation of starting
alcohol (2)
Alkyl distribution of
ethoxylated alkylphenol (3)
Separation of EO
homologues (4)

Comments
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Aluminum oxides

Silicagel G

Shampoo, dish wash,
hair conditioner

Aluminum oxides

Silicagel G

Silicagel G

Household detergent

Amine oxide

Silicagel 60

Petroleum ether/
ethyl ether/
acetic acid (75:25:1)

Silicagel containing
calcium sulfate or
starch binder, activated
at 110jC for 1 h
Silicagel G

Methyl ethyl ketone/
benzene/ethanol/
water (3:3:1:1)

Isobutyl acetate/acetic
acid (98:2)
2-Propanol

Ethanol /benzene or
2-propanol/
benzene (25:75)
Chloroform/methanol/
water/acetic acid
(70:20:2:2)
Chloroform (saturated with
NH4OH)/methanol (97:3)
Chloroform/methanol (6:1)

Toluene/ethyl acetate/95%
ethanol (2:1:1)

Silicagel containing
calcium sulfate or
starch binder, activated
at 110jC for 1 h

Sucrose esters

Monoglyceride

Chloroform/methanol
(90:10 )
2-Butanone, saturated
with water
Chloroform/acetone (96:4 )

Development solvent
(vol/vol)

Silicagel G/(NH4)2SO4
(95:5)
Silicagel G activated
110jC
Silicagel G F/H3BO3

TLC plate

Ethoxylated
monoethanol amide

Analyte

TABLE 6 Continued

Ammonium cobalt
thiocyanate
Pynacryptol yellow UV,
iodine vapor, and cobalt
thiocyanate
Iodine vapor, cobalt
thiocyanate,
Dragendorﬀ reagent

Study of various reagents

Dichloroﬂuorescein

50% H2SO4; charring
at 120jC

1 g of urea, 4.5 mL of
85% H3PO4, 48 mL
of water-saturated
n-butanol, hold at
110jC for 30 min
1 g Urea, 4.5 mL of 85%
H3PO4, 48 mL of water
saturated n-butanol, hold
at 110jC for 30 min
0.2% Anthrone in 70%
H2SO4 aq.

Modiﬁed Dragendorﬀ
reagent
Iodine vapor or modiﬁed
Dragendorﬀ reagent
K2Cr2O7–H2SO4

Detection reagent

Separation of various
surfactants (24)

Detection of sucrose and
of monoesters and
diesters (17,18)
Separation by type, number,
and position of the acyl
group (19)
Tertiary amines and amine
oxides (20)
Separation of amines and
amine oxides (21)
Separation of amines and
amine oxides (22)
Identiﬁcation of surfactants
in household detergent (23)

Separation of tetraesters
through octaesters (16)

Separation of analyte homologues and by-products (13)
Separation of EO
homologues (13)
Separation of monoglyceride,
diglyceride, triglyceride,
fatty acid, glycerin (14)
Separation of monoesters,
diesters, and triesters (15)

Comments
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(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)

Silicagel GHR

Dimension 1: 1-propanol/
chloroform/methanol/
10N ammonium aq.
(10:10:5:2); dimension 2:
ethyl acetate/methanol/
14 N ammonium aq.
(45:5:2.5)

Pynacryptol yellow UV,
modiﬁed Dragendorﬀ
reagent
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Anionic and
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Separation of various
surfactants (25)
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FIG. 35 Reverse-phase HPLC analysis of alcohol ethoxylate (C12–C15, n = 9). Column:
Inertsil ODS-3 (4.6 mm i.d., 150 mm); mobile phase: methanol/water (85:15); ﬂow rate: 1.0
mL/min; detector: RI.

FIG. 36 Reverse-phase HPLC analysis of alcohol ethoxylate (C12–C18, n = 9). Inertsil ODS3 (4.6 mm i.d., 150 mm); mobile phase: methanol/water (85:15) ! (100:0)/30 min; ﬂow rate:
1.0 mL/min; temperature: 40jC; detector: ELSD.
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Analysis conditions can be chosen according to the analytic purpose (e.g., distribution
of alkyl chain length, of EO chain).
An example of the separation on the basis of hydrophobe chain length is shown
ﬁrst. Reverse-phase HPLC analysis of an alcohol ethoxylate (C12–C15, n = 9) is
demonstrated in Fig. 35. The separation, which depends only on the alkyl chain length,
is achieved by RP-HPLC analysis with methanol/water as mobile phase, without
inﬂuence of the EO distribution. In this method, a peak broadening by the inﬂuence of
the EO distribution can be inhibited and all ionic components elute much earlier near
the dead volume. Therefore, this method is especially suitable for the direct analysis of
C-length distributions in nonionic surfactants from complex mixtures.
Under the described conditions, straight C-chain alcohol ethoxylates and
branched isomers are almost separable; the retention capacity of branched isomers
is slightly smaller than that of normal chain alcohol ethoxylates. In Fig. 35, the small

FIG. 37 Normal-phase HPLC analysis of alcohol ethoxylate (C12–C15, n = 9). Column:
Hypersil APS (2.1 mm i.d., 150 mm); mobile phase: (A) hexane, (B) 5% water in 2-propanol,
0.3 mL/min; gradient program: 0 ! 60% B/55 min; ELSD, 80jC. (From Ref. 99.)

Hypersil NH2 (2.1 mm i.d., 100
mm)

Microsorb CN (4.6 mm i.d.,
250 mm)

Zorbax CN (4.6 mm i.d., 250
mm)

Various normal phase columns, NH2, diol, silica, CN

Inertsil ODS (4.6 mm i.d., 150
mm)
Inertsil ODS (4.6 mm i.d., 150
mm)
Silasorb C18 SPH and Silasorb
C8 SPH (3.6 mm i.d., 300
mm)
LiChrosorb RP-8 (4 mm i.d.,
100 mm) or Spherisorb S3
ODS II (4 mm i.d., 250 mm)

Column

Environmental analysis
separate single peaks for
octylphenol and
nonylphenol ethoxylate
(4–6)
Rigorous study of separation
by ethoxy number (7)
Alkylphenol ethoxylates and
dialkylphenol ethoxylates (8)
EO distribution; environmental
analysis (9)
Ethoxylated nonylphenol; EO
distribution (10)

UV (254 nm)
UV (230 nm)

UV (225 nm) or ﬂuorescence
(Ex 225 nm, Em 295 nm)

UV (230 or 254 nm )
UV (280 nm)
Fluorescence (Ex 229 nm, Em
310 nm)
Fluorescence (Ex 230 nm,
Em 300 nm)

Acetonitrile/water (50:50)

Isopropanol/water

Various gradients, acetonitrile/
water/0.02 M NaClO4

Various isocratic and gradient
systems with heptane/propanol/
ethanol
Gradient from heptane to 2methoxyethanol/isopropanol
(50:50)
(A) Hexane/THF (80:20)
(B) 2-Propanol/water (90:10)
Gradient: 1–42% B/20 min
(A) Hexane/2-propanol (98:2)
(B) 2-Propanol/water (90:10)
Gradient: 3–57% B/22 min

Separation of alkyl chain
length (1)
Ethoxylated octylphenol; EO
distribution
EO distribution (2,3)

Comments

RI

Detector

Methanol/water (85:15)

Mobile phase

TABLE 7 HPLC Analysis of Ethoxylated Alkylphenols—Experimental Conditions

190
Tanaka and Igarashi

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

Gradient from hexane to hexane/
2-propanol/water (37:60:3),
55 min
Various ratios of hexane/2propanol/water
Gradient from hexane to ethanol/
THF/water, 60 min
Various ratios of acetonitrile/
water

EO distribution (11)
EO distribution (12)
EO distribution and trace
starting alcohol (13)
EO distribution separated by
both size exclusion and
lipophilic interaction (14)

ELSD
RI or UV
Fluorescence (Ex 280 nm,
Em 310 nm)
RI
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Various Diol column (4 mm
i.d., 250 mm)
LiChrospher Si-60 (4.6 mm
i.d., 250 mm)
Asahipak GS-310 (7.6 mm i.d.,
500 mm)

Zorbax NH2 (4.6 mm i.d., 250
mm)
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peaks detected in front of the main peaks of n-C14 and n-C15 are branched-chain
isomers.
Analysis of the alcohol ethoxylate by HPLC detection is often achieved by RI
measurement because the analytes show neither UV absorption nor ﬂuorescence. With
this type of detection, only isocratic separations can be performed. The use of an
evaporating light scattering detector (ELSD) enables separations with gradient
systems.
The chromatogram of alcohol ethoxylate (C12–C18, n = 9) using an ELSD is
shown in Fig. 36. In the gradient mode, ethoxylated alcohols with an extensive alkyl
chain distribution can also be analyzed.
In the analysis of nonionic surfactants, it may be necessary to determine an
ethoxylated alcohol with an alkyl chain shorter than C12. By modifying the separation
conditions outlined in Fig. 35 to gradient elution, starting with methanol/water
(70:30), C8 species can also be detected.
A broad spectrum of chromatographic systems for the separation of ethoxylated
alcohols by HPLC has been published in the literature. In reverse-phase HPLC,
separation that depends only on the hydrophobic group distribution can be achieved
by a tailor-made mobile phase. Therefore, this technique is very eﬀective for the
analysis of alkyl chain distributions and the quantiﬁcation of nonionic surfactants in
complex mixtures by avoiding extensive peak broadening caused by the EO chain
distribution.
An example of a separation based on the chain length of the hydrophilic part
is demonstrated next. Because normal-phase HPLC is less inﬂuenced by a hydrophobic group, analysis of EO distribution is possible without complicated pretreatment
(Fig. 37) [99]. With this separation method, ethoxylated alcohols elute according to the
length of the EO chain. However, because the relative sensitivity for each EO addition
number diﬀers, it is diﬃcult to obtain exact EO distribution.
Moreover, separation by RP-HPLC inﬂuenced by the EO distribution is also
possible with suited mobile and stationary phases. However, because both distributions of EO and alkyl chain appear in the chromatogram and are sometimes overlapping, an unambiguous assignment of the peaks sometimes is diﬃcult. On the other
hand, normal-phase HPLC shows separation that only depends on the distribution of
EO, which can make the analysis for samples with complex alkyl chain distribution
easier. Normal phase HPLC analysis of alcohol ethoxylate is demonstrated in Fig. 37
[99].
Often before HPLC analysis, alcohol ethoxylates are transferred into derivatives with a signiﬁcant chromophoric group. Typical reagents here are phenylisocyanate, 3,5-dinitrobenzoyl chloride, 1-anthroylnitrile, etc. They enable
detection by ﬂuorescence or UV absorption measurement, which is much more
sensitive than that by RI and ELSD. Both separation of ‘‘based on hydrophobic
group’’ and ‘‘based on hydrophilic group’’ described so far for underivatized
alcohol ethoxylates are possible similarly with ethoxylated alkylphenols; in these
cases, usually UV detection is applied because of the chromophoric alkylphenol
group. HPLC analysis conditions of ethoxylated Alkylphenols are summarized in
Table 7.
Alkyl chain analysis of alkylphenol ethoxylate is shown in Fig. 38. Separation
of nonylphenol ethoxylate and octylphenol ethoxylate is possible by reverse-phase
HPLC with a methanol/water mobile phase [100]. The peak width of nonylphenol
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FIG. 38 Separation of nonylphenol ethoxylate (n = 10) and octylphenol ethoxylate (n = 10).
Inertsil ODS-3 (4.6 mm i.d., 150 mm); mobile phase: methanol/water (85:15); ﬂow rate: 1.0
mL/min; temperature: 40jC; detector: RI.

ethoxylate becomes broad compared with octylphenol ethoxylate because nonylphenol includes various isomers.
In order to analyze EO chain length distribution, reverse-phase HPLC with
acetonitrile/water can be applied (Fig. 39). Because higher ethoxylates are more polar
than lower ethoxylates, POE alkylphenyl ether elutes in order of decreasing EO
number under most reverse-phase conditions.
EO chain length distribution analysis of nonylphenol ethoxylate (n = 9) is
shown in Fig. 40 [101]. Because this separation depends on EO chain length without
being inﬂuenced by the hydrophobic group, each peak of nonylphenol ethoxylate with
isomeric hydrophobe groups is sharpened. Moreover, the sensitivity can be further
improved by using a ﬂuorescence detector. Under the described condition, the elution
takes place in order of increasing EO number.
Fatty acid ethoxylates usually contain diesters of polyethylene glycols, as well as
monoesters. For monoester analysis, again methanol/water mobile phase is used for
alkyl chain analysis [102] and acetonitrile/water is used for EO chain length distribution analysis [103] by reverse-phase HPLC. Moreover, by a backﬂash procedure [104]
after the reverse-phase HPLC analysis, monoester and diester can also be separated.
HPLC analysis conditions of ester-type nonionic surfactants are summarized in
Table 8.

C. Gas Chromatography
Most of nonionic surfactants, except for the low molecular weight of each homologous
series, are not volatile enough for direct GC analysis. GC analysis of nonionic
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FIG. 39 Reverse-phase HPLC analysis of octylphenol ethoxylate. Inertsil ODS-3 (4.6 mm
i.d., 150 mm); mobile phase: acetonitrile/water (50:50); ﬂow rate: 0.6 mL/min; temperature:
25jC; detector: UV (254 nm).

surfactants is performed for the purpose of acquiring structural information, such as
isomer distribution of EO chain length and alkyl chain length. Because GC provides
superior resolution and excellent speciﬁcity, detection is achieved by MS. Therefore,
GC-MS is an excellent tool for the analysis of complex mixtures.
Direct GC analysis of alcohol ethoxylates (C12 and C13, n = 5) is shown in
Fig. 41. Analysis of the alkyl chain distribution and EO chain distribution is possible
simultaneously. However, when the alkyl chains are a complicated mixture, their
distribution and the EO chain distribution may overlap. The method is applicable for
the determination of adducts containing up to 13 or 14 mol of ethylene oxide.
Although the GC analysis of TMS derivatives obtains the same information as
the acetyl derivative method, it is more convenient due to the simple derivatization
procedure. Derivatization enables the GC analysis of ethoxylates up to homologues of
16–18 EO units. With ﬂame ionization detector, the average EO adduct number can be
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FIG. 40 Normal-phase HPLC analysis of nonylphenol ethoxylate. Hypersil NH2 (2.1 mm
i.d., 10 mm); mobile phase: (A) hexane/2-propanol (98:2), (B) n-2-propanol/water (90:10); ﬂow
rate: 0.3 mL/min; temperature: 40jC; detector: ﬂuorescence (Ex 230 nm, Em 300 nm); gradient
program: 3% (3 min) ! 57% B/22 min. (From Ref. 101.)

calculated by the peak areas, which correspond to the weight percent of mass of the
individual species.
However, although this is approximately correct for homologues containing 10
or more EO units, serious errors are seen with the lower adducts. Because the percent
of oxygen in the starting alcohol and the lower adducts is signiﬁcantly less than in the
higher adducts, the response of the FID is higher than the higher adducts. The
response of the FID decreases with higher chain length.
In principle, this can be corrected by simple calibration: the concept of eﬀective
carbon number allows conversion of the FID output to mole percent or weight percent
composition, without internal or external calibration. For underivatized ethoxylated
alcohols of low molecular weight, a good agreement with theory was found for the
observed response of 0.61 for C12EO6 relative to dodecanol on a weight basis and 1.48
on a molar basis, compared to a calculated molar response factor of 1.59 [105]. For
TMS and acetate derivatives, similar calculated factors, on a weight basis, are 1.72 and
1.63, respectively [106]. Furthermore, in case of homologues containing 18 or more EO
units, the analysis by GC is impossible and analysis by HPLC or SFC is recommended.
An assortment of GC analysis conditions for the separation of the TMS
derivative of various nonionics is summarized in Table 9.
For the GC analysis of the alkyl chain composition of very complex alcohol
ethoxylate mixtures, the ether bonds can be cleaved by treatment with hydrogen
bromide or hydrogen iodide [107–114], an acetic anhydride/p-toluenesulfonic acid

Esters of sorbitol,
sucrose, glucose, and
fructose

Ethoxylated fatty acid

Compounds

Methanol or methanol/water
mixtures
(A) 0.1% Acetic acid in water
(B) Acetonitrile 65%
B/38 min
90% B/48 min
90% B/75 min
Methanol/water (80:20)
Hexane/2-propanol/water/
acetic acid (105:95:10:1) or
(140:60:5:1)
Various gradients of hexane/
isopropanol/methanol
Tetrahydrofuran

Various C8 column (4.6 mm i.d.,
250 mm)
Nucleosil 120-5C18 (4 mm i.d., 250
mm) and (4 mm i.d., 100 mm)

LiChrosorb SI-60 (4.6 mm i.d.,
250 mm)
Finepack GEL-201 SEC media,
two columns, each 2 mm i.d.,
500 mm

ABondapak C18
LiChrosorb Diol (4 mm i.d., 250
mm)

Acetone/water (70:30)

Mobile phase

LiChroprep PR-18 (20 mm i.d.,
500 mm)

Column

TABLE 8 HPLC Analysis of Ester-Type Nonionic Surfactants—Experimental Conditions

UV (220
nm)
RI

RI
UV (210
nm)

ELSD

RI

RI

Detector

Separation by number of acyl
group (9)

Separation of polyoxyethylene,
monoester, and diester with
backﬂash method (1)
Examination of retention
behavior (2)
Separation of ethoxylated
alcohol and ethoxylated
fatty acid; EO distribution;
comparison of UV, RI, and
ELSD (3)
Determination of diester (4)
EO distribution of monoester,
diester, and
polyethyleneglycol (5–7)
EO distribution (8)

Comments
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LiChrosob RP-18 (4.6 mm i.d.,
250 mm)
LiChrosob RP-18 (4.6 mm i.d.,
250 mm)
LiChrosob RP-18 (4.6 mm i.d.,
250 mm)

Sucrose esters

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)

Acetonitrile

Isopropanol/water

Gradient from isooctane/
isopropanol (99:1) to
isopropanol or ethanol/
water (90:10)
Methanol/water (95:5)
RI and UV
(220 nm)
UV (220
nm)
UV (204
nm)

UV (220
nm)

Separation by number and
type of acyl group (11)
Separation by number of acyl
group (12)
Separation by type of acyl
group (13)

Separation by number of acyl
group (10)

M. Kudoh, M. Kotsuji, S. Fudano, K. Tsuji, J. Chromatogr. 1984, 295, 187.
P. Varughese, M.E. Gargoda, R.K. Gilpin, J. Chromatogr. 1990, 499, 469.
Y. Mengerink, H.C.J. DeMan, Sj. Van der wal, J. Chromatogr. 1991, 552, 593.
N. Parris, J.K. Weil, J. Am. Oil Chem. Soc. 1979, 56, 775.
I. Zeman, M. Paulovic, Proceedings of the 2nd World Surfactants Congress, Paris, 384, 1988.
I. Zeman, J. Chromatogr. 1986, 363, 223.
I. Zeman, J. Siha, M. Bares, Tenside 1986, 23, 181.
A. Aserin, N. Garti, M. Frenkel. J. Liq. Chromatogr. 1984, 7, 1545.
H. Seino, T. Uchibori, T. Nishitani, S. Inamasu, J. Am. Oil Chem. Soc. 1984, 61, 1761.
Brueschweiler, Mitt. Geb. Lebensm.unters. Hyg. 1977, 68, 46.
V.R. Kaufman, N. Garti, J. Liq. Chromatogr. 1981, 4, 1195.
N. Garti, E. Wellner, A. Aserin, S. Sarig. J. Am. Oil Chem. Soc. 1983, 60, 1151.
G. Sudrand, J.M. Coustard, C. Retho, M. Caude, R. Rosset, R. Hagemenn, D. Gaudin, H. Virelizier, J. Chromatogr. 1981, 204, 397.

Monoglycerides

Sorbitan esters

APosaril silica (4 mm i.d., 300 mm)

Esters of glycerol,
sorbitan, and sucrose
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FIG. 41 GC chromatogram of alcohol ethoxylate (C12 and C13, n = 5). Column: DB1-ht
(0.25 nm i.d., 30 m); ﬁlm thickness: 0.11 Am; oven temperature: 60jC (5 min) ! 395jC, 10jC/
min; injection temperature: 390jC; detector temperature: 390jC; split ratio: 10:1. (E) Dodecyl
ethoxylates; (.) tridecylethoxylates.

mixture [115], or phosphoric acid [116]. A hydrogen iodide cleavage method for the
determination of ethylene oxide and propylene oxide content is described as a
European standard method [117].
The GC chromatogram of the alkyl iodides resulting from such a procedure
is shown in Fig. 42. In this case, after reﬂuxing the hydrogen iodide solution, which
contains the alcohol ethoxylate sample or fraction, the alkyl iodides from the
alcohol groups and the ethyl iodide and propyl iodide from the ethylene oxide and
propylene oxide groups, respectively, are extracted with hexane. An aliquot of the
hexane solution is injected into the GC instrument. The separation is very clear
and enables an unambiguous characterization of the alkyl chain length and isomer
distribution.
Meanwhile, when hydrobromic acid (50% in glacial acetic acid) is used as
cleavage reagent for alkyl polyoxyethylene/polyoxypropylene adducts, dibromoethylene, dibromopropylene, and alkyl bromide results. These are carefully extracted with
carbon disulphide so that volatile ingredients may not volatilize. The carbon disulphide solution is injected into the GC instrument. The solvent has no response to FID.
This method can be applied for the simultaneous determination of the EO/PO degrees
and the alkyl chain length distribution [118].
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TABLE 9 Analysis of the TMSa Derivatives of Nonionic Surfactants by GLC—Experimental
Conditions
Compounds

Column

Temperature

Ethoxylated alcohol
and ethoxylated
alkylphenol

OV-1 capillary (0.53
mm i.d., 10 m)

Ethoxylated amines

3% OV-17 on
Chromosorb G
AW DMCS, 1.8 m
175–300jC,
3% SP-2100 on
8jC/min
Supelcoport, 2 mm
i.d., 6 ft
70–380jC,
3% Dexsil 300 GC
16jC/min
(Olin Matheson)
on Chromosorb W,
50 cm
3% JXR on Gas
120–325jC,
Chrom Q, 3 ft
10jC/min

Alkyl diethanolamides
Sucrose esters

Esters of glycerol,
polyglycerol,
sorbitol, and
sorbitan

Detector

80–180jC
FID
(25jC/min)–
400jC (8jC/
min)
120–320jC,
FID
4–6jC/min
FID
FID

FID

Comments
Methyldisilazine
(HMDS)/
trimethylchlorosilane
(TMCS) (1)
EO distribution, N,Obis(trimethylsilyl)acetamide (BSA) (2–4)
Separation by alkyl
chain length BSA and
TMCS (5)
Separation by number of
acyl group and by
alkyl chain length
BSA and TMCS (6)
Identiﬁcation of main
components, HMDS,
and TMCS (7–9)

a

TMS = Trimethtylsilyl
(1) P. Sandra, F. David, J. High Resolut. Chromatogr. 1990, 13, 41.
(2) H. Szewczyk, J. Szymanowski, W. Jerzykiewicz, Tenside 1982, 19, 287.
(3) J. Szymanowski, H. Szewczyk, J. Hetper, J. Beger, J. Chromatogr. 1986, 351, 183.
(4) M. Wisniewski, J. Szymanowski, B. Atamanczuk, J. Chromatogr. 1989, 462, 39.
(5) A.W. O’Connell, Anal. Chem. 1977, 49, 835.
(6) R.K. Gupta, K. James, F.J. Smith, J. Am. Oil Chem. Soc. 1983, 60, 1908.
(7) M.R. Sahasrabudhe, J.J. Legari, J. Am. Oil Chem. Soc. 1967, 44, 379.
(8) M.R. Sahasrabudhe, J. Am. Oil Chem. Soc. 1967, 44, 376.
(9) M.R. Sahasrabudhe, R.K. Chadha, J. Am. Oil Chem. Soc. 1969, 46, 8.

Because sorbitan acylate is a complex mixture of species, the surfactant is split,
generally at the junction of the hydrophobic and hydrophilic groups, and the fragments are put into volatile form. Alkyl chain analysis of sorbitan laurate after cleavage
with lithium aluminum hydride is shown in Fig. 43 [119] and hydrophilic group
analysis of the same sample is shown in Fig. 44. In Fig. 43, saturated and unsaturated
C8–C18 alcohols are observed in addition to the main ingredient lauryl alcohol. In Fig.
44, the hydrophilic groups consist of 1,4,3,6-sorbite, 3,6-sorbitan, 1,4-sorbitan, and
1,5-sorbitan. This method is also applicable to esters of fatty acid and sucrose.

D. Supercritical Fluid Chromatography
The analysis of EO chain length distribution of POE-type nonionic surfactants by GC
and HPLC has been described above. However, with GC, there is a problem with the
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FIG. 42 GC chromatogram of alcohol ethoxylate (C12–C18) after cleavage with hydrogen
iodide Column: DB1-ht (0.25 nm i.d., 30 m); ﬁlm thickness: 0.11 Am; oven temperature: 60jC
(5 min) ! 350jC, 10jC/min; injection temperature: 350jC; detector temperature: 350jC; split
ratio: 10:1.

FIG. 43 Alkyl chain analysis of sorbitan laurate. Column: 1.5% SE-30/Gas Chrom Q (3 nm
i.d., 1.5 m); carrier gas: N2 (75 mL/min); oven temperature: 100 ! 250jC, 4jC/min; injection
temperature: 250jC; detector temperature: 250jC. (From Ref. 119.)
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FIG. 44 Hydrophilic group analysis of sorbitan laurate: (a) 1,4,3,6-sorbide; (b) 3,6-sorbitan;
(d) 1,5-sorbitan. Column: 1.5% SE-30/Gas Chrom Q (3 nm i.d., 1.5 m); carrier gas: N2
(75 mL/min); oven temperature: 100 ! 250jC, 4jC/min; injection temperature: 250jC;
detector temperature: 250jC. (From Ref. 119.)

volatility of samples and the adsorption in the column; the problem with HPLC is the
low resolution. In order overcome these limitations, SFC, which used the supercritical
carbon dioxide as mobile phase, has been investigated. The feature of supercritical
carbon dioxide is its high solubility over various analytes because of its high density,
and it has a high diﬀusion coeﬃcient because of low viscosity. Therefore, SFC gives
higher resolution and higher speed than HPLC for many analyses of nonionic
surfactants, while not requiring that compounds are volatile, as does GC. These
features mean that SFC is suitable for analysis of oligomers such as POE-type
nonionic surfactants. Furthermore, it is also the advantage of SFC that a broad
spectrum of detectors is available. SFC analysis of octylphenol ethoxylate is shown in
Fig. 45.
Moreover, it is applicable not only to analyses of alkyl chain distribution and EO
chain distribution but also to separation of monoglycerides, diglycerides, and triacylglycerides (Fig. 46) [120]. When acetone (30 mL/min) as a modiﬁer is added to
supercritical carbon dioxide (300 mL/min) using silica column under low-temperature
(40jC) and high-pressure (back pressure: 330 kg/cm2) conditions, triglyceride and
diglyceride are completely separated. If the ﬂow rate of acetone is changed to 100 AL/
min, monoglyceride will also elute. This method can be adapted for other ester-type
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FIG. 45 SFC analysis of octylphenol ethoxylate—chromatogram and separation conditions.
Column: Shiseido SG 120A (4.6 mm i.d., 150 mm); oven temperature: 40jC; eluent: CO2 (300
AL/min); modiﬁer: ethanol (a: 30 AL/min); back pressure: 330 kg/cm2, ELSD (70jC).

FIG. 46 SFC analysis of monoglyceride, diglyceride, and triglyceride. Column: Shiseido SG
120A (4.6 mm i.d., 150 mm); oven temperature 40jC; eluent: CO2 (300 AL/min); modiﬁer:
ethanol (a: 30 AL/min); back pressure: 330 kg/cm2, ELSD (70jC). (From Ref. 120.)
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nonionic surfactants. A selection of SFC applications for the analysis of nonionic
surfactants is listed in Table 10.

V. MISCELLANEOUS METHODS
A. Capillary Electrophoresis
In capillary electrophoresis (CE), separation is based on diﬀerences in electrophoretic
mobilities (determined by charge and size of the ion) of the analytes. The separation
is preferably performed in quartz capillaries, in which an electroosmotic ﬂow (EOF)
of the whole buﬀer medium inside the capillary is generated at buﬀer pH > 3.5. At
normal polarity, the EOF is directed toward the cathode; thus, cations migrate to
the cathode rapidly by EOF and electrophoretic migration, whereas anions migrate
to the cathode slowly by oﬀset of EOF and electrophoretic migration. Owing to the
separation mechanism, this method is ideal for the separation of ionic surfactants.
Separation of nonionic surfactants is also possible if advantage is taken of additional
interactions with charged components in the separation buﬀer. Besides high separation eﬃciency, the possibility of rapid method development, suitability for small
sample volumes, low solvent consumption, and sort analysis time are among the
advantages of CE.
CE separations of alkylphenol ethoxylates are carried out with sodium dodecyl
sulfate (SDS) in buﬀers with high amounts of organic solvents [121–126]. Octylphenol
ethoxylate and nonylphenol ethoxylate are separated as their EO homologues.
Inﬂuences of electrophoretic conditions such as pH and electrolyte concentration,
type and content of anionic surfactant, and organic solvents are investigated. In
conclusion, SDS concentration of 40–100 mmol/L and acetonitrile contents of 20–
40% in phosphate or borate electrolytes are found to be useful in separating the
nonionic surfactants (Fig. 47).
Another possibility for CE separation of nonionic surfactants is derivatization of
anionic compounds with phthalic anhydride. The method does not require any further
interactions in the electrolyte system for electrophoretic migration of analytes. In
addition, a nonabsorbing nonionic surfactant (e.g., ethoxylated alcohol) is also
detected by UV measurement [121,126].

B. Flow Injection Analysis
Flow injection analysis can be easily automated and allows a high-sample throughput.
FIA of nonionic surfactants was performed based on the organic solvent extraction of
ion pairs of anionic ion marker and cationic complex, which formed nonionic
surfactants and added metal ion. Tetrathiocyanatocobaltate ammonium (TTCA)
[127–129], tetrabromophenolphthalein ethyl ester potassium salt (K-TBPE) [130],
potassium picrate [131], and iron thiocyanate [132] are used as markers. Absorption
spectroscopy and atomic absorption spectrophotometric detection are used. An
example of FIA of the nonionic surfactant using potassium picrate is given. The
method is based on the formation of a ‘‘surfactant–K+–picrate’’ adduct and subsequent extraction into 1,2-dichloroethane. The schematic diagram of ﬂow system is

Ethoxylated
alkylphenol

EO/PO fatty alcohol

Ethoxylated alcohol

Compounds

Polydimethylsiloxane, 100 Am
i.d., 20 m
Lee Scientiﬁc SB-Methyl 100
or DB-1 50 Am i.d., 10 m
Lee Scientiﬁc SB-Biphenyl-30,
50 Am i.d., 10 m
Lee Scientiﬁc SB-Biphenyl-30,
50 Am i.d., 3 m
Lee Scientiﬁc SB-Biphenyl-30,
50 Am i.d., 10 m
PS 264 dimethyldiphenylmethylvinylsiloxane 0.25
Am, 50 Am i.d., 25 m
Lee Scientiﬁc SB-Methyl 100,
0.25 Am, 50 Am i.d., 25 m
5% SE-54 crosslinked with
azo-tert-butane, 1 Am, 100
Am i.d., 30 m
Keystone Scientiﬁc Delabond
cyanopacked column, 1 mm
i.d., 100 mm
Hamilton RPR-1 polystyrene/
divinylbenzene, 4.6 mm i.d.,
250 mm

Column

TABLE 10 Analysis of Nonionic Surfactants by SFC

(4)
(5,6)
Comparison of before and
after HBr cleavage (7)

FID
FID or MS
FID

CO2/acetonitrile
gradient 95:5 to 45:55/
130 min at 135jC and
25 MPa, or CO2/
methanol gradient
95:5 to 64:36/130 min
at 80jC and 29 MPa

CO2, pressure control,
150jC

UV (195 or
280 nm)

FID

MS

Ethoxylated octylphenol,
derivatized with BSTFA
(10)
(11)

Ethoxylated octylphenol (9)

(8)

(3)

FID

FID

(2)

FID or MS

CO2, pressure control,
160jC
CO2, pressure control,
100jC

(1)

FID

CO2, density control,
100jC
CO2, pressure control,
120jC
CO2, pressure control,
75jC
CO2, density control,
100jC
CO2, density control,
125jC
CO2, density control,
125jC

Comments

Detector

Mobile phase
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(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)

Shiseido SG 120A 4.6 mm i.d.,
150 mm

SE-54, 0.1 Am, 50 Am i.d., 10 m

CO2, pressure control,
130jC
CO2/ethanol (10:1), 35
min (3:1), 45 min at
40jC

CO2, pressure control,
100jC
CO2/methanol, pressure
control, 255jC
Ethanol/hexane (50:50),
260jC

ELSD

FID

Triﬂuoroacetic anhydride
derivatives (15)
Separation of a cosmetics
formulations (16)

(14)

UV, MS

(12)
Octylphenol EO, 9 mol (13)

FID
UV (215 nm)

P.R. Geissler, J. Am. Oil Chem. Soc. 1989, 66, 685.
J.D. Pinkston, D.J. Bowling, T.E. Delaney, J. Chromatogr. 1989, 474, 97.
H.T. Kalinoski, A. Jensen, J. Am.Oil Chem. Soc. 1989, 66, 1171.
D.E. Knowles, L.Nixon, E.R. Cambell, D.W. Later, B.E. Richter, Fresenius Z. Anal. Chem. 1988, 330, 225.
J.A. Crow, J.P. Foley, J. High Resolut. Chromatogr. 1989, 12, 467.
H.T. Kalinoski, L.O. Hargiss, J. Chromatogr. 1990, 505, 199.
F.I. Onuska, K.A. Terry, J. High Resolut. Chromatogr., Chromatogr. Commun. 1988, 11, 874.
D.W. Later, B.E. Richter, M.R. Anderson, An emerging technology in perspective, LC-GC 1986, 4, 992.
R.D. Smith, H.R. Udseth, Anal. Chem. 1987, 59, 13.
T.A. Dean, C.F. Poole, J. High Resolut. Chromatogr. 1989, 12, 773.
B. Gemmel, B. Lorenschat, F.P. Schmitz, Chromatographia 1989, 27, 605.
J.L. Hensley, H.M. McNair, J. Liq. Chromatogr. 1986, 9, 1985.
T. Takeuchi, T. Niwa, D. Ishii, Chromatographia 1987, 23, 929.
K. Matsumoto, S. Tsuge, Y. Hirata, Shitsuryo Bunseki 1987, 35, 15.
P. Sandra, F. David, J. High Resolut. Chromatogr. 1990, 13, 414.
A. Igarashi, S. Tanaka, Y. Horiguchi, J. Jpn. Oil Chem. Soc. 1996, 45, 655.

Monoglyceride,
diglyceride, and
triglyceride

Fatty alcohol, acid,
and alkyldiethanol
amide
Ethoxylated amine

Deverosil ODS-5 0.7 mm i.d.,
150 mm
ODS-Q3 0.5 mm i.d., 800 mm

OV-1701, 100 Am i.d., 10 m
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FIG. 47 Migration behavior of octylphenol ethoxylate in dependence on degree of
ethoxylation. Buﬀer: 10 mmol/L phosphate (pH 6.8), 70 mmol/SDS, 35% acetonitrile,
UVD 200 nm. (From Ref. 121.)

shown in Fig. 48 [131]. Interferences from ionic amphoteric surfactants are minimized
by selective retention of ion exchange resins inserted in the FIA system. The
quantitative analysis of triton-type nonionic surfactants in the range of 0.04–1.0
mg/L is possible, and the detection limit is about 0.01 mg/L.
Another possibility for FIA of nonionic surfactants is based on the change in
wavelength and intensity of the absorbance of a solution of alizarin ﬂuorine blue; this
procedure was applied for APE determination by FIA [133]. Because other surfactants
interfere with this phenomenon, they are removed by on-line ion exchange or
adsorption chromatography. The analysis is possible through a solution-phase
system, without performing extraction by the organic solvent, and separation.
Moreover, because the nonionic surfactants form complexes with metal ions,
electrodes can be applied for detection in FIA systems [134–136].
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FIG. 48 Schematic diagram of ﬂow system: (a) without column; (b) with column. (From
Ref. 131.)

C. Enzyme-Linked Immunosorbent Assay (ELISA)
The ELISA method is one of the numerous analysis methods adapting the antigen–
antibody reaction. It is used very extensively in biochemistry due to its high selectivity,
high sensitivity, and simple handling with common equipment. Recently, ELISA has
been applied to the quantitative analysis of surfactants [137–139].
An antisurfactant antibody is ﬁrst coated to the solid-phase surfaces, such as a
tube, a bead, or a microplate. The mixed solutions of an enzyme-labeled surfactant
and a sample solution that contains a surfactant (antigen) are added.
After a competition reaction, the object surfactant (antigen) and enzyme-labeled
surfactant, which were not combined with coated antibody, are washed and removed
with buﬀer solution. The chromogen substrate is added then and reacts with the
enzyme-labeled surfactant combined with the antibody, and shows absorption of
characteristic wavelength. Therefore, the enzyme-labeled surfactant combined with
the antibody can be quantiﬁed by the measurement of the absorption of a characteristic wavelength. In fact, with the increase of surfactant concentration, the amount of
combination to the antibody of an enzyme-labeled surfactant decreases in inverse
proportion.
For the assay of ethoxylated alcohol or ethoxylated alkylphenol, a kit, which
consists of the precoated tube or the microplate and enzyme-labeled surfactant
and chromogen substrate, is commercially available. In the case of ethoxylated alcohol and ethoxylated alkylphenol, linearity is acquired for a concentration range of
20–1000 ppb.
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VI. DETERMINATION OF NONIONIC SURFACTANTS
IN DETERGENTS
Laundry detergents are, as has been demonstrated in Chapter 2, very complex
mixtures of a broad spectrum of ingredients. Therefore, it is normally compulsory
to isolate the nonionic matter from the matrix before speciﬁc analysis can be
started.

1. Isolation of Nonionic Ingredients
The common routine procedure for isolation of nonionic ingredients from a detergent
is demonstrated in Scheme 1.
In the ﬁrst step, all surfactants (and also other comparable soluble components)
are isolated by solid/liquid solvent extraction (for details, see Chapter 3, Section
VII.A). A further speciﬁc separation of the nonionic matter is achieved by passing an
alcoholic solution of the extracted matter through anion and cation ion exchange resin
(single-column or a mixed-bed procedure). The nonionic matter is not retained and
can be isolated by evaporating the solvent.
Open column adsorption chromatography may also be used (for details, see
Chapter 3, Section VII.D), but ﬁnds only limited application in daily routine because it
is time-consuming. Alumina has been reported as a suited stationary phase especially
for nonionic separation. A typical procedure is outlined in Scheme 2.

Procedure
1. Prepare a slurry 80–100 g of activated alumina with ethylacetate/methanol (1:1)
mixture.
2. Transfer the slurry to a glass column (25 mm  30 cm) ﬁtted with a glass tap at the
bottom.

SCHEME 1 Isolation of nonionic surfactants by extraction and ion exchange procedure.
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SCHEME 2 Isolation of nonionic surfactants by open column chromatography using
alumina.

3. Dissolve the alcohol-soluble matter at a minimum volume of ethyl acetate/
methanol (1:1).
4. Transfer to the column with the same solvent. Connect a solvent reservoir to a
column.
5. Elute with the solvent (the ﬂow rate is 0.3–0.5 mL/min).
6. Evaporate the eﬄuent on the water bath, dry for 1 h at 105jC, cool, and weigh.
The procedure for the isolation of the nonionic matter has to be adapted always to
the type of sample. If an automatic dishwasher agent has to be analyzed, which
contains, according to experience, surfactants of a very low concentration range and
only nonionics, an extraction with acetyl acetate would be satisfactory to isolate a
suﬃcient pure test sample fraction.

A. Detailed Qualitative and Quantitative Analysis
Precise identiﬁcation and characterization are especially diﬃcult for nonionic surfactants because, in contrast to other surfactants, both the hydrophilic and the hydrophobic molecule parts show a distribution of homologues and isomers. With respect to
the particular analytical problem, it might be necessary to apply nearly the whole
spectrum of modern analytical techniques (Scheme 3) (see also Chapter 3). Test
materials for all further measurements in the nonionic matter isolated and puriﬁed are
as described before.
Qualitative analysis by spectrometric or chromatographic analysis is the next
step now. The approach depends on the identiﬁed types and individual analytical
tasks. As demonstrated in Scheme 3, for each nonionic surfactant type, a tailored
procedure has to be applied, which can comprehend numerous methods and techniques. But here again, only the analytical chemist responsible can decide as to which
approach is really the best. The detailed characterization of nonionic surfactants is,
due to their complex composition, only possible with the help of a broad spectrum of
highly sophisticated instrumental techniques and, of course, with a lot of experience of
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General determination scheme for nonionic surfactants.

the performing analyst. Mass spectrometry has proven to be an especially powerful
tool in this ﬁeld. MALDI-TOF-SIMS is an excellent tool for the characterization of
nonionic surfactants with higher molecular weight. HPLC-MS has become a broadly
available routine technique during the last years, which can be seen from the growing
number of publications referring to this technique. The technique enables, due its high
speciﬁty, the simultaneous determination of many ingredients even in a complex
detergent or environmental matrix. The development of more and more powerful
instruments and data systems will hopefully bring further improvements in this ﬁeld
in the future.
Also the development of microtechniques such as ELISA might bring further
progress, but so far, it is not assessable whether such techniques will ﬁnd broader
application in detergent analysis.
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4
Determination of Anionic
Surfactants
RÜDIGER SPILKER Sasol Germany GmbH, Marl, Germany

I. INTRODUCTION
The anionic surfactants, which include the carboxylates, sulfonates, sulfates, and to
a lesser extent the phosphates, represent the most important type of surfactants
(Table 1).
The soaps may be the oldest surfactant that have been used as washing and
cleansing agents. They are produced from the hydrolysis of fats and oils with alkali.
Commercial soaps are mostly mixtures of salts of lauric, myristic, palmitic, stearic,
and oleic acids. The potassium and ammonium soaps are much more soluble in water
than the sodium soaps. They precipitate in hard water because of the poor solubility
of the calcium and magnesium salts. The surfactant properties of soaps comprise
good wetting power, foaming power, high detergency, and soil-carrying capacity.
Among others, nowadays one essential use of the soaps is in the ﬁeld of body care.
Here they are consumed as toiletry soaps, liquid soaps, shaving soaps, and skinprotection soaps. Because of their alkalinity and sensitivity to hard water, the soaps
have lost their importance as cleaning agents in textile washing. Especially because of
their reactivity with the hardness components in water, they are still applied in heavyduty detergents. Washing powders in western Europe contain some percent soap of
higher fatty acids, which form calcium soaps in the washing liquid and then act as a
defoaming agent. Liquid detergents are mostly formulated with large amounts of
coconut fatty acids. Fatty acids and their esters are the basis for a large number of
compounds that are utilized in cosmetics as skin mild anionics. Examples of those
derivatives are:
sarconisate : RCO  NðCH3 ÞCH2 COONa
asparginate : RCO  NHCHðCOONaÞCH2 CH2 COONa
isethionate : RCO  OCH2 CH2 SO3 Na
taurate : RCO  NðCH3 ÞCH2 CH2 SO3 Na
Ethoxylates can be transformed into polyether carboxylates by selective oxidation of
the terminal primary hydroxyl group or by carboxy methylation of this hydroxyl
group with sodium chloroacetate. The hydrophobic group can arise from various
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adducts, from natural or synthetic sources, from linear or branched alcohols, as well
as from alkyl phenols or dialkyl phenols. Normally, the degree of ethoxylation is
between 2 and 10 mol ethylene oxide. The sodium salts of polyether carboxylic acids
are water-soluble, mild, very resistant against water hardness, and have extremely
good dispersal and emulsifying power. This is why they are appropriate for many
application ﬁelds as for surfactants in detergents and cosmetics [1] or as industrial
emulsiﬁers. Further variations can be achieved in using propylene oxide/ethylene
oxide adducts instead of simple ethoxylates for carboxy methylation.
The disodium salts of the a-sulfofatty acids are poorly soluble in water and so
they are not of signiﬁcant interest. But the monosodium salts of the a-sulfofatty esters,
especially the methylesters, are relatively soluble in water whereby they can be used in
many applications. The sodium salts of the a-sulfofatty esters are resistant to
hydrolysis, they are less sensitive than the disodium salts to water hardness, and they
are moderate wetting agents with good properties in detergents. Because they are
relatively mild to the skin, they are also proposed for cosmetic formulations. The
a-sulfofatty esters are good dispersants for calcium soaps and they ﬁnd application in
toiletry soaps [2].
The commercially important chemistry of the surfactants started with the fatty
alcohol sulfates [3]. Initially, primary alcohol sulfates were produced from natural fats
and oils by hydrogenation of the fatty acid esters, but soon equivalent raw products
were synthesized petrochemically. The commercially important alcohol sulfates are
derived from linear or branched primary alcohols with 12–18 carbon atoms. In
aqueous solution, the alcohol sulfates are hydrolytically stable in neutral or alkaline
media. Under warm and acidic conditions, alcohol sulfates are hydrolyzed. The
primary and linear alcohol sulfates are signiﬁcantly more heat-resistant than the
a-branched or secondary alcohol sulfates, which decompose to oleﬁns. Alcohol
sulfates are extensively used in washing and cleansing agents. Because of their higher
solubility at low temperatures, the shorter alcohol sulfates, which are based on C12–
C15oxo alcohols or coconut fatty alcohols, are used in liquid detergents, personal
care products, toothpastes, and shampoos. The long-chain tallow fatty alcohol
sulfates are preferred in heavy-duty detergents.
Commercial alcohol ether sulfates [4,5] are produced from the low-mole
ethoxylates of lauric alcohol, coconut fatty alcohol, or branched C12 to C15oxo
alcohols. Aqueous solutions of ether sulfates show a special behavior, because their
viscosity ﬁrst increases by adding an electrolyte such as sodium chloride and then
decreases with further addition. Regarding the salt concentration, the maximum
viscosity depends on the structure of the ether sulfate. Compared to alcohol sulfates,
the corresponding alcohol ether sulfates are more water-soluble and show better
tolerance to hardness. Because of these properties as well as their mildness to skin and
their foaming power, alcohol ether sulfates ﬁnd use in all-purpose cleaners, rinsing
agents, as well as in shampoos and shower gels.
The commercial mixtures of primary and secondary phosphoric acid esters range
from short esters of methanol, butanol, or ethylhexanol to those of oleic or stearic
alcohols including the corresponding ethoxylates [6,7]. Often phosphoric esters are
applied as surfactants in alkaline and acidic industrial and household cleaning agents.
While the alkyl phosphates serve more as antifoaming agents in detergents, the alkyl
etherphosphates are utilized as foaming surfactants. Long-chain alkyl phosphates
and alkyl etherphosphates are valuable surfactants and emulsiﬁers in cosmetics. The
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phosphoric esters of alkylphenol ethoxylates are also very important in industrial
application ﬁelds.
Next to the soaps, the alkylbenzene sulfonates [8,9] are the most important
surfactants by volume. At low temperatures, the sulfonation of alkylbenzenes such as
dodecyl benzene with concentrated sulfuric acid, oleum, or sulfur trioxide takes place
in the para-position. Water-soluble alkylbenzene sulfonates are sensitive to hardness
because their calcium salts are sparingly soluble. Alkylbenzene sulfonates are only
surface active with eight or more carbon atoms in the alkyl group. Homologue and
isomeric mixtures of alkylbenzene sulfonates with alkyl chains of 10–14 carbon atoms
and an average chain length of approximately 12 are universal surfactants. For many
years, they have been widespread in washing powders, liquid detergents, household
and industrial cleansers, in alkaline, acidic, and chemical cleaning agents. In textile
production, they are important as wetting agents, dispersants, or cleansers.
Oleﬁn sulfonates [10] are produced by sulfonation of a-oleﬁns and subsequent
hydrolysis and neutralization. The synthesized sulfonates consist of 50–60% alkene
sulfonate and 40–50% hydroxyalkane sulfonate. The C12 and C14oleﬁn sulfonates
are very water-soluble and interesting as surface-active agents, often a C14–C16–oleﬁn
sulfonate mixture is used. They are good foaming agents and washing agents. Oleﬁn
sulfonates are utilized in detergents, especially in powdered cleaning agents such as
carpet cleansers or in rinsing agents.
In alkane sulfonates [11], the sulfonate group is more or less statistically
distributed among all internal carbons of the alkane, which eﬀects a high water
solubility. In these products, the solubility is also enhanced by 10% di- and polysulfonates. Generally, only paraﬃns with 13–18 carbons are used, preferably 14–17
carbons with an average chain length of C15. Because of their good aqueous solubility,
alkane sulfonates are well suited for liquid formulations. Hence they are preferably
used in liquid household and all-purpose cleaners and in rinsing agents.
The sulfosuccinic acid esters [12] are generally handled as aqueous solutions.
Because the ester groups are easily hydrolyzable, the solutions must be adjusted to a
neutral pH range. The sodium salts of the diester crystallize well and are used in
powdered cleaners. The short-chain dialkyl sulfosuccinic acid esters with butyl, hexyl,
or ethylhexyl groups are readily soluble in water and show distinguished wetting
power and dispersal. The sulfosuccinic esters with long alkyl chains, especially the
disodium salts of the monoalkyl sulfosuccinic acid esters, are good detergents and
emulsiﬁers. The monoesters of the fatty alcohol ethoxylates with ethoxylation degrees
between 3 and 12 have gained importance in detergents and cosmetics.

II. CHROMATOGRAPHIC METHODS
The chromatographic methods are suitable for quantifying individual components in
mixtures or formulations as well as providing a qualitative impression about the
isomer and homologue distribution of surfactants. Thin-layer chromatography (TLC)
is commonly applied to analyze formulations regarding the included types of
surfactants. Thin-layer chromatography separation on silica layers often provides
rapid qualitative information on anionic surfactants, because the separation of
diﬀerent kinds of polar groups is quite simple. Thin-layer chromatographic methods
on reversed-phase layers are also published where a larger inﬂuence on the hydro-
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phobic chains of the surfactants is observed. But because of the typical large number of
alkyl chain isomers and homologues in mixtures, this technique usually results in
complex chromatograms, that do not allow a clear interpretation.
Reversed-phase high-performance liquid chromatography (HPLC) is a more
successful alternative. It is very suitable to detect and quantify UV-active substances.
The application of refractive index (RI) and evaporative light-scattering detectors
(ELSD) also render possible the detection of the other anionic surfactants. Obviously,
the preferred detection method for ionic compounds is the conductivity measurement,
so these methods can be characterized as high-performance liquid chromatography as
well as ion chromatography techniques. Because of the ionic character of the analyte,
liquid chromatography is often used by adding ion-pairing agent. The inﬂuence of the
hydrophilic anionic group on the column chromatography is suppressed and the
polarities and hydrophobicities of the other molecular parts become more important.
In some cases, it can be advantageous to characterize individual fractions by gas
chromatography. The soap fractions from the detergents are analyzed in this way after
transformation into the corresponding methyl esters. Alcohol ether sulfates, alkane
sulfonates, and alkylbenzene sulfonates can be analyzed by gas chromatography after
appropriate derivatizing reactions.
Recently, several reports have been published on the applicability of capillary
electrophoresis in detergent analysis. Many promising approaches were found but
capillary electrophoresis has not yet gained the prominence of the other chromatographic methods, because of the lower robustness of electrophoretical systems.
Additionally, these methods would only replace well-established methods of other
chromatographic techniques.
The various coupling techniques especially between liquid chromatography and
mass spectrometry are discussed in Section IV.

A. Thin-Layer Chromatography
Thin-layer chromatography is a very helpful tool to separate and identify anionic
surfactants in mixtures. In many cases, quantitative or at least semiquantitative
evaluation is possible. It is a relatively old method that is still used in many laboratories
for characterizing the composition of formulated products. In the course of time,
many new techniques have been developed to allow extensive identiﬁcation of
formulations. Advantages of thin-layer chromatography include speed, broad applicability, and small required sample size.
In TLC, numerous materials for stationary phases are available. Looking at the
bifunctional character of a surfactant molecule with its hydrophilic group and its
hydrophobic alkyl part, it is easy to select a suitable material depending on the aim of
the analysis. If the goal is to analyze the distribution of alkyl chains in the lipophilic
part, a rather nonpolar phase, e.g., a C18 reversed phase should be chosen. If the ionic
character of the surfactant is of more interest, a polar phase should be used [13]. In the
analysis of surface-active agents, it is important to note that the included surfactants
are rarely deﬁnite singular compounds. Mostly, they are complex mixtures of diﬀerent
homologues. Analyzing individual surfactants by separation of all the diﬀerent
homologues is not practical because the complex compositions lead to incomprehensible chromatograms. This is the reason for separation by functional groups in the ﬁrst
step using polar stationary phases.
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In thin-layer chromatographic analysis, ﬁrst of all, it is necessary to prepare
suitably diluted solutions of the surfactant-containing products [14,15]. Normally, this
solution is spotted directly onto the TLC plate without any further preparation steps.
Typical solvents include ethanol or methanol, but the water content of the solution
must be as low as possible. Too much water leads to broadened spots, which decreases
the chromatographic separation of the individual components. For diﬃcult separations, it can be useful to eliminate the water from the samples and to resolve the residue
in a nonpolar solvent.
The system developed by Bey on silica with n-propanol/chloroform/methanol/
10 N ammonia (10:10:5:2) as eluent was proved in many separations of surfactants.
A good resolution of anionic surfactants from nonionics and cationics is possible
(Fig. 1). However, with the exception of sulfosuccinic acid monoesters, all sulfonated
and sulfated anionic surfactants show similar Rf values and so it is diﬃcult to differentiate them. On the other hand, anionic surfactants containing carboxylate groups
can be well resolved because of their lower Rf values. In the range of the carboxylates,
we also ﬁnd the amphoteric imidazolin derivatives, whereas the alkyl amidobetaines
move signiﬁcantly slower. The cationic quaternary ammonium components appear as
an elongated spot from the origin to half the plate height. To diﬀerentiate alkyl sulfates
and alkyl ether sulfates from alkylbenzene sulfonates, Bey and Frahne established a
hydrolysis with hydrochloric acid or perchloric acid directly on the TLC plate before
the chromatography [16,17]. Because the sulfates are hydrolyzable, in contrast to the
alkylbenzene sulfonates, diﬀerentiation between these two types of surfactants is

FIG. 1 Retention factors Rf and ﬂuorescent colors of surfactants (stationary phase: silica gel
60; developing reagent: n-propanol/chloroform/methanol/10 N ammonia 10:10:5:2; visualization: pinacryptol yellow); (A) primary alcohol sulfate, (B) alcohol ethersulfate, (C) amide
ethersulfate, (D) alkylbenzene sulfonate, (E) alkylphenol ethersulfate, (F) fatty acid methyl
tauride, (G) fatty acid isethionate, (H) sulfosuccinic acid half ester, (I) fatty acid soap, (K)
fatty acid sarcoside, (L) fatty acid protein condensate, (M) quarternary ammonium
compound, (N) alkyl amido betaine, (O) imidazoline derivative, (P) amine oxide, (R) fatty
acid monoethanol amide, (S) fatty acid diethanol amide; or: orange, y: yellow, b: blue, yb:
yellow bluish, lb: light blue, *: weak. (From Ref. 16. Copyright 1982 by Karl Hanser Verlag.)
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possible. Initially, the sulfates, ether sulfates, ether phosphates, and sulfosuccinates
are more or less strongly visualized by Pinacryptol yellow. After hydrolysis, these
compounds have completely diﬀerent Rf values, and they are visualized by Pinacryptol yellow with slight diﬀerences caused by diﬀerent wetness. By visualizing with a
modiﬁed Pinacryptol yellow reagent [18] where nonylphenol ethoxylate with nine
ethylene oxide units is added as a wetting agent, only the unchanged sulfonates appear
and at the same position as before hydrolysis [19].
Armstrong [20] described a method on nonpolar thin-layer plates of KC18Ftype to fractionate various surfactants into their anionic, nonionic, and cationic
classes. The plate is conditioned with ethanol before it is activated at 115jC for 2 h.
Subsequently, 0.5 Al of the sample solution is applied and the plate is developed with
75% aqueous ethanol. The very polar anionic compounds have very high Rf values
and are located near the solvent front, the nonionics appear at Rf values of approximately 0.5 and cationic surfactants remain at the origin. This method succeeds in the
separation of various alkylaryl sulfonates, alkane sulfonates, alkyl sulfates, alkyl ether
sulfates, and sulfosuccinates from nonionic, amphoteric, and cationic surfactants [21].
However, on a RP18 plate, only the fractionation of surfactant classes is possible.
The application of a two-dimensional development of a hybrid plate succeeds in
the diﬀerentiation of surfactants in a multiple component mixture [20]. A hybrid plate
is a plate of which one half is coated with a reversed-phase RP18 material and the other
part with polar silica gel. The solution of the detergent is placed in one spot on the RP
material and the plate is developed with 75% aqueous ethanol in the direction of the
RP part. The development is stopped when the solvent front has moved to within 2 cm
of the upper edge. At these conditions, all anionic surfactants are near the solvent
front. The plate is cut through 3 cm below the solvent front. The second development
with a mixture of methylene chloride and methanol (8:1) of the upper part in the
upright position separates the anionic components. In a similar way, the lower part of
the plate can be separated for the identiﬁcation of the cationic surfactants.
In addition to fractionation of surfactants, detection is an important aspect in
thin-layer chromatography. Their behavior toward indicators or dyes provides
essential information about the type of the surfactants. Aromatic compounds are
the easiest to identify [22].
Commercial silica or reversed-phase plates with an added ﬂuorescence indicator
can be used. Those indicators can be, for example, manganese-activated zinc silicate,
which shows a yellow-green emission under short-wave radiation at 254 nm. The acidstable ﬂuorescence indicators such as tungstates emit slightly blue light. It is the
advantage of these indicators that in short-wave UV light, all UV-active substances
lead to dark spots on a lightly emitting background of the chromatogram. There are
also ﬂuorescence indicators that emit blue, yellow green, or red light when they are
excited with long-wave UV light at 366 nm [23]. Other than alkylaryl sulfonates, most
surfactants have no chromophoric groups, so that detection on thin-layer plates
usually is not possible in visible or ultraviolet light without ﬁrst derivatizing. In
numerous publications, proposals are given for such visualization reactions. The right
choice of the reagent may lead to an additional identiﬁcation because various
coloration reagents form distinctive colors with diﬀerent surfactants. Matissek [16]
gives an overview about the preparation of various visualization reagents. Iodine
vapor can be regarded as an all-around reagent. For visualization, the thin-layer plate
is placed together with some iodine grains in a closed chamber. The brown discolor-
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ation of the surfactant spots normally appears in only a few minutes. After a longer
exposure time, the remaining background of the plate also is colored brown. The most
suitable time period has to be proved in each speciﬁc case. Iodine can also be used as a
visualizing reagent in quantitative thin-layer chromatography [20]. In this application,
the plate is scanned in the absorbance–transmittance mode at 405 nm. Also, eosine and
phosphomolybdic (VI) acid are stated as unspeciﬁc coloring reagents [24,25]. The plate
that was developed with eosine is examined in UV light at 366 nm and the surfactants
are identiﬁed by pink to red ﬂuorescence, whereas anionics ﬂuoresce more than the
other surfactants. Using phosphomolybdic (VI) acid, surfactants are colored blue to
bluish red on a yellow background, while fatty alcohol sulfates and phenol ethoxylates
form more intensive colors.
For coloration of nonionic surfactants, the modiﬁed Dragendorﬀ reagent is
often applied, based on the reaction with the ethoxylate groups. In the case of anionic
surfactants, it is only used for higher ethoxylated alcohols, alkyl phenolether sulfates,
and alcoholether carboxylic acids [26,27]. Colors range from orange to red depending
on the degree of ethoxylation. The widely used ethoxylated alcohol sulfates with an
ethoxylation degree of 2–3 mol ethylene oxide are not detectable with this reagent [16].
Leucomalachite green rapidly acquires a green color in the presence of anionic
surfactants, and it is even more sensitive to carboxylates than is pinacryptol yellow.
But with silica plates, the background quickly darkens because of their anionic
character [19]. For that reason, a quantitative evaluation of this reaction is not
possible in spite of its sensitivity.
In qualitative thin-layer chromatography of anionic surfactants, pinacryptol
yellow is the most widely used reagent. The indication is performed by spraying or
immersing the plate [13] into a 0.1% aqueous pinacryptol yellow solution, and
evaluating the chromatogram in UV light at 366 or 254 nm. The coloration reaches
a maximum after 5 min. Pinacryptol yellow is suitable as a spraying reagent in thinlayer chromatography for visualization of all kinds of surfactants. Anionic surfactants
form well-deﬁned spots with pinacryptol yellow, which is especially sensitive to the
sulfated species and can partially distinguish them by their varying ﬂuorescence colors.
Other surfactants become visible because of the diﬀerent wetting behavior of the
sorbent background, which does not carry any surfactant. Köhler and Chalupka [28]
and Matissek [16] show that anionic surfactants can be identiﬁed very easily by their Rf
value and the color that is formed with pinacryptol yellow during the radiation with
UV light at 366 nm. The colors can vary at diﬀerent concentrations. In Table 2, the
results of various anionic surfactants are summarized [29]. Detection limits of the individual surfactants as low as 3 Ag can be attained. For further intensiﬁcation of the
colored spots, the plate can be sprayed with rhodamine B. The reproducibility of the
coloring with pinacryptol yellow is low because the sensitivity strongly depends on
the degree of humidity of the plate [13].
High sensitivity and satisfactory stability on a dry plate are shown by the
indicators thioﬂavine S, primuline, or dehydrothio-p-toluidine-7-sulfonic acid. For
compounds having a long hydrocarbon group (greater than six carbon atoms), these
indicators generate a yellow to greenish yellow ﬂuorescence on a blue to bluish green
background when excited with light of a mercury vapor lamp at wavelengths of 365 or
435 nm. The intensity of ﬂuorescence depends on the length and the number of alkyl
chains in the molecule. Hohm [13] published the separation of alcohol ether sulfates
into their ethylene oxide homologues on silica 60 using a solvent mixture of n-butanol,
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TABLE 2 Rf-Values and Visualization Agents of Some Surfactants
Visualization agent

Surfactants

Rf

Pinacryptol
yellow

Dragendorﬀ
reagent

Ninhydrine

Iodine
atmosphere

Cobalt
thiocyanate

Alkyl sulfate
Alkyl ethersulfate

28
28
38
8

Orange
Orange
Yellow
Reddish-orange

–
–
–
–

–
–
–
–

White
White*
Brown*
–

–
–
Blue
Not tested

84

Light blue*

Yellow

Violet*

Brown*

Blue*

80

Light blue

Yellow

Violet*

Brown

Blue*

Alkylbenzene
sulfonate
Fatty acid
monoethanolamide
Fatty acid
diethanolamide
*Only weak.

water, and glacial acetic acid with a ratio of 8:2:2. After dipping into a 0.05%
methanolic solution of thioﬂavine S, the plate could be scanned. However interesting
the distribution of the ethylene oxide homologues may be, an exact quantiﬁcation is
not possible because the pure reference substances of the individual homologs are
missing. A total quantiﬁcation can be performed much more easily when the substance
is present as only one spot instead of separated into a ‘‘string of pearls’’ on the thinlayer plate.
Using ﬂuorescence detection, all reversed phases ranging from dimethyl phases
to octadecyl modiﬁed layers are improper, because they are excited so strongly
themselves by the ﬂuorescence indicators that the detection of surfactants is not
practicable. In these cases, estimation with the Dragendorﬀ reagent or bromocresol
green are preferred (Table 3).

B. High-Performance Liquid Chromatography
In the characterization of surfactants, the most commonly used chromatographic
method is high-performance liquid chromatography (HPLC). Depending on the
composition of the products, original samples, or suitable fractions can be applied.
Because of the low stability of the normal phases, reversed phases predominantly are
employed, which primarily separate by the type and the length of the hydrophobic
group but also diﬀerentiate between the hydrophilic anionic groups. The ion exchange
columns for the separation of anionic groups are discussed in a separate section on ion
chromatography.
Several papers deal with the analysis of surfactants by using HPLC with porous
microspherical poly-(styrene-divinylbenzene)-gels [30,31] and reversed-phase packages containing chemical bonded octadecylsilyl groups on silica gels [30,32–34]. While
the selectivity of the normal phase systems is rather useful regarding the separation of
various kinds of anionic surfactants, the selectivity is low within one type with the same
acidic group and diﬀerent alkyl chain length. In contrast, reversed-phase liquid
chromatography with alkyl modiﬁed silica gels is very useful in the separation of
compounds with diﬀerent hydrophobic groups. Most of these publications deal with
the separation of surfactant homologues. More diﬃculties exist in the direct analysis of

Separation of various anionics,
cationics, amphoterics, and
nonionics
Separation of various anionics,
cationics, amphoterics, and
nonionics
Separation of various
anionics, cationics,
amphoterics, and
nonionics
Separation of various
anionics, cationics,
amphoterics, and
nonionics
Separation of various
anionics, cationics,
amphoterics, and
nonionics
Separation of various
anionics, cationics,
amphoterics, and
nonionics
Identiﬁcation of alkyl
sulfates, alkylether
sulfates, and
sulfosuccinic acid
monoesters

Various anionics (EO
homologues are separated)
Various anionics

Compounds studied

35:30:25:5 CHCl3/EtOH/dimethoxy
ethane/NH3
10:10:5:2 n-PrOH/CHCl3/MeOH/
10 N NH3
45:5:2.5 ethyl acetate/MeOH/
10 N NH3
2-PrOH

9:1 EtOH/HOAc

80:19:1 CHCl3/MeOH/0.1 NH2SO4

9:1 acetone/THF; develop twice to
10 cm

Two-dimensional separation; 9:1
acetone/THF then 10:10:5:2
n-PrOH/CHCl3/MeOH/10 N NH3

Silica gel 60

Silica gel 60

Alumina 60 F254

Silica gel 60

Silica gel 60 with 10%
ammonium sulfate;
0.25 mm

Silica Gel 60,
activity III

Silica gel 60,
activity III

Silica gel 60

8:2:2 n-BuOH/H2O/HOAc

Developing system

Silica gel 60

Stationary phase

TABLE 3 Thin Layer Chromatographic Methods

Pinacryptol yellow; UV light

Pinacrytol yellow; UV light

Pinacryptol yellow; UV light

Pinacryptol yellow; UV light

Pinacryptol yellow; UV light

Pinacryptol yellow; UV light

Pinacryptol yellow; UV light

Primulin or thioﬂavin S

Primulin or thioﬂavin S

Visualizer

16

16

16

16, 19

16

16

14, 15, 16, 19

13

13

Reference
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Silica gel 60 F254

Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate

Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate

RP-18 F254

Separation of anionics

75:25 EtOH/H2O

Silica gel with 10%
ammonium sulfate

Dodecyl benzene
sulfonate, lauryl
sulfate, a-sulfo fatty
acid methyl esters,
alkyl phosphates
Separation of anionics,
nonionics, amphoterics,
and cations

Silica gel 60 F254

80:20 CHCl3/MeOH acidiﬁed with
sulfuric acid

Silica gel

Gemini-type surfactants

Separation of anionics

99:1 2-butanone, H2O-saturated

Silica gel

8:2 CHCl3/MeOH acidiﬁed with
aqueous sulfuric acid
3:3:3:1 2-butanone/benzene/
EtOH/H2O
6:6:6:1.4 2-methyl-4-pentanone/
benzene/EtOH/0.1 N acetic acid
1:1:1 methyl acetate/benzene/EtOH

8:2:1 acetone/THF/MeOH

8:1 CH2Cl2/MeOH

5:2 benzene/acetone

9:1 acetone/THF

Silica gel 60,
activity III

Separation of LAS,
alkyl sulfates, and
alkylether sulfates
Various anionics

Fluorescence at 254 nm;
pinacryptol yellow,
rhodamine B, or iodine
vapor
Fluorescence at 254 nm;
pinacryptol yellow,
rhodamine B, or iodine
vapor
Fluorescence at 254 nm;
pinacryptol yellow,
rhodamine B, or iodine
vapor
Phosphomolybdic acid
and charring by heating
Phosphomolybdic acid
and charring by heating
Phosphomolybdic acid
and charring by heating
Phosphomolybdic acid
and charring by heating

Pinacryptol yellow,
dragendorﬀ reagent,
iodine vapor
Leucomalachit green or
pinacryptol yellow
Chromic acid or
Co(NO3)2-KSCN mixture
2 V,7 V-Dichlorﬂuorescein

25

25

25

25

21

21

21

14, 15

19

29
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Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate
Separation of LAS, lauryl
sulfate, alkanesulfonate
Quantiﬁcation of lauryl
sulfate, dodecyl benzene
sulfonate, lauric acid
Separation of anionics
from nonionics and
cationics
Alkanesulfonate,
alkylbenzenesulfonate,
alkylsulfate, alkylether
sulfate, a-sulfo fatty acid
methyl ester, sulfosuccinic
acid diester
Carboxymethylated NPE
Alkylbenzenesulfonate,
paraﬃn sulfonate, fatty
alcohol ether sulfate,
nonylphenol ether
sulfate, fatty alcohol
sulfate

Compounds studied

TABLE 3 Continued

Pinacryptol yellow or
Dragendorﬀ reagent with
NaNO2 solution

Dragendorﬀ reagent
Palatinecht blue GGN

9:1 acetone/THF; develop three
times to 10 cm

98:2 CHCl3/MeOH
9:1 EtOH/acetic acid

Silica gel 60

Silica gel G
Silica gel 60

Iodine vapor

75:25 EtOH/H2O

Whatman KC18F

Phosphomolybdic acid
and charring by heating
Phosphomolybdic acid
and charring by heating
Phosphomolybdic acid and
charring by heating
Phosphomolybdic acid
and charring by heating
Phosphomolybdic acid and
charring by heating
Iodine vapor

Visualizer

1:1:1 2-methyl-4-pentanone/CH2Cl2/
4-hydroxy-4-methyl-2-pentanone
20:6:1.6:1 2-methyl-4-pentanone/
PrOH/0.1 N acetic acid/CH3CN
8:1 CH2Cl2/MeOH

1:1:1 CHCl3/benzene/EtOH

1:1:1 CCl4/benzene/EtOH

1:1:1 acetone/benzene/EtOH

Developing system

Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate
Silica gel G impregnated
with ammonium sulfate
Silica gel

Stationary phase

27
22

28

20

20

25

25

25

25

25

Reference
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Alkylbenzenesulfonate,
paraﬃn sulfonate, fatty
alcohol ether sulfate,
nonylphenol ether
sulfate, fatty alcohol
sulfate
Alkylbenzenesulfonate,
paraﬃn sulfonate, fatty
alcohol ether sulfate,
nonylphenol ether sulfate,
fatty alcohol sulfate
Separation of fatty alcohol
ether acetate from
alkylbenzenesulfonate,
stearic acid, NPE, and
distearyl dimethyl
ammoniumchloride
Separation of soaps, lauryl
sulfate, dodecyl benzene
sulfonate, and laurylether
sulfate from nonionics
Separation of various
anionics from nonionics
Separation of various
anionics
Separation of various
anionics form nonionics
Toluene sulfonate, dodecyl
benzene sulfonate, fatty
alcohol sulfate, fatty
alcohol ether sulfate,
ethoxylate
Pinacryptol yellow

BuOH saturated with NH3
50:1:50 MeOH/formic acid/NH3
BuOH saturated with NH3

Alumina G + alumina
DO
Silica gel G impregnated
with dodecanol
Silica gel G
Two-dimensional separation;
10:10:5:2 PrOH/CHCl3/MeOH/
10 N NH3 to separate anionics
and nonionics, then after
hydrolysis of the sulfates 45:2.5:5
ethyl acetate/MeOH/NH3 for
ethoxy distribution

Pinacryptol yellow

80:10:8:2 CHCl3/MeOH/acetic
acid/H2O

Silica gel 60 F254

Silica gel G

Pinacryptol yellow

80:20 CHCl3/MeOH

Silica gel

Pinacryptol yellow and
Dragendorﬀ reagent

Eosin or methyl red

Dragendorﬀ reagent or
2,7-dichloroﬂuorescein

Palatinecht blue GGN

8:2 BuOH/EtOH

Silica gel 60

Palatinecht blue GGN

60:10:20:0.5 BuOH/EtOH/H2O/
acetic acid

Silica gel 60

17

17

17

17

24

26

22

22
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surfactant mixtures, for example the simultaneous fractionation of singular surfactants from each other and their homologues.
Surfactants with UV-active groups in particular can be analyzed without any
problems. Nakae and Kunihiro [35] describe the liquid chromatography of the
alkylbenzene sulfonates using porous microspherical poly-(styrene-divinylbenzene)gels. Usually, polar eluents as methanol or methanol–water (9:1) mixtures are utilized,
when working with these kinds of stationary phases.
Nakamura and Morikawa [30] estimated the inﬂuence of eluent composition, the
kind of added salts, and the pH value on the separation behavior of ionic mixtures into
their individual components on octadecyl silica gel (RP18) phases. They introduced
10% methanol or acetonitrile in water as the mobile phase. They also added 0.2 M
NaClO4 as a salt additive. It was shown that with the methanol–water eluent, good
separations were attained for all surfactant homologues. However, with the acetonitrile–water eluent, poorly resolved chromatograms were obtained. This was especially
true for anionic surfactants because of their low solubility in acetonitrile.
Besides sodium perchlorate, sodium chloride, ammonium chloride, and ammonium acetate [36] were also shown to be useful additives. The investigations indicate
that the capacity factors (k V) and the theoretical plate height depend on the kind of
the additives (Table 4). Generally, increasing k V values result in good homologue
separation. While sodium chloride was proved to be appropriate for cationic and amphoteric surfactants, sodium perchlorate seems to be most eﬀective for nonionic and
anionic surfactants. Generally, the theoretical plate height was lowered by NaClO4 for
all surfactants, which causes enhancement of the peak sharpness. Because of the
relatively low theoretical plate height and the good solubility in methanol–water
mixtures, NaClO4 is overall the best additive (Fig.2). Increasing the salt concentration increases the k V value for all surfactants (Fig. 3), which is based on a saltingout eﬀect [37–41]. Simultaneously, the theoretical plate height decreases with higher
salt concentrations.
The eﬀect of the eluent pH value on the k V values depends on the kind of surfactants and the concentration of NaClO4. In the case of anionic surfactants, the k V

TABLE 4 Eﬀect of Inorganic Salts on Capacity Factors k V and Height Equivalents to Theoretical
Plates (HETP)
NaCl
Surfactant (hexadecyl derivatives)
Fatty acid diethanolamide
Alkylpyridinium chloride
Alkyl trimethylammonium chloride
Alkyl benzyl dimethylammonium chloride
Sodium alkyl sulfate
Sodium N-acylsarcosinate
Sodium N-acyl-L-glutamate
Alkyl dimethylaminoacetic acid betaine
Sodium alkylaminopropionate

NaClO4

NH4Cl

kV

HETP
(mm)

kV

HETP
(mm)

kV

HETP
(mm)

3.23
3.83
2.54
3.16
3.60
3.41
2.18
3.16
2.71

0.008
23.4
6.0
1.6
1.1
2.7
1.2
3.8
2.4

3.54
2.67
2.19
2.52
4.47
4.30
2.79
2.61
2.59

0.007
4.8
1.0
1.0
0.8
1.1
1.0
2.6
8.4

3.30
3.2
2.22
2.73
3.39
3.62
2.28
2.67
2.39

0.008
9.6
3.2
0.9
1.1
1.6
0.8
3.0
1.4
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FIG. 2 Separation of a mixture of (A) fatty acid diethanolamide, (E) alcohol sulfate, and (H)
alkyldimethyl aminoacetic acid betaine homologues (column: C18; mobile phase: water/
methanol 85:15 containing 1 M NaClO4 and adjusting to pH 2.5 with phosphoric acid; RI
detection). (From Ref. 30. Copyright 1982 by AOCS Press.)

FIG. 3 Eﬀect of NaClO4 concentration on the capacity factor k V of the hexadecyl homologues of 1 = sodium alcohol sulfate, 2 = sodium N-acylsarcosinate, and 3 = sodium N-acylL-glutamate (column: length 200 mm; i.d. 6 mm; C18 stationary phase; mobile phase
methanol/water 85:15). (From Ref. 30. Copyright 1982 by AOCS Press.)
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value increases with lower pH values. On the other hand, the theoretical plate
height generally decreases with diminishing pH value. An elevation of the water content in the eluent also leads to an enhancement of the k V value and so to a better separation of homologues.
Regarding these studies, the best conditions for separating surfactant mixtures
on octadecyl phases are a methanol–water (85:15) eluent, which is adjusted to pH 2.5
with phosphoric acid and spiked with 1 M NaClO4 (Fig. 4). There the logarithmic k V
values of the individual surfactant homologues increase linearly with growing alkyl
chain length (Fig. 5), and sodium alkyl sulfate, sodium N-acyl sarcosinate, and sodium
N-acyl-L-glutamate are separated from each other under isocratic conditions using a
refractive index detector. Also, the separation of sodium alkyl sulfates is possible in the
presence of amphoteric and nonionic surfactants, for example, alkyl dimethylbetaines
and/or fatty alcohol diethanolamides.
König and Strobel [42] also determined capacity factors k V for several other
surfactants. To minimize the analysis time, they proposed choosing the composition of
the eluent based on the retention time of the surfactant. For surfactants with short
retention times, they used a methanol–water (80:20) mixture and for surfactants with
long alkyl chains and high retention times, they recommended a methanol–water
(90:10) eluent. In both cases, they used 0.25 M NaClO4 as an additive but did not
adjust the pH value of the eluent. They could determine mixtures of various surfactants in toothpastes (Fig. 6). After suspending the toothpastes in eluent and removing
the insoluble matter by centrifugation or ﬁltration, the solution was injected to the
HPLC system. Most of the other components do not alter the determination of the
anionic surfactants, but there are some ﬂavors especially in the k V region of 1.1–2.2,
which contribute interfering peaks. In these cases, it is preferred not to analyze the
original sample but its dried residue or to remove the ﬂavors by a water steam

FIG. 4 Separation of a mixture of (E) alcohol sulfate, (F) N-acylsarconisate, and (G) N-acylL-glutamate homologues (column: C18; mobile phase: water/methanol 85:15 containing 1 M
NaClO4 and adjusting to pH 2.5 with phosphoric acid; RI detection). (From Ref. 30.
Copyright 1982 by AOCS Press.)
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FIG. 5 Relationship between log k V and alkyl chain length in lipophilic groups of 1 =
sodium alcohol sulfate, 2 = sodium N-acylsarcosinate, and 3 = sodium N-acyl-L-glutamate
(column: length 200 mm, i.d. 6 mm, C18 stationary phase; mobile phase methanol/water
85:15). (From Ref. 30. Copyright 1982 by AOCS Press.)

distillation. Furthermore, it is possible to optimize the resolution if other interferences
are present by varying the concentration of the salt additives.
For analyzing anionic surfactants by the more selective UV detection, Smedes et
al. [43] introduced an on-line postcolumn ion pair extraction. In this technique, the
surfactants are separated on either a normal-phase or reversed-phase column, then
extracted into chloroform as ion pairs with acridinium chloride and then detected
photometrically or ﬂuorimetrically. In normal-phase chromatography, the organic
eluent is mixed with an aqueous solution of the ﬂuorescence-active acridinium cation
in a mixing chamber behind the chromatography column [44]. The anionic surfactants
form ion pairs with the acridinium cation, which preferentially pass to the organic
layer. The completeness of the ion pair extraction depends on the hydrophobic part of
the surfactant. After phase separation, the organic layer is measured ﬂuorimetrically.
To combine reversed-phase systems with the ion pair extraction system, the experimental arrangement has to be changed because in these cases aqueous eluents are
applied [43]. For detecting anionic surfactants as acridinium ion pairs in such systems,
the aqueous eluent exiting the separation column is mixed with chloroform and then is
extracted with an aqueous solution of acridinium. After phase separation, the organic
layer is again examined ﬂuorimetrically. Generally, it should also be possible to take
the acridinium chloride directly in the eluent to avoid the mixing step.

232

Spilker

FIG. 6 Liquid chromatographic separation of lauric acid taurate (1), lauric acid sarcosinate
(2), lauryl sulfate (3), and lauryl sulfoacetate (4) (column: length 250 mm, i.d. 4 mm, Nucleosil
C18; mobile phase: methanol/water 80:20 + 0.25 mol/l NaClO4; RI detection). (From Ref. 42.
Copyright 1988 by Springer-Verlag.)

To eliminate the on-line extraction, Kudoh and Tsuji [45] have derivatized alkyl
sulfate with 4-diazomethyl-N,N-dimethylbenzyl sulfonamide before the HPLC separation. These derivatives can be analyzed by HPLC and detection at 240 nm.
Another analytical technique to separate ionic surfactants on reversed phases is ionpair chromatography by the addition of aromatic cations to the eluent. For example,
alkanesulfonate can be fractionated on a A-Bondapak C18 column with a methanol–
water eluent (60:40) by the addition of 0.2 mM cetylpyridinium chloride or phenethyl
ammonia ions as the ion pairing reagents. These cations are detectable in UV light at
254 nm [46–48]. Alkane sulfonates and alkyl sulfates have also been separated by ion
pair chromatography employing iron-1,10-phenantroline and a polymer column [49]
(Fig. 7). For UV detection, it is also possible to introduce inorganic salts that are
more or less UV active. Copper sulfate, instead of N-methylpyridinium chloride, has
alsobeenusedasanion-pairingreagentfortheexaminationof alkanesulfonates[50].The
less UV-active iodides and nitrates are used for indirect UV detection [51]. This is a way
that alkyl sulfates can be detected in an elution with a methanol–water gradient. In all
these applications, the modiﬁer concentrations must be optimized on the existing
separation problem because they aﬀect the column capacity as well as the detectability
of surfactants.
Generally, anionic surfactants can also be analyzed using a conductivity detector. Normally, this kind of detection is applied to ion chromatography, but there are
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FIG. 7 Separation of alkane sulfonates (a) and alkane sulfonates–alkyl sulfates (b) by using a
mobile phase with a linear gradient from 5:95 ACN-H2O to 40:60 ACN-H2O at constant 0.1
mM Fe(phen)3Cl2 salt and 0.10 mM acetate buﬀer (pH 6.0) concentration. (From Ref. 49.
Copyright 1989 by Preston Publications.)

also separations on polar or nonpolar HPLC column materials in combination with
conductivity detection. Weiss [52] published a separation of C5–C8–alkanesulfonates
on a polystyrene–divinylbenzene column using an acetonitrile–water eluent and the
addition of 0.002 mol/L tetramethyl ammonium hydroxide as ion-pairing reagent.
This aspect is discussed in more detail in the section on ion chromatography.
Liquid chromatography, such as thin-layer chromatography, can be used for
simple diﬀerentiation between the anionic and nonionic surface-active agents [53].
Because of the complex mixtures that are possible, these analyses often require a
gradient for elution. The application of gradient HPLC methods for these mixtures
has become feasible only with the advent of evaporative light scattering detectors.
These detectors have comparable sensitivity to that of the refractive index detectors.
Connecting the UV detector and the evaporative light scattering detector in series
creates a nearly universal system. One disadvantage in evaporative light scattering
detection is that the detector signal is nonlinear as a function of the surfactant concentration (Fig. 8). The basic chromatogram of an ethanol extract from a commercial
detergent shows peaks for anionic surfactants, nonionic surfactants, and soaps. Often
additional ingredients are also found. These may be alkyl polyglucosides, glucamides,
or terephthalic esters (but not tetraacetyl ethylene diamine). The soaps are fractionated
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FIG. 8 Liquid chromatogram of an alcohol extract from a detergent using gradient elution
and evaporating light scattering detection (column: length 250 mm, i.d. 4 mm, LiChrospher 60
RP select B 5 Am; mobile phase: A water, B acetonitrile, t[min]/A%/B% 0/100/0, 5/100/0, 20/
60/40, 65/0/100, 73/0/100, 75/100/0; ﬂow: 1 mL/min; injection volume: 50 AL; detection:
ELSD). (From Ref. 53. Copyright 1995 by Wiley-VCH.)

by their chain lengths. Ether sulfates can be fractionated from alkane sulfonates and
alkyl sulfates. The alkane sulfonates and alkyl sulfates cannot be separated and have
the same HPLC retention times. A diﬀerentiation between aliphatic and aromatic
anionic surfactants is possible by comparing the UV trace to that of the evaporative
light scattering detector (Table 5).

C. Ion Chromatography
Regarding the liquid chromatographic separation of surfactants, three diﬀerent
strategies can be pursued. Each considers either the hydrophobic or the hydrophilic
part of the surfactant. In one case, the anionic surfactants are chromatographed on a
stationary reversed phase based on their hydrophobic parts. This kind of chromatography is treated in Section II.B.
The second procedure is based on the retention of anionic surfactants on anion
exchangers. In this case, the homologue separation arises from the variation in ionic
interactions of the anionic group of the individual surfactants and the ionic group on
the exchanger material. Here the carrier materials are usually based either on silica gel
or on an organic polymer. The polymer-based exchangers are favored because they are
more independent of pH value and more stable than the silica gel columns.
A third alternative employs an ion-pairing agent that is added to the mobile
phase. Often, ammonium salts are used, and the separation mechanism is based on
distinctly strong interactions among the stationary reversed phase, the ion pairing
agent, and the anionic surfactant.
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These three types of liquid chromatography can be applied for the isolation,
enrichment, or quantiﬁcation of anionic surfactants. Each type has speciﬁc parameters
by which the retention, separation eﬃciency, and detection can be inﬂuenced. Pan and
Pietrzyk [54] studied the behavior of the anionic surfactants on anion exchangers. In
their work, they considered the signiﬁcance of anion exchanger capacity and the
inﬂuence of anion exchanger matrix and the cations that are included in the eluent.
They showed optimized conditions for the separation of alkane sulfonates, alkyl
sulfates, and linear alkylbenzene sulfonates.
Anionic surfactants possess both a polar anionic group and a hydrophobic alkyl
chain. They interact with both the ionic groups and nonpolar carrier material of
the anion exchanger column. In such cases, the inﬂuence of the hydrophobic part of the
exchanger should be increased by the reduction of the number of ionic groups on the
stationary phase. This results in lowering of the exchanger capacity. Pan and Pietrzyk
used the strong basic anion exchangers PRP-X100 and IonPac AS11, which are both
polystyrene-divinyl benzene copolymers. The macroreticular structure of the PRPX100 material causes a strong interaction with hydrophobic molecules. However,
the lower ion exchange capacity of the IonPac AS11 promises a stronger interaction
of the anionic surfactant with the ion exchanger. Increasing the alkyl chain length
of the anionic surfactant also increases its capability of interacting with the hydrophobic column material. These interactions are aﬀected by the eluent composition,
the organic modiﬁer, the ionic strength of the eluent, the pH value, and the types of
cations in the eluent. The ionic strength and the choice of the cations have a crucial
inﬂuence on the quality of separation and on the detection limit of anionic surfactants
[55,56].
The weak exchanger IonPac AS11 was shown to be more suitable for anionic
surfactants than the PRP-X100. For IonPac AS11, the interactions of the surfactant
with the hydrophobic carrier material is lower, so that the elution can be performed with
weaker counterions in the eluent and the resolution is better. However, because of the
reduced capacity of the IonPac AS11, the sample size must be lower to avoid overloading. An isocratic acetonitrile–water eluent with 1.0 mmol lithium hydroxide yields a
chromatogram with baseline separated C6 to C12 alkane sulfonates (Fig. 9).
Under these conditions, the interaction of the surfactant with the hydrophobic
carrier material is low and the separation is mainly based on the ion exchange. The
alkane sulfonate anions were detected by conductivity measurements, to which an
anionic micromembrane suppressor was superimposed to eliminate the hydroxyl ions
of the lithium hydroxide. Similar to the alkane sulfonates, the alkyl sulfates with a
similar alkyl chain length have longer retention times on anionic exchangers. An
analogous selectivity also can be observed on reversed phases [55]. Because of these
diﬀerences, mixtures or formulations with both surfactant types can be separated
(Fig. 10). Under the given ion chromatographic parameters, fractionations of alkylbenzene sulfonate homologues are possible but only a partial diﬀerentiation of the
positional isomers can be achieved.
Alkane sulfonates and alkyl sulfates can be separated on a weak anionic exchanger by using a solution of sodium naphthalene sulfonate in acetonitrile as mobile
phase. Two detection alternatives, either indirect conductivity or ultraviolet detection, are possible. The analysis of dioctyl sulfosuccinate and of a commercial shampoo are described [57]. Figure 11 shows the chromatograms of the 0.1% solution of
the shampoo with indirect conductivity and indirect UV detection.

Hypersil SAS
4.6  150 mm

Hypersil SAS
4.6  150 mm

LiChrosorb RP-18, 5 Am
4  125 mm

ABondapak C18
4  300 mm

Alkane sulfonates, alkyl
ethersulfates

a-Oleﬁne sulfonates,
alkane sulfonates, alkyl
ethersulfates, alkyl
phosphates

Short-chain sulfonates

TSK Gel LS 410 (5 Am,
spherically shaped ODS)
6  200 mm 50 jC
Hitache Gel 3011,
microspherical
particles of styrenedivinylbenzene-copolymer
with 10–15 Am
Nucleosil C18-7 Am
4  250 mm

Column

Alkane sulfonates

Various anionic surfactants

Alkylbenzene sulfonate

Various nonionic and ionic
surfactant mixtures

Compounds

TABLE 5 High-Performance Liquid Chromatographic Methods

60:40 MeOH/H2O, 0.2 mM
cetylpyridinium chloride

Mobile phase A: 60:40
H2O/acetone containing
0.05 M NaH2PO4; mobile
phase B: 40:60 H2O/
acetone; linear gradient
from 100% A to 100%
B in 20 min
80:20 MeOH/H2O

80:20 MeOH/H2O, 0.25 M
NaClO4, respectively
90:10 MeOH/H2O, 0.25 M
NaClO4
60:40 H2O/acetone, 0.05 M
Na2HPO4

85:15 MeOH/H2O, 1 M
NaClO4, adjusted to
pH 2.5 with H3PO4
CH3OH with 0.5 M
perchloric acid

Mobile phase

UV, 240 nm after
derivatization with
4-diazomethyl-N,Ndimethylbenzene
sulfonamide
UV, 254 nm

Fluorescence in an
ion-pair extraction
system
Fluorescence in an
ion-pair extraction
system

Refractive index

UV, 225 nm

Refractive index

Detection

47, 48

45

43

43

42

35

30
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Hypersil ODS, 5 Am
4.6  200 mm
Hypersil ODS, 5 Am
4.6  200 mm

IBM octadecyl
4.6  250 mm

Dionex MPIC-NS1 (neutral
divinylbenzene resin)
4.6  250 mm
Dionex MPIC-NS1 (neutral
divinylbenzene resin)
4.6  250 mm
Lichrospher 60, 5 Am
4  250 mm

TSK-Gel LS-410
(5 A, spherically
shaped ODS/silica)
4  250 mm

Alkane sulfonates

Alkyl sulfates

Alkane sulfonates, alkyl
sulfates

Alkyl sulfates

Anionic surfactants,
ethoxylates, soaps

Alkane sulfonates,
oleﬁne sulfonates

Alkane sulfonates

Hamilton PRP-1 10-Am
spherical particles
(polystyrene divinylbenzene
copolymer)
4.1  50 mm

Mixture of alkane
sulfonates and alkyl
sulfates

Linear gradient from
5:95 CH3CN/H2O to
40:60 CH3CN/H2O at
constant 0.1 mM
Fe(phen)3Cl2 salt and 0.1
mM acetate buﬀer (pH 6)
concentration
20:80 CH3CN/H2O containing
0.2 mmol CuSO4
Mobile phase A: H2O, 0.3 mM
N-methylpyridinium
chloride; mobile phase B:
50:50 CH3CN/H2O, 0.3 mM
N-methylpyridinium
chloride; from 60% B to
90% B in A over 53 min
42:58 CH3CN/H2O containing
0.01 M NaNO3 and 0.01 M
NaH2PO4
72:28 aqueous 0.002 M
tetrabutylammonium
hydroxide/CH3CN
65:35 aqueous 0.01 M
ammonium hydroxide/
CH3CN
Mobile phase A: H2O Mobile
phase B: CH3CN%A/%B:
100/0 at 0 min; 100/0 at 5
min; 60/40 at 20 min; 0/100
at 65 min; 0/100 at 73 min;
100/0 at 75 min
85:15 MeOH/H2O, 0.4 M
Refractive index

Evaporative light
scattering

Conductivity

37

53

52

52

51

UV, 242 nm

Conductivity

50

50

49

UV, 260 nm

UV, 210 nm

UV, 510 nm
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FIG. 9 Ion chromatographic separation of C6 to C12 alkane sulfonates (column: Ion Pac
AS11; mobile phase: 40:60 ACN:H2O, 1.0 mM LiOH). (From Ref. 54. Copyright 1995 by
Elsevier.)

Weiss [52] published an additional mode of ion chromatography, mobile phase
ion chromatography (MPIC). This technique represents a combination of the classical
elements of reversed-phase ion pairing chromatography [58,59] and conductivity
detection by using the suppressor technique. It is an eﬃcient method for analyzing
aliphatic anionic surfactants. A porous divinyl resin serves as the stationary phase.
Ammonium and tetraalkyl ammonium salts are used as ion pairing reagents. Various
amounts of methanol or acetonitrile are added to the mobile phases as modiﬁers to
promote the forming of ion pairs and to adjust the polarity of the eluent.
Generally, there are few problems in the separation of aromatic anionic surfactants. However, the analysis of alkane and oleﬁn sulfonates as well as alkyl sulfates
require precise optimization of the parameters for mobile phase ion chromatography.
Also, the retention times of the alkane sulfonates increase exponentially with increasing alkyl chain lengths (Fig. 12). Furthermore, the alkane sulfonate elutes faster
than the corresponding alkyl sulfate with the same chain length (Fig. 13).
Ion chromatography is also a useful tool in the analysis of alkyl ether sulfates.
The chromatograms give the distribution of peak areas of the individual homologues, which is distinctive of the degree of ethoxylation [60]. The amount of ethylene
oxide units can be estimated using this method. Beside the determination of the
ethoxylation degree, the total content of alkyl sulfates in mixtures with alkyl ether
sulfates can be quantiﬁed. While raw materials necessitate only a prior dilution with
the mobile phase, formulations require solid phase extraction with a reversed-phase
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FIG. 10 Ion chromatographic separation of C6 to C12 alkane sulfonates (C) and alkyl sulfates (S) (column: Ion Pac AS11; mobile phase: 40:60 ACN:H2O, 1.0 mM LiOH). (From
Ref. 54. Copyright 1995 by Elsevier.)

cartridge and an ion-pairing reagent. The chromatograms obtained in this way give
information about the average degree of ethoxylation and the distribution of the alkyl
and ethylene oxide chains. Anionic surfactants can be identiﬁed and quantiﬁed by
comparing the chromatograms with those of raw materials. Figure 14 gives an ion
chromatogram of a shampoo that contains a lauryl ether sulfate with an ethoxylation
degree of 1. Furthermore, this chromatogram shows an additional peak between 2 and
3 min. Figure 15 gives the chromatogram obtained when the conductivity detector is
connected in series with an UV detector for tracing aromatic compounds. The UV
trace indicates the sharp extra peak, which is xylene sulfonate.
In ion chromatography, the detection of anionic surfactants without any chromophoric group is performed by using a conductivity detector. To increase sensitivity,
a micromembrane suppressor is often superimposed. This eliminates the added salt
ions from the eluent. Alternatively to this suppressor technique, solid-phase reagents
were developed to increase the conductivity [61]. These reagents are aqueous suspensions of submicron particles of a polymeric cation exchanger material in the H+ form.
After the separation column, the reagents are pumped into the eluent. By this postcolumn reaction, in ion pairing chromatography by the addition of tetrabutyl ammonium borate on RP18 columns, the corresponding tetabutyl ammonium salts of alkyl
sulfates and alkane sulfonates are converted to their free acids. The tetrabutyl ammonium borate present in the eluent simultaneously is changed to the less conductive
boric acid. Both eﬀects enhance the sensitivity of conductivity detection. The use of
solid phase reagents additionally allows a gradient elution to separate complex
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FIG. 11 Ion chromatograms of a 0.1% shampoo with (a) indirect conductivity detection and
with (b) indirect photometric detection at 285 nm (column: length 250 mm, i.d. 4.6 mm ﬂuoropolymeric weak anion silica; mobile phase: ACN/water 35:65, 0.2 mM naphthalene disulfonate; ﬂow rate: 1.2 mL/min). Peak identiﬁcation: (1) ammonium lauryl sulfate, (2) unknown.
(From Ref. 57. Copyright 1992 by American Chemical Society.)

mixtures of alkyl sulfates and alkane sulfonates. Figure 16 gives an example of the
simultaneous application of UV detection and conductivity detection after the addition of solid phase reagents for identifying the compounds in detergents. The
separation is performed by gradient elution of a water acetonitrile mixture where
0.5 mmol tetrabutyl ammonium borate is dissolved in both mobile phases. The concurrent usage of conductivity and ultraviolet detection leads to further information
for the identiﬁcation of unknown mixtures (Table 6).

D. Gas Chromatography
Since anionic surfactants are mostly nonvolatile substances, gas chromatography
cannot be directly applied to this class of substances. Contrary to the progress as well
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FIG. 12 Separation of (C5–C8) alkane sulfonates (eluent: 0.002 M TBAOH-ACN 72:28; ﬂow
rate: 1 mL/min; detection: suppressed conductivity). (From Ref. 52. Copyright 1986 by
Elsevier.)

FIG. 13 Separation of dodecyl sulfonate and dodecyl sulfate (eluent: 0.01 M ammonium
hydroxide–ACN 65:35; ﬂow rate 1 mL/min; detection: suppressed conductivity). (From Ref.
52. Copyright 1986 by Elsevier.)
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FIG. 14 Ion chromatogram of a shampoo containing a C12/C14-fatty alcohol ethersulfate
(column: length 250 mm, i.d. 4.6 mm, stationary phase C8; mobile phase: methanol/water
45:55 containing 17.5 mg/L ammonium acetate; conductivity detection). (From Ref. 60.
Copyright 1995 by AOCS Press.)

FIG. 15 Ion chromatogram of the same shampoo as in Fig. 14 recorded with an ultraviolet
detector in series with a conductivity detector (dotted line); (column: length 250 mm, i.d. 4.6
mm, stationary phase C8; mobile phase: methanol/water 45:55 containing 17.5 mg/L
ammonium acetate). AXS = ammonium xylene sulfonate. (From Ref. 60. Copyright 1995 by
AOCS Press.)
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FIG. 16 Liquid chromatographic separation of a mixture of linear alkane sulfonates and
alcohol sulfates (the gradient is overlaid on the chromatogram; initial conditions: 85% aqueous 0.5 mM tetrabutyl ammonium borate–15% 0.5 mM tetrabutyl ammonium borate in
ACN; column: Novapak C18; ﬂow rate of mobile phase: 1 mL/min; ﬂow rate of solid phase
reagent diluted to 50 mEq/L: 0.3 mL/min; detection: conductivity). (From Ref. 61. Copyright
1991 by Elsevier.)

in liquid and ion chromatography and capillary electrophoresis, gas chromatography
only has low importance for anionic surfactants. But in the literature, various
derivatization and cleavage reactions are mentioned for sulfates, sulfonates, and fatty
acids in which derivatives are formed for gas chromatographic analysis. For fatty
acids, gas chromatography is the most common method. An often used method for
characterizing the fraction of fatty acids from formulated products is esteriﬁcation
with diazomethane [62], but because of easier handling, esteriﬁcation with methanol in
the presence of bortriﬂuoride is preferred [63]. Because of its high resolution, this
method is applied in the characterization of the hydrophobe groups.
For the identiﬁcation of the alkyl groups in alkylbenzene sulfonates, various
methods are described in the literature. Before analyzing by gas chromatography, a
desulfonation step must be performed to provide the alkylbenzene. One of the ﬁrst
methods of such a desulfonation was carried out with 85% phosphoric acid at 215jC
for 90 min [64]. Later references describe microdesulfonation techniques with
phosphoric acid [65] and desulfonations using sulfuric acid or concentrated hydrochloric acid by heating at 200jC for 3 h [66]. Lee and Puttman [67] published a very
fast method with 85% phosphoric acid under pressure at 250jC for 25 min. Comparing all alternatives those using phosphoric acid seem to be the most qualiﬁed,
because they are applicable to a large number of surfactants or their mixtures under
atmospheric pressure and because they lead to less charring of the compounds than
sulfuric acid. In contrast, the two kinds of surfactants, the a-sulfofatty acids and the
alkane sulfonates, do not result in identiﬁable substances under these cleavage conditions [64]. On the other hand, some surfactants, such as alcohol sulfates and alcohol ether sulfates, do not yield the hydrophobic raw material alcohols after cleavage
but the corresponding oleﬁns, which can be assigned to the starting alcohols. Because the cleavage of mixtures generally leads to a large number of components, it is
useful to make an appropriate separation of the substance before the gas chromatographic characterization.

Alkyl sulfates and
alkyl ethersulfates
Alkane sulfonates,
alkylbenzene
sulfonates, alkyl
sulfates

Alkane sulfonates,
oleﬁne sulfonates

Alkane sulfonates,
alkyl sulfates

Alkane sulfonates,
alkylbenzene
sulfonates, alkyl
sulfates
Various anionic
surfactants and
their mixtures

Compounds

60
61

Conductivity
UV detection and
conductivity

45:55 CH3OH/H2O, 17.5 mg/L
ammonium acetate
Linear gradient from 15:85
CH3CN/H2O to 60:40
CH3CN/H2O at constant 0.5 mM
tetrabutyl ammonium borate

52

Conductivity

65:35 aqueous 0.01 M ammonium
hydroxide/CH3CN

52

57

Conductivity

Indirect conductivity or
indirect photometric
detection at 285 nm

35:65 CH3CN/H2O, 0.2 mM
disodium salt of 1,5-naphthalene
sulfonic acid

Cross-linked
amine-ﬂuorocarbon
polymer silica
4.6  250 mm
Dionex MPIC-NS1
(neutral
divinylbenzene resin)
4.6  250 mm
Dionex MPIC-NS1
(neutral
divinylbenzene resin)
4.6  250 mm
C8 column, 5 Am
4.6  250 mm
Novapak C18

54

Reference

72:28 aqueous 0.002 M
tetrabutylammonium hydroxide/
CH3CN

Conductivity

Detection

40:60 CH3CN/H2O, 1.0 mM
LiOH or 30:70 CH3CN/H2O,
50 mM Mg2Cl

Mobile phase

Ion Pac AS11

Column

TABLE 6 Ion Chromatographic Methods
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While alkane sulfonates are not cleavable in the presence of concentrated acids,
the sulfonate group of these surfactants can be removed in an alkali fusion.
Accordingly, alkali metal hydroxides as LiOH, NaOH, KOH, RbOH, or CsOH are
mixed with the alkanesulfonate and heated in a pyrolysator at 400jC [68]. The
reaction products are the internal cis and trans oleﬁns and the 1-oleﬁns, which
subsequently can be isolated by extraction with diethyl ether and then analyzed gas
chromatographically. During the cleavage of alkyl sulfates in an alkali fusion, the
corresponding alcohols and dialkyl ethers are formed in addition to the various mono
oleﬁns [69].
The hydrolysis of alcohol sulfates and alcohol ether sulfates with dilute acids
mainly lead to the corresponding alcohols and alcohol ethoxylates. Hoyt et al. [70]
removed amine oxides from a mixture with nonionic and anionic surfactants using a
strong cation exchanger. In the aqueous alcoholic ﬁltrate of the exchanger, he could
receive the nonionic alcohol ethoxylates and the anionic sulfates and sulfonates. The
extraction of this solution with carbon tetrachloride removes the nonionic substances
so that ﬁnally the aqueous alcoholic solution only contains the anionic surfactants.
The solution was evaporated to half and hydrolyzed with 2 N sulfuric acid so that
the sulfated anionic components were converted to the nonionic alcohol ethoxylates
and free alcohols. The sulfonated part is not aﬀected by this acidic hydrolysis.
Finally, the formed alcohols and alcohol ethoxylates are again isolated with carbon
tetrachloride and similar to the nonionic class of surfactants, they are characterized
gas chromatographically after the derivatization to the trimethyl silylethers [71]. In
this way, it is possible to determine as well the concentration of alcohol sulfate and
the homologue distribution of the ethoxylate chain in alcohol ether sulfates. A
similar procedure is described by Kirby et al. [72], in which diluted hydrochloric acid
is used for hydrolysis. Also, here they obtained the alcohols and alcohol ethoxylates,
which are again analyzed gas chromatographically after silylation to the trimethyl
silylethers.
The reaction of alcohol sulfates and alcohol ether sulfates with concentrated
hydroiodic acid under suitable conditions gives the corresponding alkyl iodides,
which subsequently can be examined gas chromatographically for characterizing
the alcohol distribution in the anionic fraction. A similar method is standardized
for the determination of the degree of ethoxylation in pure alcohol ethoxylates [73]
and is also directly applicable to alcohol sulfates and ether sulfates. Because this
reaction is nearly complete, it is possible to quantify the amount of the ethoxylation
groups from the peak area of the formed ethyl iodide in the gas chromatogram and
analogously the amount of the alcohol chains from the sum of peak area of longchain alkyl iodides. The ratio of both amounts is a measure of the average degree of
ethoxylation in alcohol ether sulfates. But if there is a mixture of alcohol and alcohol
ether sulfates, you can only determine an average ethoxylation degree without a
diﬀerentiation of both classes. Sulfonates, which are present, do not interfere in the
analysis of sulfates.

1. Procedure: Determination of C-Length Distribution and
Ethoxylation Degree by Gas Chromatography After
Cleavage with Hydroiodic Acid
Weigh approximately 150 mg of the sample or separated fraction to the nearest 1 mg
into a pressure resistant digestion vial (volume 20 mL), add 150 mg adipinic acid,
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4 mL hydroiodic acid (67%), 2 mL o-xylene, and exactly 2.0 mL internal standard
solution (6 g toluene to the nearest 1 mg dissolved in 200 mL o-xylene). Put a magnetic
stirrer into the vial and seal it tightly. Place the vial into a heating block or heating
bath with a temperature of 120jC and maintain the temperature with stirring for 90
min. Then, remove the vial from the heating block or heating bath and let cool to
room temperature. Shake vigorously to obtain a phase separation. Then, place the
reaction vial into a refrigerator at approximately 5jC and ﬁnally inject the upper
o-xylene layer into a gas chromatograph. Gas chromatographic conditions are given
in Fig. 17.
In the front region of the gas chromatogram of alcohol ether sulfates, the ethyl
iodide peak is produced from the ethylene oxide units. If there is no ethyl iodide peak,
the presence of ethylene oxide units in the sample can be excluded. In the later part of
the chromatogram, the alkyl iodide peaks are given, which are produced from the
alcohol groups in surfactant sulfates. First, the linear alkyl iodides are assigned by
comparison with a reference sample. The peaks between two peaks of linear alkyl
iodides are assigned to branched isomers of the higher linear one (e.g., the peaks
between the linear C14 and C15alkyl iodides are summed and assumed to be the
branched C15alkyl iodides). The distribution of the alcohol group in sulfates can be
calculated by comparing the corresponding peak areas of the diﬀerent alkyl iodides.
Furthermore, the ethoxylation degree can be estimated by the ratio between the ethyl
iodide and long-chain alkyl iodide peak areas. This calculation must be carried out
considering diﬀerent response factors for ethyl iodide and the long-chain alkyl iodides.
Therefore, the corresponding response factors are determined referenced to the

FIG. 17 Gas chromatogram of a fraction from a rinsing agent containing C12/13-alcohol
ethersulfate and alkane sulfonate after the cleavage with hydroiodic acid (fused silica capillary
column HP-1: length 25 m, internal diameter 0.2 mm, ﬁlm thickness 0.33 Am; carrier gas:
helium, gas ﬂow: 1.5 mL/min, split: 1/100; injector temperature: 130jC; detector temperature:
200jC; temperature program: 4 min at 40jC, then to 300jC with a rate of 20jC/min, ﬁnally
15 min at 300jC.
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internal standard toluene, and they are taken into account in estimating the ratio of
alkyl and ethylene oxide groups.
Instead of cleaving, sulfonates can be converted to more volatile esters by chemical reactions before the gas chromatographic analysis. Before the derivatization step,
sulfonate salts that may be present must be transformed into their sulfonic acids. The
formation of methyl esters can be carried out either with diazomethane [74–76] or with
the less toxic trimethyl orthoformate [75,77]. The methyl esters can be separated very
well into their C-chain isomers and homologues. Examples of gas chromatograms of
alkylbenzene sulfonate, alkane sulfonate, and oleﬁn sulfonate methyl esters are given
in Fig. 18. Normally, oleﬁn sulfonates are mixtures of alkene sulfonates and hydroxyalkane sulfonates. The peaks in the gas chromatogram of the methylation products of
oleﬁn sulfonates were identiﬁed by Louis et al. [75] as the expected 3-alkenesulfonic
methylesters and the corresponding sultones, which were formed from the hydroxyl
alkanesulfonic acids. The 3-methoxy alkanesulfonic methylesters could not be
detected. A simple esteriﬁcation method in the injector block itself is described by
Krüger and Field for alkylbenzene sulfonates and alkane sulfonates [78]. The anionic
fraction is dissolved in chloroform together with tetrabutyl ammonium hydrogen
sulfate and the solution is injected into the injector block of a gas chromatograph,
where the butylesters of the sulfonic acids are produced [79].
Another very eﬀective derivatization method for alkylbenzene sulfonates and
alkane sulfonates is described by Pratesi et al. [80]. The sulfonic acids are reduced in a
one-step reaction with an iodide-triﬂuoroacetic anhydride mixture in dimethylformamide to the thiotriﬂuoroacetates [81].
DMF

R  SO3 Na þ NaI þ ðCF3 COÞ2 O

!

R  S  COCF3 þ I2

þ CF3 COONa
In Fig. 19, a typical gas chromatogram of an alkane sulfonate-thio triﬂuoroacetyl
derivative is shown where the alkyl chain homologues and isomers are well separated
and quantiﬁable. In the presence of alcohol sulfates and alcohol ether sulfates, the
corresponding alkyliodides and alkylethoxy iodides are formed. Beside the determination of ethoxylation degrees of alcohol ether sulfates with this method a diﬀerentiation between the free alcohol sulfate and the alcohol ether sulfates is also possible in
anionic fractions of formulations.

E. Capillary Electrophoresis
In recent years, applications including capillary electrophoresis have increased. Heinig
and Vogt [82] give an overview about the potentialities of various buﬀer systems and
the detection possibilities with direct and indirect UV as well as conductivity and mass
spectroscopy. In some applications, capillary electrophoresis can be used as a
validated routine method for the quantiﬁcation of surfactants in formulated products.
Similar to the other chromatographic methods, the obtained ﬁngerprint of a sample
can be used for the identiﬁcation of the surfactant ingredients.
The analysis of alkylbenzene sulfonates by capillary electrophoresis is well
described in the literature, because their electrical charge and UV activity provide
very good precondition for this kind of analysis. Generally, the alkylbenzene sulfo-
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nates migrate to the anodic direction, but at a pH value of >4 the electroosmotic ﬂow
is large enough to transport these anionic surfactants to the cathodic end. Using electrophoretic buﬀer systems with low ionic strength and without any organic solvent
additives, all alkylbenzene sulfonate isomers can be joined in one peak. This technique
is especially helpful in the production control of formulations and in the trace detection of surfactants residues [83,84]. In these analyses, recovery rates of approximately
100% and detection limits of 1 mg/L with relative standard deviations of 3.5% can be
achieved [83].
On the other hand, the homologue distribution is important for the characterization of surfactants or detergents. Adding acetonitrile, the alkylbenzene sulfonates
in commercial products can be separated into their homologues [85–87]. Chien and
Pietrzyk [88] reported the fractionation of various anionic surfactants in complex
mixtures by capillary electrophoresis. Compared to high-performance liquid chromatography, the resolution of capillary electrophoretical separation is signiﬁcantly
enhanced, depending on the kind of buﬀer system and the added cations and their
concentrations. The alkane sulfonates, alcohol sulfates, and sulfosuccinates are usually detected by indirect UV measurements, while alkylbenzene sulfonates and other
aromatic sulfonates are determined by direct UV detection. Chien and Pietrzyk [88]
used an aqueous 5.0 mM phosphate buﬀer system at pH 7, to which Mg2+ or other
cations were added. For the indirect UV detection, 5.0 mM salicylate is used in the
buﬀer system and the UV measurement is performed at a wavelength of 230 nm. UVactive surfactants are detected at 220 nm. In their applications, they loaded 7–10 nL
of a 0.5 mM sample solution for approximately 5 s at 15 kV. In surfactant mixtures,
the concentration of each surfactant is approximately 0.5 mM in the sample solution.
The migration of the anionic surfactants, which are drawn electrophoretically to the
anode, shifts to the cathodic end of the capillary in the applied buﬀer system by the
electroosmotic ﬂow. Within a given surfactant class, the migration time decreases
with increasing chain length of the surfactants. The migration time also decreases
with increasing applied voltage from 10 to 30 kV. On the other hand, the migration
time increases with lowering of pH value from 10 to 5. In contrast, the addition of
acetonitrile as a modiﬁer up to a concentration of 40% only increases the migration
time slightly.
The increase in electrolyte concentration changes the migration time and the
resolution because of its inﬂuence on the electroosmotic ﬂow. If the ionic strength
increases, the electroosmotic ﬂow is decreased. This is of practical importance because
the addition of modiﬁers improves the separation of small inorganic and organic ions
such as alkane sulfonates. The eﬀects of strong electrolytes that were added as their
chlorides were examined concerning the inﬂuence of the cations on the migration

FIG. 18 Gas chromatographic analysis of derivatized (methyl ester) (a) C13–C17 alkane
sulfonates, (b) C10–C13 alkylbenzene sulfonates, and (c) C14,C16 oleﬁne sulfonates (a = methyl
3-tetradecene sulfonate, b = 3-methoxy tetradecane sulfonate, c = methyl 3-hexadecene sulfonate, d = 3-methoxy hexadecane sulfonate) [column: length 60 m, i.d. 320 Am, ﬁlm thickness
0.25 Am DB5; temperatures: 100jC to 200jC at 30jC/min then to 225jC at 2jC/min; carrier
gas: hydrogen, pressure 80 kPa; detector (FID): 320 jC; injector (cold on column): 100jC].
(From Ref. 75. Copyright 1995 by Karl Hanser Verlag.)

FIG. 19 Gas chromatogram of an alkane sulfonate after derivatization with triﬂuoroacetic anhydride in the presence of potassium iodide (fused silica
capillary column HP-1: length 25 m, internal diameter 0.2 mm, ﬁlm thickness 0.22 Am; carrier gas: helium, gas ﬂow: 1.5 mL/min, split: 1/100; injector
temperature: 280jC; detector temperature: 280jC; temperature program: from 70jC to 280jC with a rate of 3jC/min.
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behavior of various alkanesulfonates. While longer alkyl chain lengths lead to shorter
migration times, the cations show the following inﬂuences:
2þ
þ
Liþ < Naþ < NHþ
< Mg2þ < Ba2þ < Ca2þ
4 < K < Sr

migration time increases
The divalent alkaline earth ions yield a signiﬁcantly longer migration time at
concentrations of 1 mmol than the alkaline ions or ammonium ions at levels of 20
mmol as their chloride salts. The inﬂuence of the cations and their concentrations on
the migration time of anionic surfactants can be explained by the reduction of the
electroosmotic ﬂow and by the formation of associates between the cations and the
anionic surfactants. In capillary electrophoresis, the buﬀer moves from the anode to
the cathode by the electroosmotic ﬂow. The anionic surfactants migrate because of
their negative charge to the anode. Consequently, the buﬀer system and the anionic
surfactants move in opposite directions. Because in these systems, the electroosmotic
ﬂow is higher than the electrophoretic velocity of the anionic surfactants, their net
movement is in the direction of the electroosmotic ﬂow, meaning toward the cathode.
Additionally, the bonding between the anionic surfactants and the cations decreases
the anionic character and leads to a reduction of the electrophoretic migration and
results in shorter migration times. Because the interaction of cations with longer chain

FIG. 20 Comparison of electropherograms of C4–C10 alkane sulfonates in the absence (a)
and presence (b) of Mg2+ as a buﬀer additive. The buﬀer was aqueous pH = 7.0, 5.0 mM
phosphate, 5.0 mM salicylate, 1.0 mM Mg2+ solution. The capillary was 40 cm from buﬀer to
detector, applied voltage was 30 kV and indirect detection was at 230 nm. (From Ref. 88.
Copyright 1993 by American Chemical Society.)
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alkanesulfonates is higher than that with shorter ones, the migration time of the
shorter chain homologues relative to longer chain alkane sulfonates signiﬁcantly increases faster if cations are added.
For separation of the most important anionic surfactants, Chen and Pietrzyk
[88] prefer a phosphate buﬀer with the addition of Mg2+. This is because with these
cations, the migration time is high enough to obtain a good separation, and the magnesium salts of the buﬀer anions and the anionic surfactants show a satisfactory solubility. Figure 20 shows the separation of various alkane sulfonate and alkyl sulfate
homologues with and without the addition of Mg2+ ions. For the indirect UV
detection at 230 nm, 5 mmol of salicylate is added to the buﬀer system.
For separating the alkylbenzene sulfonate homologues of a commercial product, 40% acetonitrile is added as a modiﬁer to the buﬀer system mentioned above.
In this case, direct UV detection can be applied and so no salicylate has to be added.
Figure 21 also demonstrates the inﬂuence of Mg2+. Without the addition of these
cations, one single peak is obtained, but in contrast, the presence of Mg2+ salts enables the separation of the 2-alkyl isomer in each group of homologues.
A separation of the various alkylbenzene sulfonate isomers is possible with a
borate buﬀer at pH 8 and 20 mmol a-cyclodextrines [85]. But a complete separation of
all isomers is obtained only at lower pH values, higher amounts of organic solvents,
and with the addition of micelle forming agents. The isomer separation in Fig. 22 is

FIG. 21 Comparison of electropherograms for a commercial mixture of linear C10–C14
alkylbenzene sulfonates in the absence (a) and presence (b) of Mg2+ as a buﬀer additive. The
buﬀer was 2:3 ACN/H2O, pH = 6.0, 10 mM NaOAc, 3.0 mM Mg2+. The capillary was 40 cm
from buﬀer to detector, applied voltage was 30 kV and indirect detection was at 230 nm.
(From Ref. 88. Copyright 1993 by American Chemical Society.)
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FIG. 22 Isomeric separation of linear alkylbenzene sulfonates (capillary: length 40/47, i.d.
50 Am; voltage: 25 kV; detection: UV 200 nm; buﬀer: 10 mM phosphate pH 6.8, 40 mM
sodium dodecyl sulfate, 30% ACN). (From Ref. 94. Copyright 1998 by Karl Hanser Verlag.)

FIG. 23 Simultaneous separation of alcohol sulfates and alkane sulfonates (capillary: length
50/57, i.d. 75 Am; voltage: 25 kV; detection: indirect UV at 214 nm; buﬀer: 15 mM phydroxybenzoate, 50% ACN). Capillary: length 40/47, i.d. 50 Am; voltage: 25 kV; detection:
UV 200 nm; buﬀer: 10 mM phosphate pH 6.8, 40 mM sodium dodecyl sulfate, 30% ACN).
(From Ref. 94. Copyright 1998 by Karl Hanser Verlag.)
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accomplished in a phosphate buﬀer at pH 6.8 where 40 mM sodium dodecyl sulfate
and 30% acetonitrile are added [83].
For the determination of nonchromophoric anionic surfactants such as alkyl
sulfates, alkyl ether sulfates, alkane sulfonate, and alkyl sulfosuccinates, an indirect
UV detection is necessary. Therefore, in aqueous buﬀer systems, various UV-active
agents as Veronal [89], naphthalene sulfonate [90,91], toluene sulfonate [92], as well as
benzoic and p-hydroxybenzoic acid [93] were used. Figure 23 shows the simultaneous
separation of alkyl sulfates and alkane sulfonates with a system consisting of 50%
water containing 15 mM p-hydroxybenzoic acid and 50% acetonitrile. The detection
takes place with indirect UV detection at 214 nm. The separation occurs in buﬀers of
pH > 6, where the analytes reach the detector at the cathodic end in order of decreasing alkyl chain length and increasing electrophoretical mobility. In pure organic
media, as in 100% acetonitrile or 100% methanol, the anionic analytes migrate to the
anodic injection end, resulting in a migration order reverse that of aqueous systems
[93,94].

FIG. 24 Electrophoretic separation of alkane sulfonates (a) in water and (b) in methanol,
peak identiﬁcation: (1) C2SO3, (2) C4SO3, (3) C5SO3, (4) C8SO3, (5) C10SO3, (6) C14SO3, (7)
C16SO3 (capillary: 50 cm length, i.d. 75 Am with; electrolyte: 0.01 M sodium toluene sulfonate
and 0.005 M toluene sulfonic acid; separation voltage: 20 kV; indirect detection at 214 nm).
(From Ref. 95. Copyright 1996 by American Chemical Society.)
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The main problem in separating long-chain anionic surfactants in aqueous
media is the increasing peak tailing by the longer chain lengths, which results in the
total loss of the larger molecules. This discrimination is partly caused by the
hydrophobic absorption of the surfactants at the capillary walls or by the precipitation
of the longer chain components [95]. The comparison of capillary electrophoresis
separations of alkane sulfonates in aqueous versus those in pure methanol shows the
advantages of the nonaqueous media (Fig. 24). The aqueous chromatogram in Fig.
24a shows only very bad peak shapes are obtained and there are no sulfonate peaks
with a chain length of 14 and 16 C-atoms, while in methanolic medium a very good
separation is achieved (Fig. 24b). In these experiments, p-toluenesulfonate, and its
salts are applied as chromophores.
In comparison to high-performance liquid chromatography, capillary electrophoresis needs less sample volume and mobile phase, and its equilibration time is much
shorter [96]. On the other hand, capillary electrophoresis is very sensitive to temperature variation or diﬀerent mobile-phase pH. In multiple determinations, these eﬀects
lead to comparatively high variability in results. Comparison of surfactant quantiﬁcation in commercial cosmetic products by capillary electrophoresis and highperformance liquid chromatography shows that under optimal conditions, the latter
method is more ﬂexible in the separation of three diﬀerent surfactant classes.

III. TITRATION METHODS
In quantitative analysis of anionic surfactants, the titrations are the most important
methods. Very often, the titrimetric quantiﬁcations can be directly carried out on the
original sample. Because titrations are molar reactions between the analytes and
titrants, they always provide molar concentrations. Of course, the recalculation to
mass concentrations requires the knowledge of the molecular weight and so the
kind of the anionic surfactant. Most titration techniques used for anionic surfactants
are based on their complexation behavior with cationic surface-active titrants and
the diﬀerent solubilities in water or in an organic solvent of the free anionic surfactants themselves and their formed adducts. For many years, the equivalence points
have been detected visually by using dye indicators, but many laboratories have
long looked for objective detection methods that also could be automated. In the
course of time, other techniques for endpoint detection have been developed. Preston
et al. [97] used the change in surface tensions of aqueous solutions to determine the
endpoint. Many papers have been published about possibilities for photometric
detections, but potentiometric titrations have succeeded for most applications in the
meantime [98].

A. Visual Titrations
The so-called two-phase titrations have been successfully used for many years. Principally, these titrations are based on the fact that anionic and cationic surfactants
form salts that are only sparingly soluble or even insoluble in water. These titrations
were ﬁrst described by Hartley and Runnicles in 1938 [99,100], who titrated alkane
sulfonates with cetylpyridinium chloride by using bromophenol blue as an indicator.
The solubility of the salt formed between an anionic surfactant and the methylene
blue cation as well as the insolubility of methylene blue with chloride as the coun-
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terion motivated Epton [101,102] to develop a two-phase titration. Here the sample
solution including the anionic surfactant is transferred into a closed reaction vessel
and 25 mL of a sulfuric acid/sodium sulfate buﬀered methylene blue solution and 15
mL chloroform are added. The salt of methylene blue and the anionic surfactant is
formed and extracted into the chloroform layer to color it blue. This mixture is
titrated with cetyl pyridinium bromide. In the beginning, the blue dye is primarily in
the chloroform layer, then during the titration it passes over into the aqueous layer
ﬁrst slowly and at the end rapidly. The titration endpoint is reached when both layers
are colored with similar intensity. Since the development of the two-phase titration,
many papers have been published. The most commonly used indicator is methylene
blue, which requires the exact recognition of the coloration of both layers. The essential disadvantage of methylene blue as an indicator in the two-phase titration is its
sensitivity to interferences. Chloride and short-chain alkylbenzene sulfonate are such
substances and lead to an overestimated result. Also, the bromophenol blue reported
by Barr et al. [103] shows interferences in the presence of chloride and nonionic
surfactants [104].
Signiﬁcant progress was made in the two-phase titration by the introduction
of a mixed indicator of disulﬁne blue and dimidium bromide (Fig. 25). In the beginning, this indicator was applied only for the qualitative detection of anionic surfactants [105]. But this indicator mixture was proved to have the sharpest endpoint
of all indicators that had been tested before. Using such a mixed indicator, which
consists of an anionic and cationic dye, several dissolving and complexing steps have
to be considered (Fig. 26). The color change with a dimidium bromide/disulﬁne blue
mixed indicator has to be observed in the chloroform layer. During the time there is an
excess of anionic surfactants, the chloroform layer is colored pink; with an excess of
cationics, it is blue. The endpoint is indicated by a grayish blue color, which probably
coincides with a complete transfer of the dimidium bromide into the aqueous layer
just before the transfer of disulﬁne blue/cationic surfactant complex into the chloroform layer.

FIG. 25 Indicators for the two-phase titration.
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FIG. 26 Scheme of a two-phase titration with mixed indicator. AS = anionic sample, CT =
cationic titrant, CD = cationic dyestuﬀ, AD = anionic dyestuﬀ.

In addition to indicators, diﬀerent cationic surfactants were also tried as titrants.
During the comparison of titrations p-tert-octylphenoxyethoxyethyl dimethyl benzylammoniumchloride, which is better known as HyamineR 1622, shows some advantages. At ﬁrst, it was applied by Lew [106] in the analysis of detergents, which also
included amine oxides. One advantage of this titrant is its commercial availability as a
pure monohydrate of one deﬁned component. It does not consist of diﬀerent isomers
or alkyl chain homologues as do other cationic surfactants. Additionally, HyamineR
1622 is very water-soluble so that its solutions remain stable for a long time without
any crystallization eﬀects. Together with the mixed indicator, HyamineR 1622 aﬀords
very good inﬂection points.
The described two-phase titration by Reid et al. [107] with the mixed indicator of
dimidium bromide and disulﬁne blue as well as HyamineR 1622 as the titrant was
proved as a prominent method for the determination of the anionic active content in
raw materials and formulations. The method was standardized as ISO 2271 [108] and
is still used today in many laboratories. For common surfactants such as alcohol
sulfates, alkane monosulfonates, hydroxyalkane sulfonates, and alkylbenzene sulfonates, it shows recovery rates of 96–97% and very high precision.
Furthermore, this method is in a good accordance with other titrations that are
published in the literature. An alternative procedure for two-phase titration is the
toluidine method [109,110], where a neutral aqueous sample solution of the anionic
surfactant is reacted with a solution of p-toluidine hydrochloride. The slightly basic
amine is not able to neutralize the anionic surfactant so that it can be titrated with
sodium hydroxide. Low molecular sulfonates do not interfere in the toluidine method,
and in the past it was often applied for the determination of anionic surfactants in
detergents.
In the analysis of washing and cleaning agents, it is important that the methods
used are not subject to interference by other typical ingredients. Neither inorganic
components such as Na2SO4, NaCl, phosphate, perborate, or silicate nor the organic
additives such as triethylamine, ethylene diamine tetraacetic acid (EDTA), urea, or
toluene sulfonate inﬂuence the titrant consumption. In detergents, the anionic
surfactants often consist of mixtures of nonhydrolyzable components such as alkyl-
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benzene sulfonates and hydrolyzable components such as alkyl sulfates and ether
sulfates. The analysis of these mixtures can be realized when the formulation is titrated
before and after hydrolysis. Depending on which components are present the
hydrolysis is carried out under acidic [111] or alkaline [112] conditions. Particularly
acidic conditions are used when the hydrolyzable alkyl sulfates and ether sulfates are
present with alkylbenzene sulfonates. In special cases, as in the presence of dialkyl
sulfosuccinates or monoglyceride sulfates, the hydrolysis is carried out under alkaline
solutions.
Cohen et al. [113] described successive two-phase titrations with the mixed
indicator bromocresol green and phenol red for the identiﬁcation of alkylbenzene
sulfonates, alkane sulfonates, and a-sulfofatty acid methylesters. The combination of
these three titrations enables the diﬀerentiation of mono- and disulfonates as well as
the determination of the soap content.
Often soap concentrations are quantiﬁed by a neutralization titration [114] after
extractive separations with acetone or petroleum ether [115] from other anionic
surfactants. A direct titration method of soaps in the presence of other anionic
surfactants, complexing agents, or fatty acid diethanolamides is possible in an acetone
solution [116]. This method involves acidiﬁcation of the soaps with hydrochloric acid
and subsequent titration of the released fatty acid and the excess hydrochloric acid
using a tetrabutyl ammoniumhydroxide solution. The whole method is performed in
acetone solution at slightly elevated temperature. The two endpoints, excess hydrochloric acid and free fatty acid, can be detected potentiometrically [117] or visually by
the addition of an indicator mixture of neutral red and thymolphthalein. Soaps are
essential in many detergents and cosmetic products. During two-phase titrations in
acidic medium, the soap exists as free fatty acid and is not detectable. König and
Walldorf [118] titrated the soaps with the mixed indicator and cationic HyamineR
solution in alkaline medium. Therein, the sample is dissolved in 30 mL of a
chloroform–isopropanol mixture, 20 mL alkaline sodium chloride and sodium
phosphate solution, and neutralized mixed indicator solution. This is then titrated
with a 0.004 M HyamineR solution until the color changes to grayish blue. This
alkaline titration also determines the anionic sulfonate and sulfate surfactants. The
amount of soaps can then be calculated from the diﬀerence of the titration volumes in
alkaline and acidic media.
A very suitable titration method for soaps in the presence of alkylbenzene sulfonates or other surface-active sulfonates or sulfates is that with HyamineR in alkaline
medium by using 2,7-dichloroﬂuorescein [119]. In combination with the normal twophase titration, the soap content can be estimated by diﬀerence calculation. The
sample is dissolved and titrated with HyamineR solution against the mixed indicator
disulﬁne blue and dimidium bromide. The consumption is related to the existing
amount of alkylbenzene sulfonate. In a second titration of the sample, the total
amount of soaps and alkylbenzenesulfonates are determined also using HyamineR
solution but now in an alkaline pH range with 2,7-dichloroﬂuorescein as indicator.
The diﬀerence between the ﬁrst and second titrations yields the soap matter.

B. Potentiometric Titrations
In the past, it was repeatedly tried to automate the visual methods. A signiﬁcant
advancement was made with the development of a surfactant-sensitive potentiometric

Determination of Anionic Surfactants

259

titration method. Kurzendörfer et al. [120] and Dowle et al. [121] published in 1986 and
1987 the development of cationic and anionic surfactant speciﬁc electrodes and their
applications. To be able to measure a potential change other than dilution eﬀects
during a titration, a chemical reaction is necessary. In this case, the surfactant that is to
be quantiﬁed is precipitated. The aqueous surfactant solution is adjusted to approximately pH 3 with hydrochloric acid, treated with 1 mL of a 1% alkylphenol ethoxylate
solution, and titrated with a cationic surfactant solution [122]. The magnitude of the
change in potential depends on the solubility product of the salt that is formed between
the anionic and cationic surfactants. The larger the solubility product, the more
extensive is the change in concentration and with that the potential jump at the
equivalent point. The potentiometric surfactant titration can be classiﬁed as a precipitation titration. First, the surfactant-sensitive electrode detects the sample surfactant ion. During the titration, this is precipitated with an oppositely charged surfactant
titration agent. Finally, after the titration endpoint is reached, the potential at the
electrode is inﬂuenced by the cationic titration agent. This fact shows that the ion
associates should be as undissociated as possible [123]. Most formulations contain
nonionic surfactants that are also able to solubilize anionic surfactants. In the quantitative determination of anionics in formulations, it is extremely important to use a
titration agent with a high reaction rate and aﬃnity for the sample molecules [124]. For
this purpose, 1,3-didecyl-2-methyl imidazolinium chloride (Fig. 27) has proven useful
[125]. Comparing with other cationic titration agents, it shows improved properties in
the potentiometric titration of anionic surfactants. A further increase in performance
could be obtained by the optimization of the electrodes [126–132]. At the beginning of
this kind of titration, the interference from anionic surfactants on various ion sensitive
electrodes was noted. Even an ASTM-standard method was published, which

FIG. 27 TEGORtrant A100 (1,3-didecyl-2-methyl imidazolinium chloride) as a titrant for
potentiometric titrations.
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describes the determination of anionic surfactants using a nitrate-sensitive electrode
[133]. Of course, standard electrodes cannot perform fully the requirements in the
titration of anionic surfactants. For that reason, a commercial electrode was developed of which the High-Sense-Electrode succeeds in purely aqueous application ﬁelds
[134]. In all electrodes, the membrane is the most important part and consists of a PVC
matrix, a plasticizer, and a so-called ionophore, which works as an ion transfer agent.
This component is responsible for the electroactivity of the membrane. The electrode
potential arises from the interaction of the ionophore in the membrane and the
surfactant ions in the sample solution. Usually, the potential can be measured against a
reference electrode.
The potentiometric titration with ion-sensitive electrodes is not only suitable for
the analysis of raw materials, but also for formulated products [135,136] (Fig. 28).
Additionally, Fig. 28c illustrates the advantage of using 1,3-didecyl-2-methyl imidazolinium chloride in comparison to HyamineR 1622.
Often nonylphenol ethoxylate is recommended in literature as an additive in the
sample solution. It helps prevent the adsorption of insoluble ion associates, formed by

FIG. 28 Titration curves of (a) lauryl sulfate, (b) toothpaste, and (c) shower gel. (From Ref.
135.)
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the sample surfactant and the titrant, on the electrodes during the titration. On the
other hand, like all nonionic surfactants, nonylphenol ethoxylates have a negative
inﬂuence on the titration [137]. Depending on the concentration of nonionic surfactants, the titration curves become worse because the total potential diﬀerence
decreases and the inﬂection point extends over a larger volumetric range. The higher
the ethoxylation degree, the lower the amount that is needed to alter the curve. Indeed,
although absolute results are always the same, the standard deviation becomes worse
with increasing content of nonionic surfactants. Enhanced salt concentration can also
have a detrimental eﬀect on the shape and broadening of the inﬂection point because
of increasing micelle formation [138].
The adjustment of pH value also inﬂuences the titration result. With appropriate
pH adjustment of the titration solution, a minimization of interferences by other
sample ingredients can be achieved. By adjusting the pH value, soaps can be quantiﬁed
in addition to surfactant sulfonates and sulfates. Soaps dissociate completely in
alkaline medium while in acidic solutions they are present as only poorly dissociated
fatty acids. For that reason, the carboxylate ions of soaps can be titrated with a
cationic surfactant only under alkaline conditions. Consequently, the titration of
soaps still occur best in pH ranges of 9–12 whereas the anionic surfactants with
strongly acidic groups can be titrated also at pH values of 2–13. A ﬁrst titration at
approximately pH 10.5 yields the sum of soaps and other anionic surfactants. A
second titration at a pH of 2–3 gives the content of anionic surfactants. The diﬀerence
between both titrations corresponds to the soap concentration. The pH adjustment is
also extremely important for such surfactants that contain both sulfonate and
carboxylate groups as, e.g., disodium succinate laureth halfester. In the acidic range
at pH 1–3, only the sulfonate group is titrated while at pH 7–10, the sum of sulfonate
and carboxylate groups is determined.
The visual two-phase titration was the standard procedure [108] in the quantiﬁcation of anionic surfactants for many years. The introduction of ion-sensitive
electrodes has made possible procedures that can be automated and used without
toxic chloroform. On the other hand, a method is required that can be applied as
generally as the visual two-phase titration, regarding the kind of surfactants and
possible matrices. Furthermore, the results generated with the new method must be
comparable with those of the classical two-phase titration [139]. As mentioned before,
high concentrations of nonionic surfactants have a negative inﬂuence on the titration
curves of the potentiometric precipitation titration. Arens et al. [140] compared the
potentiometric titration using various electrodes and titrants with the classical twophase titration. Two commercially available surfactant-sensitive electrodes and one
self-made PVC-coated graphite electrode was used. As titrants, HyamineR 1622 and
1,3-didecyl-2-methyl imidazolinium chloride were compared. It was shown that
generally the potentiometric titration yields similar values as the standardized twophase titration, but in particular cases signiﬁcant diﬀerences were obtained especially
regarding precision.
A further essential step was the development of solvent-resistant electrodes that
do not contain PVC membranes as do the previous ones. To obtain results that are as
similar as possible to those with the classical two-phase titration, the use of such
electrodes is the best choice. The solvent-resistant electrode can also be applied to twophase systems, where the precipitates formed by the surfactant analytes and surfactant
titrant are extracted from the aqueous layer into the organic layer as in the classical
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two-phase titration. Moreover, the extraction of the ion associate into a second
organic layer minimizes the negative inﬂuence of hydrophilic nonionic molecular
groups. The determination of ionic surfactants in the presence of large concentrations
of nonionic surfactants is diﬃcult in a purely aqueous medium. The concentration of
the nonionic surfactants remains roughly constant during the whole titration so that
they may solubilize the anionic analyte as well as the formed ion associate. On the
contrary, using the solvent-resistant electrode in a two-phase titration medium, the
interference by nonionic surfactants is much lower.
Indeed, the electrode is also resistant to chloroform so that an automated
titration could be similarly performed to the standardized visual two-phase titration.
On the other hand, chloroform should be avoided because of its toxicity. For this
reason, various solvents were tested [137] and methyl isobutyl ketone was proved to be
applicable most generally. Interlaboratory comparative analysis of the potentiometric
and the visual two-phase titrations using fatty alcohol sulfate, fatty alcohol ether
sulfate, and linear alkylbenzene sulfonate have shown again [141] that the results are
very similar, but the precision of the potentiometric titration was worse than that of
the visual titration. In this case, the authors explain the precision diﬀerences by less
experience of the participating laboratories with potentiometric titration and in the
rather high experience with routinely applied visual determination.
The potentiometric two-phase titration also is very successfully applicable in the
determination of anionic surfactant contents in washing powders [142]. Although the
potential jump decreases in such products because of the high salt concentrations,
good, evaluative potential curves are obtained (Fig. 29). The results are identical,
within the accuracy of the test, to those of the classical two-phase titration [143]. The
titration of the anionic surfactants was performed at pH values of 2–3, followed by
titration at pH 11.5 to yield the sum of the synthetic anionic surfactants and the soaps.
The soap content is ﬁnally calculated from the diﬀerence.

FIG. 29 Typical potentiometric titration curves of diﬀerent washing powders: 1 = heavyduty detergent, 2 = compact heavy-duty detergent, 3 = detergent for woolens, 4 = detergent
for colored fabrics. (From Ref. 143.)
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1. Potentiometric Titration of Anionic Surfactants and Soap
in Washing Powder [144]
Approximately 1.5 g of the homogenized sample are weighed into a 250-mL glass
beaker to the nearest 0.1 mg and dissolved in water by stirring with a magnetic stirrer.
Remaining insoluble particles should be homogeneously suspended in the solution. To
promote dissolution, the aqueous sample solution can be slightly warmed. Some
ethanol is added to minimize foaming of the solution. Then, the sample solution is
transferred quantitatively into a 250-mL volumetric ﬂask and is ﬁlled with water.
Ten milliliters of this sample solution are transferred into a titration beaker and
60–70 mL water are added. The pH is adjusted to 2 with hydrochloric acid, and 10 mL
of methyl isobutyl ketone and 200 Al of the emulsiﬁer solution (TEGO Add supplied by
Metrohm) are added. This solution is titrated with a standardized solution of 1,3didecyl-2-methyl imidazolinium chloride (0.005 M standardized against dodecyl
sulfate) while vigorously stirring using a solvent-resistant, surfactant-sensitive electrode (e.g., Surfactrode Reﬁll supplied by Metrohm) as measuring electrode and a
silver/silver chloride reference electrode. The consumption at the equivalent point
corresponds only to the anionic surfactant content without regarding the soap.
Another 10 mL of the sample solution is pipetted into a titration beaker and 60–
70 mL of water are added. The pH value is adjusted to 11.5 with sodium hydroxide
solution. Twenty-ﬁve milliliters of a solvent mixture of methyl isobutyl ketone and
isopropanol (mix 600 mL methyl isobutyl ketone and 400 mL isopropanol), 10 mL
ethanol, and 200 AL emulsiﬁer solution are added. The titration is carried out as
previously. The consumption at the inﬂection point corresponds to the total contents
of anionic surfactants and soaps.
The concentration in mole per gram of anionic surfactants Canionic and soaps
Csoap are calculated by the following formulas:
Canionic ¼

Vacidic  F  0:005  25
W

Canionic þ Csoap ¼

Valkaline  F  0:005  25
W

where Vacidic and Valkaline are the titration volumes in milliliter under acidic and
alkaline conditions. W is the amount in milligram of the homogenized sample for the
preparation of the sample solution and F is the standardization factor of the 1,3didecyl-2-methyl imidazolinium solution.

C. Photometric Titrations
In addition to the visual two-phase titration and the various potentiometric determinations of surfactants, the possibility of the photometric end-point identiﬁcation also
exists. The formation of associates between anionic and cationic can directly be used
for the measurement of turbidity [142]. The precipitation of the ion pair leads to
increasing turbidity, which can be observed by the measurement of light transmission.
The equivalence point is reached at the titration volume where the largest turbidity is
measured [145]. In most cases, the precipitate is redissolved when an excess of titrant is
added and the turbidity can even disappear.
Hellsten [146] described a titration of turbidity in which chloroform is emulsiﬁed
in water by the anionic surfactant that is to be titrated. With the addition of the
cationic surfactant during the titration, the emulsion suddenly breaks at the end point
whereas the stability of the emulsion increases again with further addition of the
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cationic titrant. The maximum optical density of the chloroform–water mixture is
taken as the end point and this titration volume is used for the calculation of the
surfactant content. In a similar mechanism, the colloidal precipitations, which are
formed during the titration, are dissolved by the excess of anionic surfactants [147]. At
the end point of the titration with cationic surfactants, the solubility in chloroform
strongly decreases and the aqueous layer becomes turbid, which leads to a sudden fall
of transmittance.
Pinazo and Domingo [148] describe a turbidity titration for determination of
anionic surfactants in the presence of amine oxides. For this titration of the anionic
surfactants, the sample is dissolved in a two-phase mixture of water and chloroform
and adjusted to pH 10 with a sodium borate/sodium hydroxide buﬀer. The solution is
titrated with HyamineR 1622 and the turbidity is measured continuously by using a
phototrode. The end point is reached at the maximum turbidity, when the transmission shows its minimum. At basic pH, the amine oxides behave as nonionic surfactants
and do not inﬂuence the determination of the end point. In a second step, the amine
oxides can be determined. Two diﬀerent procedures are necessary depending on which
surfactant is in excess. If the molar amount of the anionic surfactants predominates,
the solution is titrated a second time at pH 2 with HyamineR 1622 using a sodium
citrate/hydrochloric acid buﬀer. Because in the acidic pH region, the amine oxides
behave as cationic surfactants, they bind equimolar amounts of the anionic surfactants, and during the titration only the excess amine oxide is determined. The
diﬀerence between the volumes of the ﬁrst and the second titration corresponds to
the amine oxide content. If the molar amount of amine oxides is higher than that of the
anionic surfactants, the excess exists as cationic surfactant at pH 2 and can be titrated
with lauryl sulfate. The sum of the volumes of the ﬁrst and second titration then yields
the total amount of amine oxide.
One-phase turbidity titrations in aqueous solutions are also described [149,150],
but high salt concentrations and any nonionic surfactants present interfere with
the end point identiﬁcation. For the recognition of the inﬂection point, indicators are
often added. Because the neutral compounds that are formed between the cationic
and anionic surfactants are nearly insoluble, the sample solution becomes more
turbid during the one-phase titration. The monitoring of the titration progress with
commercial phototrodes gives unsatisfactory results because of the overlapping of the
indicator change and the enhancement of turbidity. Near the equivalent point, the
concentration of surfactants in the solution is so low that the solubilization capacity
of the surfactants cannot operate. Hence the greatest turbidity exists at the equivalence point. In practice, the turbidity leads to a decrease of transmission of more than
95%. Unfortunately, the formation of turbidity is not appropriate for quantitative
determination by turbidimetry, because the solubility of neutral components is
inﬂuenced as well by the presence of cationic and anionic surfactants and by other
matrix eﬀects.
To carry out measurements in turbid solutions or in solutions with strongly
absorbing background, the technique of double wavelength spectroscopy seems to be
best. In this technique, the total absorption of a sample is determined at a deﬁned
wavelength by comparison with a reference sample. Generally, the quantitative
determination of a component is more diﬃcult with higher background absorption.
Even then, in many cases, an evaluation is possible if measurement is not made against
an external reference, but instead a second wavelength in the spectrum of the same
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FIG. 30 Titration with a double wave scan A613 nm–A592 nm. At 613 nm, you ﬁnd the
absorption maximum of the indicator–surfactant adduct (blue) and at 592 nm the maximum
of the free indicator (violet). (From Ref. 151. Copyright 1994 by Karl Hanser Verlag.)

sample is used as an internal reference. Additionally, the sample solution is spiked with
a bromophenol blue solution as an indicator [151]. In the titration solution with
HyamineR 1622, weak but distinguishable absorption maxima are detectable for the
indicator derivative at 613 nm and, with an excess of anionic surfactants, for the free
indicator at 592 nm. Observing the titration only at one wavelength, which is inﬂuenced by increasing turbidity, the equivalence point does not coincide with the 1:1 ratio
of the sample surfactant and the titrant. Also, the turbidity level varies in diﬀerent
measurements. Only the observation of both wavelengths of the bonded and the free
indicator gives the expected result (Fig. 30).

IV. SPECTROSCOPIC METHODS
The spectroscopic methods are used mainly for the identiﬁcation of the surfactants in
separated fractions from detergents. Therefore the success of interpretation of the
spectra strongly depends on the purity of the isolated and analyzed fractions. The
accuracy of the sample preparation and all former steps is of importance.
The interpretation of the infrared, nuclear magnetic resonance, and mass spectra
is frequently discussed in detail in the literature [152]. That is why in this chapter only a
rough overview shall be given regarding the characteristic bands and signals of the
various anionic surfactants. More detailed discussions can be found in other publications. Certainly, the sophisticated coupling techniques of various nuclear magnetic
resonance (NMR) experiments permit the analysis of substance mixtures. The IR
analyses give indications on the functional groups of the molecular structure. So
carboxylate, sulfate, sulfonate groups, and also ethylene oxide chains are readily
observed by infrared spectroscopy. All spectra of surfactants show more or less
intensive bands corresponding to the alkyl chain. Indeed, the degree of branching can
be estimated by IR but an extended characterization of the hydrocarbon chain can be
better performed by NMR spectroscopy.
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Mass spectrometry provides options for the determination of homologue
distributions of several surfactant types. Techniques with soft ionization such as fast
atom bombardment (FAB), atmospheric pressure chemical ionization (APCI), or
matrix-assisted laser desorption ionization (MALDI) are becoming more important in
the direct analysis of detergents. With the right choice of ionization parameters, it is
possible to detect anionic surfactants in the presence of nonionic, cationic, or
amphoteric surfactants. In soft ionization experiments, mainly the molecular ions
are found with only small peaks for fragment ions, so spectra are obtained that provide
a clear indication of homologue distributions. Diﬀerent ionization energies of
individual homologues or isomers can result in varying peak intensities, however, so
that concentrations or distributions cannot be directly estimated from the peak
intensities in all cases. Comparing all spectroscopic methods, mass spectrometry has
the big advantage that it can be coupled with nearly all chromatographic techniques.
Online spectroscopy of individual analytical fractions in many cases results in a rapid
identiﬁcation of the ingredients of formulations.

A. Infrared Spectroscopy
In many cases, simply recording an infrared spectrum extensively clariﬁes the structure
of the presented component. Normally ester, sulfonate, sulfate, carboxylate, or
ethoxylate groups are easily detectable by IR spectroscopy. The absence of a
characteristic absorption band excludes the presence of the corresponding molecular
group. Reference spectra are extremely helpful in the identiﬁcation of unknown
substances by comparison with the spectrum of the sample or fraction that has to
be analyzed. The more homogeneous and pure the sample is, the easier a spectrum
can be interpreted, and the more certain identiﬁcation is. That is why in the analysis of
unknown formulations, usually individual fractions are examined by IR spectroscopy.
Certainly from the IR spectra of mixtures, important indications about included
components can be discerned [153]. Meanwhile, several libraries of reference spectra
exist, which can be used for comparison and interpretation [154–156].
The interpretation of spectra of separated fractions from washing and cleaning
agents corresponds with that of pure individual surfactants. An intensive description
of band assignment for anionic surfactants is given in the literature [157,158]. Only the
most important IR absorption bands of anionic surfactants shall be mentioned here.
In literature, examples are given for the combination of separation procedures and
identiﬁcations by IR spectroscopy. The surfactants do not have to be isolated necessarily, but derivatives can be made and their spectra identiﬁed. In this way, alkylbenzene obtained by desulfonation of alkylbenzene sulfonates can be used for identifying
these types of substances [64]. The combination of solubility experiments and ionexchange separations with IR spectroscopic evaluations on several types of sulfosuccinic acid half esters show that these products normally include many by-products,
which greatly complicate the identiﬁcation and quantiﬁcation of mixtures [159]. In the
analysis of formulations, the individual fractions can be diﬀerent from the commercial
raw materials, because of the varying separation behavior of the particular components. This leads to diﬀerent IR spectra that have only limited agreement with the
reference spectra of the original products.
Kirby et al. [72] describe the analysis of the ingredients of shampoos. In the ﬁrst
step, they evaporate the volatile components and spread a part of the residue between
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two NaCl plates to record a qualitative spectrum from 400 to 4000 cm1. By evaluating
the typical bands of functional groups in the IR spectrum, they get a ﬁrst impression
about the main components in the shampoo. The anionic surfactants are isolated by an
ion exchange of the alcohol soluble parts of the dried residue and separated from each
other by fractionated elution from the anion exchanger. Each fraction is identiﬁed by
IR spectroscopy. So fatty acids, sarcosinates, taurates, isethionates, sulfosuccinates,
alcohol sulfates, and alcohol ether sulfates, as well as sulfonic acids and sulfocarboxylic acids, can be detected. König and Walldorf [160] described a procedure for
analyzing toothpastes. There the ethanol-soluble portion of the dried residue is
acidiﬁed with hydrochloric acid and extracted with ether. After evaporation of the
ether and neutralization, the dried residue is identiﬁed by infrared spectroscopy.
Usually, IR spectra are recorded in the region between 600 and 4000 cm1. The
samples are ground with KBr to produce pellets for measuring spectroscopically. A
pellet contains approximately 1–5 mg of the sample substance and approximately 300
mg potassium bromide. In various applications, it was shown that using special
techniques, signiﬁcantly lower amounts of the samples down to 5 Ag are suﬃcient
[161,162]. Nonaqueous or dried liquid samples are pressed between NaCl or KBr
plates and the spectra can be recorded in this way.
Because of their long alkyl chains, all surfactants have intense absorption bands
in the range of the CH stretch and deformation vibrations at 2925 and 2850 cm1
which can be assigned to the asymmetric and symmetric stretching vibration of the
methylene groups. Because of the long alkyl chain, the corresponding stretching
vibrations of the methyl groups at 2960 and 2875 cm1 appear only subordinately or as
shoulders of the methylene bands. The deformation vibration of the methylene and
methyl groups are found at 1470 cm1. The symmetric deformation vibration of the
methyl group produces a band at 1380 cm1, the intensity of which can be used to
estimate the degree of branching in the alkyl chain. In addition, the spectra of long
linear alkyl chains often show a rocking vibration at approximately 720 cm1.
In the spectra of fatty acid soaps, additional bands at 1550 and 1670 cm1
are typically obtained from the asymmetric and symmetric C–O stretching vibrations
(Fig. 31).
Characteristic absorption bands in sulfated surfactants are those of the C–O–S
stretching vibration of the sulfate group at 1200–1250 cm1 and the C–S stretching
vibration of the sulfonate group at 1150–1220 cm1. From these, sulfates and sulfonates can be readily distinguished already in the IR spectrum. The linear alcohol
sulfates have an intense but poorly deﬁned main band at 1220–1250 cm1 (Fig. 32).
The spectrum of a secondary alcohol sulfate signiﬁcantly diﬀers from that of primary alcohol sulfates, allowing them to be easily distinguished from each other.
The main indication is a strong deformation vibrational band for methyl groups at
1380 cm1, from which a high degree of branching can be concluded (Fig. 33). In
addition, the rocking vibration at 720 cm1 decreases signiﬁcantly. The sulfate band
splits into two sharp bands at 1200 and 1250 cm1. The ethoxylated alcohol sulfates
can be detected very easily by the additional ether band at approximately 1110 cm1.
This band belongs to a C–O stretching vibration. The ethoxylate groups also cause
shifts in the ﬁngerprint region, the extent of which depends on the number of ethylene
oxide units.
Alkane sulfonates only have a few signiﬁcant absorption bands, but their
IR-spectra are characteristic. In addition to the sulfonate bands at 1150–1220 and
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FIG. 31 Infrared spectrum of stearic acid as a ﬁlm between NaCl plates.

FIG. 32 Infrared spectrum of sodium dodecyl sulfate as a ﬁlm between NaCl plates.

Determination of Anionic Surfactants

269

FIG. 33 Infrared spectrum of sodium iso-tridecyl sulfate as a ﬁlm between NaCl plates.

1050 cm1, they show bands corresponding to the aliphatic chain at 2925, 2850, 1460,
and 1375 cm1. At 720 cm1, a very intense band for the linear alkyl chain appears.
The long-chain alkylbenzene sulfonates are readily identiﬁed by the sulfonate
group in addition to the CC stretching vibration of the aromatic group between 1500
and 1600 cm1, the aryl-H-stretching vibration of the double bond at 3000–3100 cm1,
and the C–H out-of-plane vibration at 825 cm1, which can be assigned to para
substitution. The short-chain alkylbenzene sulfonates show a signiﬁcant CH3 band at
2950 cm1 and a relatively weak CH stretching vibration at 2860 and 2920 cm1.
In the spectrum of the sulfosuccinic dioctyl ester, the bands for the alkyl chains
are observed. The relatively strong band at 2960 cm1 results from the presence of
several methyl groups in the branched alkyl chains. Additional typical bands appear
at 1710 cm1 for the ester and 1160 cm1 for the C–O stretching vibration. The
sulfonate bands are found at 1220 and 1040 cm1. In the spectra of the sulfosuccinic
half esters, the C–O stretching vibration leads to an intense band at 1600 cm1, while
the ester band at 1710 cm1 is relatively low in comparison to that of the corresponding diester.
Phosphoric esters are detectable by a band at 925 cm1, which corresponds to the
P–O–H stretching vibration, a band at 1200 cm1 resulting from the P j O vibration,
and a broad band at 1010–1070 cm1 derived from the P–O–C ester bond.
The high scan velocity and sensitivity of the Fourier transform infrared
spectroscopy (FTIR) enables the coupling of an infrared spectrometer with supercritical ﬂuid chromatography [163] or a high-performance liquid chromatograph using a
thermospray interface. After the column separation, the mobile phase is passed
through a thermospray device, where the dissolved fractions are deposited on a
stainless-steel belt as spots. Finally, these separated sample spots are scanned with
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an IR beam. From this, the total IR spectra can be recorded for identiﬁcation or only
certain regions are measured for the speciﬁc detection of deﬁned surfactant groups.
For example, the region of the C–S vibration at 1180–1245 cm1 is favored in the
analysis of sulfonates [164] (Table 7).

B. Nuclear Magnetic Resonance Spectroscopy
In anionic surfactants analysis, nuclear magnetic resonance (NMR) spectroscopy is of
interest, particularly 1H, 13C, and 31P spectra. Because of the abundance of 1H atoms,
their NMR signals are split by spin spin coupling or are broadened in lower resolution
spectra. 13C resonances appear as sharp, well-resolved signals in the spectrum, because
intramolecular neighborhoods of 13C atoms are very random. The 31P-NMR spectroscopy is very important in the analysis of phosphoric acid esters.

TABLE 7 Typical Absorption Bands in Infrared Spectra of Anionic Surfactants
Wave number
(cm1)
3600–3200
3430–3160
3125–3000
2960–2870
2930–2850
1750–1715
1680–1630
1680–1620
1600–1585
1500–1430
1650–1550
1480–1460
1440–1360
1390–1370
1350–1220
1250–1140
1140–1050
Approximately 1250
1120–1100
1070–1030
980–960
830–804
730–665
730–710
770–735
710–685

Kind of vibrations
OUH valence
NUH valence
CUH valence of double bonds
CUH valence of methyl groups
CUH valence of methylene groups
C j O valence
CUN valence
C j C stretching (weak)
C j C stretching
C j C stretching
C j O valence
Scissoring of methylene and
methyl groups
CUO valence
Scissoring of methyl groups
S j O valence
S j O valence
SUO valence
CUOUC stretching
CUOUC stretching
SO valence
CUH out-of-plane of the transform
in unsaturated compounds
CUH deformation
CUH out-of-plane of the cis-form
in unsaturated compounds
Rocking in long linear alkyl chains
CUH out-of-plane deformation
Ring deformation

Functional group
Alcohols
Amides
Oleﬁns and aromatics
All surfactants
All surfactants
Esters
Amides
Oleﬁns
Aromatics
Aromatics
Carboxylates
All surfactants
Carboxylates
Intensive in branched
alkyl chains
Sulfates
Sulfonates
Sulfates
Aromatic ethers
Ethers
Sulfonates
Oleﬁns
Nonsymmetric para-substituted
aromatics
Oleﬁns
Signiﬁcant in linear alkyl chains
Monosubstituted aromatics
Monosubstituted aromatics
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Infrared spectroscopy, a useful tool in the identiﬁcation of polar functional
groups, and NMR spectroscopy, a powerful technique for the qualitative and
quantitative analysis of molecular structures [165], are complementary methods.
The analysis of detergent formulation involves the separation of the mixture into
fractions that have to be analyzed spectroscopically. These fractions often include byproducts and impurities, which result in overlapping peaks in the spectra. For
collecting NMR spectra, a highly concentrated solution may be required, but the
viscosity of the solution can cause a problem in collecting spectra with well-resolved
resonances. Less concentrated solutions can be used if compensated by longer
acquisition times and accumulation of many individual scans. The diﬃculties in
collecting NMR spectra of anionic surfactants often relate to the low solubility of
the compounds and poor sensitivity due to insuﬃcient concentrations. Even in water,
many anionic surfactants are only soluble below 10%. Even if the compound is
suﬃciently soluble, the solution often becomes too viscous to yield a well-resolved
spectrum. For anionic surfactants that are not suﬃciently soluble in water, deuterated
dimethyl sulfoxide has proved to be a suitable solvent [157]. The deuterated dimethyl
sulfoxide solvent gives a quintet at 2.5 ppm because of the proton impurity in the
deuterated solvent. Aqueous solutions have an intense signal between 4.5 and 4.7 ppm
because of the water protons that exchange with protons of the hydroxyl groups.
In proton NMR spectroscopy, the signal intensities are proportional to the
number of equivalent protons. Quantitative evaluations can be obtained without
having pure reference samples or calibration curves. It is possible to use the 1H NMR
spectrum to determine the length and the branching of the alkyl chain that leads to an
extensive characterization of the lipophilic group. Additionally, the degree of ethoxylation can be rapidly and conveniently determined by integrating the corresponding
signals of the protons of the ethylene oxide groups. Aromatic compounds are readily
detectable and most kinds of aromatic substitution are distinguishable.
Because of the long alkyl chains in most surfactants, the 1H spectra do not
show any splitting for these groups. The partly overlapping signals of multiplets of
diﬀerent structural isomers are superimposed by broad signals. The signals of the
methyl groups that are bonded to methylenes or methines are located between 0.8 and
0.9 ppm. The methylene protons in the alkyl chain are found at 1.0–1.2 ppm. The
methylene protons of CH2–S and CH2–O–S groups are found at 2.8 and 4.1 ppm,
respectively [166]. The protons of the ethylene oxide groups in ethoxylated compounds
are found at 3.6–3.8 ppm, while the corresponding ones in esters can be observed
downﬁeld at 4.2 ppm (Fig. 34).
The signals of alkylene group protons for isolated double bonds are at 5.3 ppm,
while protons on carbon atoms of aromatic compounds appear at 7–8 ppm. Parasubstituted aromatic compounds result in two symmetric doublets of a AA VXX V
system. Overlapping signals of methyl and methylene protons may be indicative of a
mixture of various isomers in which the benzene substituent is located in diﬀerent
positions along the alkyl chain. In p-toluene sulfonate, the signal of the methyl group
protons is found as a singlet at 2.4 ppm. The p-cumene sulfonate yields a distinctly split
signal of a septet of the CH group at 2.9 ppm and a doublet of the methyl protons at 1.2
ppm (Table 8).
By far, 1H is the most abundant hydrogen atom while there is only one 13C atom
per 100 12C atoms of natural carbon without any magnetic moment. This is the
main disadvantage of 13C NMR in comparison with 1H NMR spectroscopy. The low
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1

H-NMR spectrum of a C12/14-fatty alcohol ethersulfate.

sensitivity can be compensated by appropriately long measuring times of several
hours. The big advantage of 13C NMR spectroscopy is based on the corresponding extreme rarity of 13C 13C spin coupling that results in very narrow, distinctive
resonances.
In the 13C NMR spectroscopy the signals of the carbon atoms in alkyl chains
appear in the 10–50 ppm region. The chemical shift of carbon atoms near functional
groups is important in the identiﬁcation of surfactants. For alcohol sulfates, the
characteristic resonances of the a- and h-carbon atoms are at 70 and 35 ppm, re-

TABLE 8 Chemical Shifts in 1H Nuclear Magnetic Resonance
Spectra of Anionic Surfactants
Chemical shift
(ppm)
0.8–0.9
1.3
1.5–1.6
1.9–2.2
2.4–2.8
2.4–3.0
3.7–4.5
3.5–3.8
5.0–5.5
7.0–8.0

Kinds of protons
CH3 of an alkyl chain
CH2 of an alkyl chain
CH2 in h position of a functional group
CH2 bound to a carboxylate group,
aromatic ring or double bond
CH3/CH2/CH bound to a benzene
sulfonate group in ortho-position
CH2 of a CH2–S sulfonate group
CH2 of a CH2–O–S sulfate group
CH2 ethers in ethoxylation chains
Protons of isolated double bonds
Protons in aromatic groups
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spectively. Therefore the a-CH2-group can be used for the characterization of alcohol
sulfates. Thus there is only one signal at 70 ppm for linear fatty alcohol sulfates, while
the signals of the corresponding carbons of branched alcohol sulfates are split.
Carminati et al. [167] give an assignment of the signal positions of the a-C-atoms
relative to the kind of the branching. The ratio of the signal intensities can be used for
identifying the basic alcohol structure in surfactant sulfates. Alcohol ether sulfates
can be recognized by the intensive and rather broad signal of the ethoxylate carbons
at 70 ppm. The carbon atoms in the ethylene oxide unit next to the sulfate group and
those in the ether–CH2 group in the alcohol part are of special interest. The ethoxylate
carbon atoms beside the sulfate group appear at 67 and 69 ppm; however, the signal
of the CH2 group in h-position can be overlapped by the large, broad signal of the
remaining ethoxylate carbon atoms. The position of the carbons of the alcohol ether–
CH2 group depends on the degree of branching. For branched alcohols, they are
between 71 and 78 ppm, while the carbon of the linear alcohol is at approximately
71 ppm. The signal intensities of the ethoxylate range can be used for the estimation of
the degree of ethoxylation if carbon spectra are collected for quantiﬁcation.
The substituted secondary carbon atoms in alkane sulfonates have chemical
shifts between 55 and 63 ppm. If the 13C NMR spectra are collected in aqueous
solutions, only three signals appear [167]. The most intensive one, between 60 and 61
ppm, corresponds to the isomers that have the sulfonate group on one of the internal
carbon atoms of the alkane chain. Those isomers with the sulfonate group in the
2-position show the corresponding signal at 56 ppm and those in the 3-position at 62
ppm. The 1-alkane sulfonates do not exist in commercial products. The oleﬁn
sulfonates are mainly present as a mixture of alkene sulfonates and hydroxy-alkane
sulfonates. For oleﬁn sulfonates, there are three spectral regions of higher interest: at
48–56 ppm for the -CH2SO3Na group; at 71 ppm for the secondary >CHOH-carbon
atom; and at 119–140 ppm for the oleﬁnic carbon atoms [168].
The aromatic carbon atoms of linear alkylbenzene sulfonates appear downﬁeld
between 120 and 160 ppm. For characterizing these substances, the carbon atom
bonded to the sulfonate group gives a distinctive signal at 142 ppm in all isomers and
homologues. The signal of the carbon that is para to the alkyl chain is located between
149 and 151 ppm and is split because of the position isomers of the alkyl chain. The
nonsubstituted aromatic carbons have signals at 125–130 ppm. The aromatic signals in
the 13C NMR spectra of the short chain toluene and cumene sulfonates have similar
positions, but they are not split because there are no isomers.
It is possible to identify individual components in surfactant mixtures using 13C
NMR spectroscopy because of the sharpness of the signals that can be obtained.
Mixtures can be analyzed as an aqueous solution of the detergent or, alternatively,
an ethanolic extract (Fig. 35). In this way, alkylbenzene sulfonates, alkane sulfonates, alcohol sulfates, and alcohol ether sulfates can be identiﬁed in mixtures with
nonionic and amphoteric surfactants, and their relative amounts can even be estimated if the 13C experiment is optimized for quantitation. Additionally, interpretations about the structure and the degree of branching of the anionic surfactants are
obtainable. With some experience, the individual components can be qualitatively
identiﬁed even in complex mixtures [169].
Phosphoric acid esters in formulations can be identiﬁed by 1H or 13C NMR
spectroscopy, but 31P NMR spectroscopy is preferred [170] because more distinct
spectra are obtained due to the limited number of phosphorous containing com-
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FIG. 35 13C-NMR spectrum of a dishwashing agent containing 23% alkane sulfonate, 11%
alcohol ethersulfate and 2.5% alcohol ethoxylate as surface-active agents.

pounds. Orthophosporic acid serves as the chemical shift reference at 0 ppm. The
monoesters are found between 1 and 2 ppm, the diesters between 2 and 3 ppm,
and the corresponding triesters between 3 and 4 ppm. The pyro-phosphates give a
signal in the range of 14 to 18 ppm.
New NMR techniques oﬀer further possibilities for detailed characterization
and investigation of surfactant structures [171]. Two-dimensional correlation spectroscopy provides the possibility to solve the problem of overlapping signals that often
arise in one-dimensional spectra. Moreover, the use of pulsed ﬁeld gradients has improved the quality and reduced the data collection time for obtaining two-dimensional
heteronuclear correlation spectra (Table 9).
TABLE 9 Chemical Shifts in
Surfactants
Chemical shift
(ppm)
10–50
35
55–63
67
69
65–75
71
71–78
35–50
125–146
180–190

13

C Nuclear Magnetic Resonance Spectra of Anionic

Kinds of carbons
Carbon along an alkyl chain
CH2/CH carbon of an alkyl chain in h-position of a sulfate group
CH-SO3 carbon in long alkane chains
CH2 carbon of an ethylene oxide unit in a-position of a sulfate group
CH2 carbon of an ethylene oxide unit in h-position of a sulfate group
CH2/CH carbon in a-position of a sulfate group
Ether CH2 groups in linear alkyl chains of alcohol ether sulfates
Ether CH2 groups in branched alkyl chains of alcohol ether sulfates
CH in an alkyl chain bound to a benzene sulfonate
Aromatic carbons
Carboxylic acid carbons
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C. Mass Spectroscopy
In the analysis of complex mixtures and formulations, various techniques are applied.
Beside the approved standard methods, alternatives have gained signiﬁcance lately
that are speciﬁc, sensitive, and allow quantitative and qualitative analysis in combination with modern separation methods or even in direct analysis of mixtures. For
many years, techniques in mass spectroscopy were not suitable to analyze ionic or
polar substances. These methods were limited to the analysis of volatile nonionic
surfactants and to the analysis of volatile products after thermal or chemical derivatization of ionic surfactants. Introduction of soft ionization methods now allows
analytical information about ionic surfactants as well. The generation of gaseous
charged particles is the presupposition for the mass separation in high vacuum.
Therefore, in the case of thermolabile solid or liquid substances, it is necessary to
evaporate and ionize the molecules without decomposing them. Furthermore, in the
analysis of detergents, techniques are used that avoid fragmentation of the formed
ions. In all soft ionization methods, the evaporation and ionization procedures
together occur at one place with a minimum energy transfer. The most commonly
applied techniques are direct chemical ionization (DCI), ﬁeld desorption (FD), fast
atom bombardment (FAB), atmospheric pressure chemical ionization (APCI), and
more recently matrix-assisted laser desorption ionization (MALDI).
The direct characterization of individual components in surfactant mixtures
is a challenge because the chromatographic separation is very diﬃcult and timeconsuming. The applied methods are based on the determination of the molecular
weights of surfactant homologues, from which the composition and their oligomer
distribution can be estimated. The methods are not only suitable for the analysis of
unknown compositions, but they are also a helpful tool for a quick summary analysis
in quality assurance.
In FAB mass spectroscopy, the sample is coated as is onto a copper or silver
carrier, or dissolved in a matrix and ionized by bombardment with fast rare gas atoms.
Typical matrix substances are glycerol or thioglycerol. In ﬁeld desorption, a sample
solution is applied to a platinum or tungsten emitter ﬁlament, the solvent is evaporated, and ﬁnally a high voltage of approximately 10 kV is applied to heat the ﬁlament.
During the desorption, the molecules are ionized [172]. Although in mass spectroscopy, both positive and negative ions can be generated and detected, the negative
ion mode was proved to be very selective. In a mixture with nonionic surfactants, only
the anions are detectable. For example, Fig. 36 shows the FAB mass spectra of positive
and negative ions of an a-oleﬁn sulfonate [173]. In the spectrum of the positive ions,
the quasi molecular ions of type (Na2A)+ are found by the addition of two Na ions to
the anionic surfactant ion A, while the negative spectrum mainly shows the
deprotonated molecular ions A. Moreover, in the negative spectrum, the direct loss
of the hydrophilic SO3 group is indicated. Corresponding results also are obtained in
the mass spectrometric analysis of alcohol and alcohol ether sulfates. As expected the
negative FAB spectrum of the C12, C14, C16, and C18alcohol sulfates displays
the deprotonated molecular ions m/z 265, 293, 321, and 349, which belong to the
general formula [(CH3U(CH2)nUCH2UOSO3H)UH] [174]. Additionally, in the
higher mass ranges, a typical extra peak group is found with lower intensities at m/z
553, 581, 609, and 637, which correspond to adducts of the formula [2(CH3U(CH2)nU
CH2UOSO3H) + NaU2H]. In the positive ion mode, sodium adducts are generated

276

Spilker

FIG. 36 Mass spectra of an a-oleﬁne sulfonate by fast atom bombardment (xenon, glycerol
as solvent), (a) positive ions, (b) negative ions. (From Ref. 172. Copyright 1985 by WileyVCH.)
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with the structure [(CH3U(CH2)nUCH2UOSO3H) + 2Na-H]+ (m/z 311, 339, 367,
and 395). In higher mass ranges, additional adducts with the general formulas 2[CH3U
(CH2)nUCH2UOSO3H) + 3NaU2H]+ (m/z 599, 627, 655, 683) and [(3CH3U
(CH2)nUCH2UOSO3H) + 4NaU3H]+ (m/z 887, 915, 943, 971) are present. Generally, similar adducts are produced for the alcohol ether sulfates, but the mass spectra
are more complex because of the higher number of homologues. The negative mass
spectrum displays series with mass diﬀerences of 44 units for each alkyl chain length,
which can be assigned to the deprotonated ethylene oxide homologues of the alcohol
ether sulfates [174] [(CH3U(CH2)nUCH2U(OCH2CH2)mOSO3H)UH].
Facino et al. [174] depict the analysis of three diﬀerent shampoos by FAB mass
spectrometry, which all contain C12–C15 alcohol ether sulfates. Additionally, laurylethoxylate sulfosuccinic half esters and alkylamidopropyl dimethylbetaine could be
detected. Similar analyses are performed by electrospray ionization (ESI) mass spectrometry to identify the surfactants in shampoos and hair conditioners [175], after the
ﬁnished products have been separated into anionic, cationic, and nonionic fractions.
The negative ESI spectra of the anionic surfactants are very similar to the corresponding FAB spectra. Thirty brands of hair shampoos from Asia were estimated
between 1996 and 1997 by identifying the surface-active agents. Alcohol sulfates were
found in 27 products, alcohol ether sulfates in 22 products, alkane sulfonate, and Nacyl-N-methyl taurate in two shampoos, and laureth sulfosuccinate in one. In this
investigation, the ampotheric, nonionic, and cationic surfactants were also analyzed.
Ogura et al. [176] published ion-spray mass spectrometric (IS-MS) analysis of the
ethanol-soluble components of powder and liquid detergents, softeners, shampoos,
and conditioners. The ethanolic solution is diluted with methanol and then infused
directly into the IS-MS. For quantiﬁcation, the ethanolic sample solution can be
spiked with deuterated surfactants. Compared to FAB mass spectrometry, the ionspray technique yields more reproducible results, because here liquid sample solutions
are used with more uniform evaporation and ionization. Again, the anionic surfactants are detected in the negative mode as the singular charged sulfonate, sulfate, or
carboxylate ions. Figure 37 shows a typical mass spectrum of a commercial washing
powder. The interpretation of ion masses can be veriﬁed by recording collisioninduced dissociation (CID) spectra. There, individual ions are further fragmented so
conclusions can be drawn about the structure of the original ions.
Matrix-assisted laser desorption technique has become important as an ionization method. Coupled with a time-of-ﬂight mass spectrometer, it is a preferred method
for analyzing very high biomolecules such as peptides, proteins, or carbohydrates.
This technique has also proved to be very useful in the characterization of nonionic,
anionic, and cationic surfactants as their mixtures. With the choice of an appropriate
matrix, a rapid mass determination can be achieved that is suitable for routine
analysis. The surfactant sample is mixed in a solution with an excess of a solid matrix
substance, then applied to a sample carrier, evaporated and irradiated with a UV laser.
Possible matrix substances are 2,5 dihydroxy benzoic acid, ethylene-bis-[3-(2-naphthyl)-acrylate] [177] or hydroxy-a-cyano cinnamic acid [178,179], which are able to
absorb the laser energy and transfer it to the sample molecules for desorption and
ionization. Analogous to the other soft ionization methods, the positive spectrum of
nonionic and anionic surfactants are formed with Na+ ions [179]. The positive
ionization of ethoxylate homologues by the addition of alkali ions shows diﬀerent
ionizabilities and yields in a strong dependence with the length of the ethylene oxide
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FIG. 37 Ion-spray/mass spectrum for a typical commercial granular detergent in negative ion
detection mode: A-1 C16-alkyl carboxylate; A-2 C18-alkyl carboxylate; B-1 C10-linear
alkylbenzene sulfonate; B-2 C11-linear alkylbenzene sulfonate; B-3 C12-linear alkylbenzene
sulfonate; B-4 C13-linear alkylbenzene sulfonate; C-1 C12-alkyl sulfate; C-2 C14-alkyl sulfate;
C-3 C16-alkyl sulfate; C-4 C18-alkyl sulfate. (From Ref. 175. Copyright 1996 by AOCS Press.)

chain. Also, in mixtures of ethoxylated sulfosuccinic esters and alcohol ethoxylates,
the positive spectra show overlapping where the sodium adducts of the alcohol
ethoxylates result in more intensive peaks. By using the negative ion detection, the
ethylene oxide homologue distribution can be detected, where the negative charge is
generated by the deprotonation of the sulfonic acid group [178].
Very powerful methods in the analysis of complex mixtures result from coupling
mass spectrometry and chromatography techniques. The most commonly used
combination is that of gas chromatography and mass spectrometry, which is applicable only for volatile substances. This is why anionic surfactants generally have to be
derivatized beforehand. The main advantage of mass spectrometric detection is higher
selectivity compared to the ﬂame ionization detectors. Chemical ionization [180] and
electron impact ionization [80] are used in contrast to the soft ionization methods of
direct mass spectrometry.
The nonvolatility of anionic substances results in the use of coupled liquid
chromatography and mass spectrometry, which is becoming increasingly common
[181]. Normally, reversed-phase chromatography requires the addition of ion-pairing
agents in the mobile phase. Many of these chromatographic conditions are incompatible with most forms of mass spectrometric ionization. Therefore the ion-pairing
agents have to be removed between the chromatographic column and the mass
spectrometric unit by a suppressor membrane [182] or by a cation exchanger cartridge
[183]. Another possibility to couple chromatography and mass spectrometry is the use
of ammonium acetate as an ion-pairing agent [184]. This substance is suited in forming
ion pairs with anionic surfactants, and it is vaporizable for use in thermospray or
electrospray mass spectrometry. In the mass spectra of anionic surfactants, the
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deprotonated anions A give the most intensive peaks. Additionally, cluster ions with
higher masses are detectable, which mainly consist of two surfactant ions and one
proton with the general formula A2H [185]. Beside these on-line couplings, oﬀ-line
coupling of the high-performance liquid chromatography and mass spectrometry is
possible. Here the mixture to be analyzed is preseparated chromatographically, and
individual fractions are collected and analyzed mass spectrometrically. Because of the
high sensitivity of MALDI-mass spectrometry, a single analytical fractionation is
suﬃcient to provide adequate sample for analysis [178].

V. MISCELLANEOUS
Besides the widely used techniques discussed above, other possibilities are also
described in the literature in a lesser extent for the analysis of anionic surfactants in
detergents. These comprise spectrophotometric determinations, which are normally
used for the quantiﬁcation of low concentrations in the environment. Although these
methods are more susceptible to interfering components than chromatographic
methods, there are situations in which they are the most appropriate techniques.
One example is the determination of the content of linear alkylbenzene sulfonate in
washing and cleaning agents by measuring the ultraviolet spectrum [186]. The linear
alkylbenzene sulfonates have their absorption maximum at 224 nm, but other aromatic compounds such as toluene or cumene sulfonates can interfere in the analysis.
The direct UV measurement is also used in combination with the ﬂow injection
technique for quantifying linear alkylbenzene sulfonates in detergents [187].
Another possibility for the determination of surfactant sulfonates and sulfates in
formulations is based on the low solubility of their calcium salts. Alkybenzene
sulfonates and alcohol sulfate can be precipitated and subsequently isolated by
ﬁltration as their calcium salts [188]. After appropriate treatment of the precipitate,
the sulfur content is measured by inductive-coupled plasma atomic emission spectrometry (ICP-AES). From the sulfur content, the total content of anionic surfactants
can be estimated. Additionally, alcohol sulfates can be cleaved by hydrolysis of the
sample and then only the alkylbenzene sulfonates are precipitated and quantiﬁed. In a
similar manner, besides the surfactant sulfonates and sulfates, also phosphate,
inorganic sulfate, silicate, and zeolite can also be determined without the use of
organic solvents. In addition to ICP-AES, x-ray ﬂuorescence spectroscopy can also be
used for elemental analysis [189].
For many years, the ﬂow injection technique has been applied for the ultraviolet
spectrophotometric analysis of anionic surfactants. The ﬂow injection analysis is
primarily applied in environmental analysis [190,191].
Supercritical ﬂuid chromatography is only of minor importance, because anionic
surfactants are only sparingly soluble in supercritical carbon dioxide. On the other
hand, in other cases such as the characterization of the soap fraction after derivatization to the fatty acid methylesters, a gas chromatographic analysis is much easier to
perform [192].

VI. EXAMPLE
The procedure for identiﬁcation, characterization, and the quantitative determination
(Fig. 38) of anionic surfactants in washing powders shall be explained in one example.
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FIG. 38 Example for the quantiﬁcation of anionic surfactants in washing powders.

After the washing powder is homogenized and ground, the organic ingredients are
extracted by reﬂuxing with ethanol. The dried ethanol extract then includes the anionic
surfactants. A ﬁrst overview about its composition can be achieved by qualitative thinlayer chromatography (Fig. 39). Approximately 100 mg of the ethanol extract are
dissolved in 10 mL methanol and 25 AL of this solution are applied onto a silica plate.
Additionally, reference surfactants such as alkylbenzene sulfonate, alkane sulfonate,
alcohol sulfate, and alcohol ether sulfate are spotted onto the same plate. The plate
is developed three times with a 9:1 acetone–tetrahydrofuran mixture up to a height of
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FIG. 39 Example of the identiﬁcation and characterization of anionic surfactants in
detergents.

10 cm [28]. Between the individual developments, the plate must be dried in an air
stream. After the last development, the plate is dried and visualized in a pinacryptol
yellow solution, and the spots are detected in UV light. Near the start line at a distance
of 0.8 cm, an orange spot can be recognized, which corresponds to long-chain alkylbenzene sulfonates. Between 3 and 4 cm, an extended yellow band indicates alcohol
ether sulfates. Additionally, an orange-yellow spot of the alcohol sulfate is seen at
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2.7 cm, which probably belongs to the low ethoxylated alcohol ether sulfate. The
bluish spot near the solvent front indicates fatty acids and soaps. Comprehensively,
the results of the thin-layer chromatography show the presence of alkylbenzene
sulfonates, alcohol ether sulfates, and soaps in the analyzed washing powder. Alkane
sulfonates, sulfosuccinic acid esters, and short-chain alkylbenzene sulfonates, such as
toluene or cumene sulfonates, can be excluded because they would lead to spots with
other Rf values and colorations.
In this case, the surfactant sulfonates and sulfates are quantiﬁed with a visual
two-phase titration. Part of the alcohol extract, corresponding to approximately 150
mg of the original washing powder, is titrated with a 0.004 M HyamineR solution by
ISO 2271 [108] against the mixed indicator of disulﬁne blue and dimidium bromide. (In
this example, the titration consumption is 0.41 mEq of anionic surfactants per gram of
washing powder). Another portion of the alcohol extract is reﬂuxed with 20 mL of 5 N
hydrochloric acid for 1 h. The hydrolysate is evaporated to dryness on a water bath in
an air stream and the residue is titrated by the visual two-phase titration [108].
Unsaponiﬁable sulfonates are determined, which correspond to a concentration of
0.31 mEq/g of washing powder. Because of the thin-layer chromatography results, it is
known that these sulfonates are long-chain alkylbenzene sulfonates. The diﬀerence
between the total content of anionic surfactants and the content of unsaponiﬁable
surfactants is 0.10 mEq/g and can be attributed to the alcohol ether sulfates.
Alternatively to the visual two-phase titration, the potentiometric two-phase titration
can be used [144], which is described in detail in Section III.B. In contrast to the visual
titration, the potentiometric two-phase titration allows the application of the original
washing powder instead of its alcohol extract. The visual detection of the titration end
point as described in ISO 2271 can be complicated by solids in the two-phase mixture
so that in some cases the ethanol extract should be applied. During the potentiometric
titration, the solids in the solution do not interfere with the measurement.
While the two-phase titration is carried out at acidic pH for the determination of
the total content of surfactant sulfates and sulfonates, either a visual or potentiometric
titration in alkaline medium would determine additionally the soaps [116,144]. In this
case, we did not include such a titration because in the following separation procedure
the soap had to be separated so that it can be titrated by an acid–base titration in the
isolated fraction. A part of the ethanol extract that correspond to a washing powder
amount of approximately 5 g is evaporated to dryness and redissolved in a 1:1 ethanol
water mixture. Generally, the amount of the ethanol extract used depends on the expected concentration of soaps and other anionic surfactants. The ethanolic–aqueous
solution is adjusted to slightly alkaline pH with sodium hydroxide solution against
phenolphthalein and then extracted in a separating funnel three times with 50-mL
portions of hexane. Subsequently, the aqueous layer is adjusted to pH 2–3 with hydrochloric acid using pH paper and again is extracted three times with hexane. The hexane
layers of the acidic extractions are combined, washed with approximately 30 mL of a
1:1 ethanol–water mixture and ﬁnally evaporated in a rotary evaporator to dryness.
The residue is redissolved in water, phenolphthalein solution is added, and the solution is titrated with standardized 0.1 N sodium hydroxide until the color changes
to red. From the titration volume, a fatty acid content of 0.025 mEq/g of the original
washing powder is calculated. Assuming an average molecular weight of 300 g/mol,
this leads to a soap concentration of approximately 0.8%. For characterizing exactly
the composition of the soap, the acidic hexane extract can be derivatized with
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BF3–methanol complex [63] and the formed methylesters can be analyzed by GC to
determine the C-chain distribution.
The aqueous layer of the hexane extraction is dried on a water bath for further
work up using an ion exchanger. To avoid hydrolysis of the sulfated matter, the
aqueous layer must be adjusted to alkaline pH. The sample amount that is applied to
ion exchange should not be larger than 1.0–1.5 g of ionic matter. The residue is
dissolved in 50 mL methanol and the solution is transferred ﬁrst to the anionic
exchanger so that it runs through the column at a rate of 5 mL/min. The ﬁltrate goes
directly into the combined cationic exchanger column and ﬁnally is collected in a
250-mL beaker. Both exchangers are washed with 200 mL of methanol. After separation of the nonionic substances, the anionic exchanger is washed with 50 mL of 10%
methanolic hydrochloric acid and subsequently washed with 200 mL methanol. The
eluate from the anionic exchanger is collected and the solution is reduced to 50 mL by
solvent distillation. After adding 10 mL of hydrochloric acid, the solution is reﬂuxed
for 1 h. This hydrolysate is transferred into a separating funnel using a 1:1 ethanol–
water mixture and then is extracted three times with hexane. The combined hexane
layers are again washed with the ethanol–water mixture (1:1) and ﬁnally the solvent is
evaporated in a rotary evaporator and the residue is dried to constant weight carefully
so that none of the hydrolysate volatilizes.
The hydrolysate can be identiﬁed by infrared or nuclear magnetic resonance
spectroscopy. Because thin-layer chromatography indicates alcohol ether sulfates in
this case, it is assumed that the hexane extract of the hydrolysis consists of the
corresponding alcohol ethoxylate. The characterization of the C-length distribution of
the alcohol group and the determination of the average degree of ethoxylation is
performed by hydroiodic acid cleavage with subsequent gas chromatographic analysis
of the formed alkyl iodides. Approximately 150 mg of the dried hydrolysate are
reacted as described in Section II.D. The evaluation of the chromatogram shows a
mixture of 29% C12, 13% C14, 24% C16, and 34% C18-alcohol groups. From the
peak area of the ethyl iodide, the degree of ethoxylation was estimated to be
approximately 1. When interpreting these results, it must be taken into account that
in one case, the higher ethoxylated homologues remain in the aqueous layer of the
hexane extraction, and in the other case the lower ethoxylated homologues can be
vaporized during the evaporation step. From the C-length distribution and the
ethoxylation degree, an average molecular weight of the sodium salt of 378 is
calculated. The 0.10 mEq anionic surfactants per gram washing powder that are
determined above by titration after hydrolysis refer to a sodium alcoholether sulfate
content of 3.8%.
The aqueous layer of the hydrolyzed anionic eluate, which contains the
alkylbenzene sulfonates, is evaporated to dryness and can be used for further
characterizations. Infrared or NMR spectroscopy is suitable for the identiﬁcation.
Characterization of the isomeric and homologue distributions by HPLC or GC can be
determined after appropriate derivatizations. A simple method is described in Section
II.D, where the sulfonates are reacted to the corresponding thio-triﬂuoroacetyl
derivatives [80], which allows suﬃcient separation of the isomers and homologues.
A slightly better separation is possible after desulfonation in 85% phosphoric acid and
subsequent hexane extraction and gas-chromatographic analysis of the formed
alkylbenzenes. In this example, it was assumed that the washing powder contains a
typical alkylbenzene sulfonate with 8–16% C10, 26–38% C11, 26–38% C12, and
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15–27% C13-isomers with an average molecular weight of 345 g/mol. With a titration
value of 0.31 mEq sulfonates per gram, a content of 10.7% of sodium alkylbenzene
sulfonate is calculated.
Overall, the analysis shows, that 10.7% alkylbenzene sulfonates and 3.8%
C12–18-alcohol ether sulfates with 1 ethylene oxide unit are present as synthetic anionic
surfactants. Additionally, approximately 1% soap is found. Further organic sulfates
or sulfonates can be primarily excluded because of the overview by thin-layer
chromatography.
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5
Analysis of Cationic and
Amphoteric Surfactants
NORBERT BUSCHMANN University of Münster, Münster, Germany

I. INTRODUCTION
A. General Considerations
Before speaking about ‘‘cationic and amphoteric surfactants’’ and analytical methods
for them, this group of substances requires a precise deﬁnition. The meaning of the
word ‘‘surfactant’’ is quite unambiguous and denotes a molecule that—due to its
amphiphilic nature—tends to enrich at phase boundaries and that forms micelles
above the critical micelle concentration. The word ‘‘cationic,’’ however, implies a
positive electrical charge of the molecule; but this is not strictly true for all substances
that are normally counted among the cationic surfactants.
Aliphatic and alicyclic amines change their electrical charge depending on the
pH of the solvent: they get protonated and are therefore cationic in acidic solution;
whereas in neutral or alkaline solution, they are electrical neutral. This behavior is also
known from amine oxides. Ethoxylated alkyl amines can be regarded as cationic
surfactants because they become as well protonated at low pH values; or they can
be regarded as nonionic surfactants because they show the typical reactions of ethoxylated nonionic surfactants like complex formation with bulky cations. Within this
chapter, aliphatic and cyclic amines as well as ethoxylated amines are counted among
the cationic surfactants.
Cationic ﬂuoro-surfactants and cationic silicon surfactants are not dealt
with here.
In the ﬁrst part of this handbook [1], the alkyl betaines are also counted among
the cationic surfactants because they bear a permanent positive charge. However, in
this chapter, betaines are counted among the amphoteric surfactants.
Within this chapter, the three terms ‘‘cationics,’’ ‘‘QACs’’ (standing for quaternary ammonium compounds), and ‘‘quats’’ will be used as synonyms for cationic
surfactants and include ‘‘true’’ cationic surfactants as well as long-chain amines. In a
similar way, the term ‘‘amphoterics’’ stands for amphoteric surfactants.
The following section presents the structures of those cationic and amphoteric
surfactants considered in Sections II to VI.
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In order to avoid unnecessary repetitions and overlaps, the rest of this chapter is
structured according to the diﬀerent analytical methods. Section II discusses spectroscopic methods (including mass spectroscopy); Section III deals with methods for the
determination of cationic and amphoteric surfactants as a sum parameter. Chromatographic separations of QACs and amphoterics using the various techniques available
are presented in Section IV. Analytical methods that cannot be assigned to one of the
preceding sections are collected in Section V. Section VI describes the determination of
residues of QACs and amphoterics on diﬀerent surfaces. Section VII describes
practical approaches for the analysis of cationic and amphoteric surfactants. In
addition, two cross-indices to the aforementioned methods are given in Section VII,
namely, (1) the analytical information that can be derived from the diﬀerent methods
and (2) the analytical methods suited for answering a given analytical question.
The major aim of this chapter is to critically review existing literature; therefore
only selected methods will be described in detail. The fundamentals of the various
analytical methods are, for the most part, omitted. They are summarized in Chapter 14
of this volume and can easily be found in one of the numerous books on instrumental
analytical chemistry.
There are some publications on analytical methods for the analysis of both
cationic and amphoteric surfactants—either as a ‘‘pure’’ raw product or in formulated
detergents.








One of the most comprehensive books on the analysis of surfactants is volume 96
of the ‘‘Surfactant Science Series’’ by Schmitt [2]. This volume includes also a 10page chapter on the analysis of formulated products.
Many aspects of detergent analysis were described by Milwidsky and Gabriel [3].
Although not up-to-date in every detail, this monograph is a useful handbook for
laboratory work because of the detailed descriptions for the diﬀerent methods.
Battaglini [4] has published a comprehensive paper concerning the analysis of
detergent formulations.
Cullum [5,6] has published two monographs on the analysis of surfactants.
Surfactant analysis in cosmetic formulations is described in volumes 16 and 68 of
this series [7,8].
Other papers are especially dedicated to the analysis of cationic surfactants:



Volume 53 of the ‘‘Surfactant Science Series’’ gives a detailed overview over the
Analytical and Biological Evaluation of Cationic Surfactants [9].
 A recent review on surfactant analysis by Morelli and Szajer [10] included
analytical methods for QACs.
 Llenado [11] reports ‘‘New Physical and Analytical Techniques in Detergency’’ in
volume 20 of the ‘‘Surfactant Science Series.’’ This paper is to a great extent
focused on the analysis of anionic surfactants and other ingredients of formulated
detergents.
Moreover, a third group of papers deals with the analysis of amphoteric
surfactants:


Two papers written in the early 1970s by König [12,13] describe the analysis of
amphoteric surfactants and sulfobetaines. These papers are still quite useful for
IR analysis and other classical analytical techniques but do not present at all
modern techniques like HPLC, etc.
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In volume 59 of the ‘‘Surfactant Science Series,’’ Lomax [14] gives a short overview over the analytical methods for amphoteric surfactants.
 A useful paper by Käseborn [15] on the analysis of amphoteric surfactants was
published by Th. Goldschmidt, Essen (Germany).
 Gerhards et al. published several papers on the analysis of amphoteric surfactants
with special emphasis to the analysis to alkylamidopropylbetaine which is one of
the most important amphoterics. One paper describes trace analysis [16] but is
unfortunately conﬁned to only one nonspeciﬁc extraction-photometric method;
chromatographic methods are not mentioned at all. Two other papers by the
same group describe a broader spectrum of methods, again with special emphasis
to alkylamidopropylbetaine [17,18].

B. Types, Structures, and Applications of Cationic Surfactants
As already mentioned above, cationic surfactants mostly have a nitrogen atom that
is quaternized and thus positively charged [cf. structure (a)]. Alternatively, it has
three substituents [cf. structure (b)] and is electrically neutral at high pH values but
accepts a proton at low pH values and thereby gets a positive charge. As a third alternative, the nitrogen can be part of an aromatic ring system [cf. structure (c)] as in
alkylpyridinium salts, alkyl quinolinium salts, and imidazolinium salts. In addition to
the polar and thus hydrophilic nitrogen atom, there must be at least one lipophilic
substituent ‘‘R1’’ in the molecule. The other substituents of the nitrogen can be hydrogen, short- or long-chain alkyl, benzyl, ethoxylated or propoxylated alkanoyl,
alkylamidoethyl, or acyloxyethyl/acyloxypropyl or even more complicated structures.
In case of the protonated long-chain amines, the corresponding anion results from the
acid used for the neutralization; in case of the ‘‘true’’ cationics, it originates from the
reagent used for the quaternization reaction, most frequently alkyl chloride or dialkyl
sulfate, so that chloride and methosulfate are the predominant anions in technically
used QACs.

Although theses three general structures lead to a very wide variety of cationic
surfactants and although most of the possible cationics have been synthesized and
described in literature, only relatively few QAC types have found a widespread
application in detergents (cf. Table 1).
The probably most important classical QAC is dialkyldimethylammonium
chloride. The alkyl chain length distribution corresponds to the fatty acids in beef
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TABLE 1 Structures of Important QAC Types
Structure
no.
(1)

(2)

Formula

Name
Dialkyldimethylammonium
chloride; for alkyl chain
length of C16/18:
distearyldimethylammonium chloride or
ditallow dimethylammonium chloride
1-(Alkylamidoethyl)2-alkyl-3-methylimidazolinium
methosulfate

(3)

1-(Acyloxyethyl)-2-alkyl-3methylimidazolinium
methosulfate

(4)

Diethylester dimethylammonium chloride
(‘‘DEEDMAC’’),
R=C16/18
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TABLE 1 Continued
Structure
no.

Formula

Name

(5)

N-[1,2-Bis(acyloxy)propyl]N,N,N-trimethylammonium chloride;
R=C16/18
(‘‘Diesterquat–DEQ’’)

(6)

N,N-Bis-(2-acyloxyethyl)N,N-bis(2-hydroxyethyl)ammonium methosulfate;
R=C16/18
(‘‘Esterquat–EQ’’)

(7)

N,N-Dimethyl-N,N-bis
(2-acyloxy-1-methyl-ethyl)ammonium methosulfate

(8)

Alkylbenzyldimethylammonium
chloride
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TABLE 1 Continued
Structure
no.

Formula

Name

(9)

Dialkylmethylamine

(10)

Ethoxylated tert. amine

(11)

Ethoxylated amidoamine

tallow, i.e., C16/18 [cf. structure (1) in Table 1]. This ditallowdimethylammonium
chloride (DTDMAC or DSDMAC from distearyldimethylammonium chloride) was
used as active material in fabric softeners.
Another group of QACs—also used in fabric softeners—are the alkylimidazolinium quats [cf. structure (2)]. However, this type of QACs has never gained the same
importance as DSDMAC. Instead of the amido function in structure (2), there can also
be an ester function [cf. structure (3)].
The structures (2) and (3) show the general trend that was followed with modern
type QACs, namely, to include a readily hydrolyzable function in the molecule that
facilitates the biodegradation; DSDMAC is hardly biodegradable and was therefore
substituted by other QACs.
The structures (4)–(7) show modern esterquat-type QACs which are readily
biodegradable.
Benzyldimethylammonium salts [cf. structure (8)] are of inferior importance as
fabric softeners, but they are used as active matter in disinfecting cleaners or in
combination with other types of QACs in disinfecting fabric softeners.
Tertiary amines [structure (9)], alkyl diamines, ethoxylated amines [structure
(10)], and ethoxylated amidoamines [structure (11)] are less frequently used in detergents. In form of their salts, they are used as emulsifying, antistatic, and conditioning
agents, respectively.
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C. Types, Structures, and Applications of Amphoteric
Surfactants
The structural variability of amphoteric surfactants is much greater than that of
cationic surfactants. All amphoterics have in common at least one lipophilic group and
at least two hydrophilic centers of opposite polarity: one or more carboxylate or
sulfonate group(s) function as anionic moiety. The cationic moiety is either a
secondary or tertiary amine group that can be protonated at low pH values or a
quaternized nitrogen atom. Additional hydrophilicity of the molecule can result from
a hydroxyl group and/or from an acylamido group.
A special type of surfactant is the group of alkyldimethylamine oxides; with
respect to structural characteristics and analytical behavior, they behave similar to
both cationic and amphoteric surfactants. Within this chapter, they are classiﬁed as
amphoteric surfactants.
Although a very large number of amphoteric surfactants have been synthesized,
there are only few types that have achieved technical importance; they are listed in
Table 2.
Despite of variability in their chemical structures, most amphoteric surfactants
have some common properties like low sensitivity to water hardness, good dispersing
capacity for lime soaps, compatibility with electrolytes, compatibility with all other
types of surfactants, and good compatibility with (i.e., low irritancy of) skin and
mucous membranes—especially in admixture with anionic surfactants (synergistic
eﬀect)—to name a few [14,19].
One of the ﬁrst and today still the most important application of amphoteric
surfactants is their use in personal-care products in which they enhance the mildness to
skin and mucous membranes. Application in household detergents and cleaners has
got a still increasing importance, especially in such products that come in contact with
the skin like manual dishwashing liquids and hand-wash products. An extensive
compilation of the various applications of amphoterics is given in Ref. 14.
Amine oxides are used as viscosity regulators (thickeners), foam boosters, and
foam stabilizers; due to their stability against oxidation, they ﬁnd application in
bleaches [1].

D. Typical Formulations with Cationic Surfactants
When starting with the analysis of an unknown product, one of the key questions will
be ‘‘which types of surfactants do this detergent possibly contain?’’ This section lists
some typical formulations that contain QACs and can thus serve as a ﬁrst hint for
answering the above question. It should be noted that this compilation of formulations
is by no means complete. Moreover, due to several reasons, the composition of a given
product, say a fabric softener, changes from time to time. Nevertheless, the formulations listed below may give a ﬁrst idea about surfactant types and their concentration
ranges in diﬀerent products.
More detailed information on this topic can be derived from one of the
monographs about detergents and—even more specialized—about formulating detergents [20–24]. Further information is available from the formulation guides periodically published by most surfactant manufacturers, the very informative Web site
SupplierCD [25], as well as patent literature. Although 23 years old, the book of
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TABLE 2 Structures of Important Types of Amphoteric Surfactants
Structure
no.

Formula

Name

(12)

Alkylamidopropylbetaine

(13)

Alkylamidoamphoacetate
(m=1)
Alkylamidoamphopropionate
(m=2)

(14)

Alkylamidoamphodiacetate

(15)

Alkyldimethylbetaine

(16)

Alkyldimethylsulfobetaine

(17)

Alkyldimethylamine oxide

Gutcho [26] is still a very useful source of information because it summarizes all patent
literature concerning household and industrial fabric conditioners from the publishing
date back to 1973 and presents it in an easily readable style.

1. Fabric Softeners
According to Ref. 22, there are three main types of fabric softeners, namely, (1) the
most frequently used rinse cycle softeners which are added during the last rinse cycle,
(2) the dryer cycle softeners which are added in form of dryer sheets to the fabrics, and
(3) the wash cycle softeners which are an integral part of the detergent used for the
main wash.
Classically, fabric softeners contained ditallowdimethylammonium chloride as
active ingredient, but due to its poor biodegradability, it has, in the 1980s and 1990s,
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been replaced by the easily hydrolyzing esterquats. In order to reduce the speciﬁc costs
for transportation, the concentration of active matter has been increased from 5% to
15% or 50%. It should be noted that in the United States, the term ‘‘concentrate’’
means products with only approximately 8% active matter [27]. Most simply, a fabric
softener consists of 6.5% of an esterquat which is dispersed in warm tap water (cf., for
example, Ref. 28). Further ingredients may be salts like calcium or magnesium
chloride (to adjust the viscosity), sulfuric or phosphoric acid (to adjust pH), perfume,
color, and sometimes preservatives. In the same way, also a fabric softener with 25%
of active matter can be manufactured [29]. Higher concentrations of active matter may
require the addition of organic solvents like glycols or short-chain alcohols (cf., for
example, Ref. 30). Table 3 lists some frame formulations for liquid fabric softeners.
The ﬁrst patent on dryer sheets was ﬁled in 1965 [33] and described the
conditioning eﬀect if damp fabrics are tumbled together with a ﬂexible substrate
(dry paper sheet) carrying a softening or other modifying agent (i.e., a QAC), whereby
the agent is transferred to the fabrics. Generally, dryer sheets are manufactured with a
nonwoven material on which the active ingredients are dispersed, namely, the QAC in
form of its methosulfate salt (chloride salts tend to form the more corrosive hydrochloric acid), a dispersing agent like a nonionic surfactant and perfume in a

TABLE 3 Frame Formulations of Liquid Fabric Softeners

Ingredients (%)
Triethanolamine
esterquat (85%)
Distearyldimethylammonium
chloride (77%)
Imidazoline
quat (90%)
Benzalkonium
chloride IPA
ethanol
Oxoalcohol 8-EO
(80%)
Laurylalcohol 6-EO
‘‘TexCareR SRC-1’’
Dispersion
Stearylamine
25-EO
Phosphoric
acid 9.5%
Magnesium chloride
(10% in water)
Water, dye,
fragrance
Source: Refs. 31 and 32.

Formulation 1:
esterquat-based
5% active

Formulation 2:
DSDMAC-based
15% active

5.88

Formulation 3:
esterquat-based
15% active

Formulation 4:
antimicrobial
softener

17.65
17.3

5.6
15.0

0.57

1.11

4.00

4.00

1.0

2.0
1.0

balance

17.3

1.30

balance

balance

balance
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TABLE 4 Frame Formulations of Active Matter in Dryer Sheets
Ingredients (%)
1,2 Bis(hardened
tallowoyloxy)-3
trimethylammonium
propane chloride
Ditallowdimethylammonium methylsulfate
Fatty alcohol (C12/14)-7 EO
C8/14 Alkylpolyglucoside
dp 1.4
Cocolactobionamide
Tallow 25 EO
Stearic acid amine salt
Sorbitan ester
Bentonite clay
Fragrance

Formulation 1

Formulation 2

48

60

Formulation 3

20.7
8

20
20
42.9
25.9
7.8
3

Source: Ref. 34.

temperature-resistant form. Generally speaking, the same types of QACs can be used
for dryer sheets as for liquid fabric softeners. During the use in a tumble dryer, each
dryer sheet releases 2.5–3 g of active material [21]. A patent application describes
several possible compositions of the active material for dryer sheets [34]; some of them
are listed in Table 4.
Detergents containing wash cycle softeners (‘‘softergents’’) can either be a
nonionic/cationic system; two frame formulations are given in Table 5.

TABLE 5 Frame Formulations of Liquid Detergents Containing Wash Cycle Softeners
Based on a Nonionic/Cationic System
Ingredients (%)
C14/15 Oxoalcohol-7 EO
C10/12 Oxoalcohol-6 EO
Nonylphenol-10 EO
Ditallowdimethylammonium
chloride
Methyl bis(tallowamidoethyl)-2-hydroxyethylammonium methosulfate
Triethanolamine
Ethanol
1,2-Propylene glycol
Ethylene glycol stearate
Formaldehyde
Water, dye, fragrance
Source: (a) Ref. 27; (b) Ref. 35.

Formulation 1a

Formulation 2b

5–18
5–18
20
3–7
6.5

3.0
2–6
2–6
0.1–0.5
0.005–0.05
balance

balance
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Alternatively, a softergent can be based on an anionic/cationic system. If longchain QACs are used, their concentration is limited to 1.5–2.0% (Waldhoﬀ, personal
communication, 2002). If more hydrophilic short-chain QACs are used, their concentration can be higher because they do not form water-insoluble ion pairs with the
anionics to such an extent as long-chain QACs do.

2. Disinfecting Cleaners
Disinfecting cleaners are based either on QACs (plus nonionics) or on a combination
of acids, alcohols, and anionic surfactants [36]. Most frequently, benzalkonium
chloride is used as QAC, but also other types of QACs are used like 1,3-didecyl-2methylimidazolium chloride. Some frame formulations of corresponding products are
listed in Table 6. Table 7 gives an example for an antimicrobial manual dishwashing
liquid.

3. Conditioning Hair Rinses
A third type of surfactant formulation that can contain QACs is a conditioning hair
rinse. In hair conditioners, the QACs are either the conventional monomeric cationics
or cationically modiﬁed natural or synthetic polymers. In comparison to fabric
softeners and disinfecting cleaners, the formulas are more complex because these
products have to meet a broader spectrum of demands at the same time, namely, good
product performance, dermatological compatibility, pleasant odor, etc. Fatty alcohols

TABLE 6 Frame Formulations of Various Antimicrobial Cleansers

Ingredients (%)
Benzalkonium chloride
1,3-Didecyl-2-methyl
imidazolium chloride
and alkyldiazapentane
Decamine oxide
Lauramine oxide
Myristamine oxide
Cocoamidopropylbetaine
Diethylenetriaminepenta
(methylenephophonic)
acid sodium salt
Tributylphosphate
Citric acid monohydrate
Citric acid trisodium salt
Nitrilotriacetic acid
trisodium salt
iso-Propanol
Ethylene glycol
Propylene glycol
Hydroxyethylcellulose
Water, dye, fragrance
Source: Ref. 37.

Antimicrobial,
low-foaming
ﬂoor cleanser

Antimicrobial
bathroom
cleanser

Antimicrobial
kitchen
cleanser

8.0

4.0

2.5

10.0
5.0
3.0
2.0
1.5

3.0
1.5
0.1
25.0

balance

12.0
1.0
3.0
5.0

5.0
0.5
balance

0.5
balance
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TABLE 7 Frame Formulation of an Antimicrobial
Manual Dishwashing Liquid
Ingredients (%)
Cocoamidopropylbetaine
Sodium laureth sulfate (70%)
Sec. alkane sulfonate (60%, C13/17)
Ethanol 96%
Benzalkonium saccharinate
Water, dye, fragrance

11.0
14.5
40.0
8.0
2.9
23.6

Source: Ref. 38.

TABLE 8 Frame Formulations of Various Conditioning Hair Rinses

Ingredients (%)
Distearyldimethylammonium
chloride
PEG-5 Stearyl ammonium
lactate
Dipalmitoylethyl hydroxyethylammonium methosulfate
Benzyloleyldimethylammonium
chloride
Cetyltrimethylammonium
chloride
Dicetyldimethylammonium
chloride
Polyquaternium-10
(cationically modiﬁed
hydroxyethyl cellulose)
Ceteareth-3
Cetyl alcohol
Octyl isononanoate
Propylene glycol
Glyceryl stearate, Ceteareth-20
Disodium laureth
sulfosuccinate
Citric acid
Potassium chloride
Mineral oil, high viscosity
Hydroxyethyl cellulose
Water, dye, fragrance

Cream
rinsea

Premium
biodegradable
hair conditionerb

Clear hair
conditionerc

Hair
rinsed

1.5
2.0
2.86
3.00
1.50
2.5
0.25

1.5
2.5

2.00
2.00

1.0
1.50
1.0
f1.5

q.s.!pH
4.0

q.s.!pH
3.5–4.5
0.50

q.s.!pH
5.5

q.s.!pH
4.0

0.7
balance

0.90
balance

balance

1.0
balance

Source: (a) Ref. 39; (b) Ref. 40; (c) Ref. 41; (d) Ref. 42.
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TABLE 9 Frame Formulation of a Conditioning Shampoo
Ingredients (%)
Sodium laureth sulfate
Sodium cocoyl glutamate
PEG-5 stearyl ammonium lactate
PEG-6 caprylic/capric glycosides
Cocoamidopropylbetaine
Coconut fatty acid diethanolamide
Dimethicone copolyol acetate
PEG-3 distearate, sodium laureth sulfate
Polyquaternium-10
Sodium chloride
Water, dye, fragrance

40.0
5.0
2.0
0.4
7.0
2.2
1.0
2.0
0.6
2.0
balance

Source: Ref. 43.

are, for example, frequently contained in the formulas in order to counterbalance the
irritating properties of QACs. Further ingredients of hair conditioners may be
fragrance, dyes, thickeners/viscosity regulators, humectants, and sometimes preservatives. Some frame formulations are listed in Table 8. The so-called ‘‘conditioning
shampoos’’ are mostly based on anionic and/or amphoteric surfactants plus cationically modiﬁed organosilicon surfactants like diquaternary polydimethysiloxane
(=quaternium-80). If a nonsilicon QAC is used within such a formulation, it must
be very hydrophilic like, for example, PEG-5 stearyl ammonium lactate in order to
avoid ion-pair formation with the anionic surfactants (cf. Table 9).

4. Formulations Containing Amphoteric Surfactants
Amphoteric surfactants ﬁnd a widespread application in personal-care products as
well as in household and industrial detergents. Only some frame formulations shall be
given here; an extensive compilation can be found in literature, for example, Refs. 14,
20, and 21, and in the frame formulations published by surfactant manufacturers.
Only three frame formulations containing amphoteric surfactants shall be listed
here, namely, a baby shampoo [44] (Table 10), a shower gel [45] (Table 11), and a

TABLE 10 Frame Formulation of a Baby Shampoo
Ingredients (%)
Sodium laureth sulfate
Sodium lauryl sulfoacetate and
disodium laureth sulfosuccinate
Sodium lauryl sulfate
Laurylamidopropyl betaine
Sodium chloride
Citric acid or NaOH
Water, dye, fragrance
Source: Ref. 44.

38.0
32.0
5.0
3.3
q.s.
!pH 5–6
balance
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TABLE 11 Frame Formulation of a Shower Gel
Ingredients (%)
Sodium laureth sulfate
Cocoamidopropylbetaine
Polyoxyethylene propylene glycol dioleate
Dimethicone propyl PG-betaine
Sodium chloride
Water, dye, fragrance

34.0
8.0
3.0
1.0
q.s.
balance

Source: Ref. 45.

manual dishwashing liquid [31] (Table 12). Further formulations containing amphoteric surfactants can also be found in (Tables 4, 5, 7, and 8).

II. SPECTROSCOPIC METHODS
Spectroscopic methods are a powerful means for a fast and convenient characterization, identiﬁcation, and, in some cases, also quantiﬁcation of chemical substances. But
it should be kept in mind that usually, relatively pure samples are required. Thus the
identiﬁcation of an individual component in a mixture without a prior separation is
hardly possible, especially if it is a minor component. Nevertheless, spectroscopic
methods belong to the very important analytical tools in surfactant analysis.
At least for the classical QACs, there are a large number of papers dealing with
spectroscopic analysis that can be used if a more detailed information is required (cf.,
for example, Ref. 46).
The application of spectroscopic methods was to a great extent facilitated since
printed or electronic databases became available. Some of them are also available online; good starting points for a further Internet search are Refs. 47 and 48.

A. Infrared Spectroscopy
One of the most important contributions to infrared spectroscopy (IR) of surfactants
was made by Hummel [49]; the IR spectra of his collection are also available in form of
an electronic database. IR spectroscopy both in the ‘‘near’’ infrared (1000–2500 nm

TABLE 12 Frame Formulation of a Dishwashing Liquid
Ingredients (%)
Secondary alkane sulfonate sodium salt
Sodium laureth sulfate
Cocoamidopropylbetaine
Sodium chloride
Water, dye, fragrance
Source: Ref. 31.

22.2
11.9
6.7
3.0
balance
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equivalent to 10,000–4000 cm1) and in the ‘‘middle’’ infrared spectral range (4000–
700 cm1) is a versatile technique in the analysis of detergents. It can be used for
quality control, for the veriﬁcation of substance identity, for the identiﬁcation of
unknown substances, as well as for an in-depth quantitative analysis of formulated
products. But—as already mentioned above—a pre-separation of the samples by
column chromatography, etc. and a thorough removal of water is mostly required.
Only (very) strong absorption bands that are not interfered from other components
can be identiﬁed in mixtures without a preceding cleanup. Instrumental developments
broaden the ﬁeld of application:


Flow-through cells or ﬁber optic probes that can be dipped into the solution
allow an on-line process control.
 The attenuated total reﬂection technique (ATR) considerably reduces the sample
preparation.
 Using an IR microscope or the diﬀuse reﬂection technique, IR spectroscopy can
be applied for in situ recording of IR spectra from TLC plates or the investigation
of small samples.
In combination with modern chemometric techniques of data evaluation, IR
spectroscopy can be used for the quantitative analysis of multicomponent mixtures
like surfactant formulations. It must, however, be stressed that the calibration of such

TABLE 13 Characteristic IR Absorption Bands of QACs and Related Substances
Vibration
Primary amines

Secondary amines
Tertiary amines
Alkyldimethylamines and
dialkylmethylamines
Protonated primary amines
Protonated secondary amines
Protonated tertiary amines
Alkyltrimethylammonium salts

Dialkyldimethylammonium
salts
Benzalkonium salts

Esterquats
Sulfate anion
Source: Refs. 46 and 49.

r(–NH)

Wave number
(cm1)
3400–3380
3340–3320
1650–1610
3350–3320
1150

y
r(–NH)
C–N stretching
no speciﬁc bands
r(C–H)

2810–2760

ras(NH3+)
ras(N+H2)
rs(N+H2)
r(N+H)
r(N+R4)
yas(NCH3)
ras(NCH3)
r(N+R4)
ras(NCH3)
y(ring)
r(ring)
r(C-ring)
r(ester group)
SjO doublet bands

3000
2800–2950
2800–2950
2700
960
1485
3050
c1000
3000
700
1420 and 1410
1220–2110
1700–1750
1248 and 1217

Strength
s/m
m broad
s/m

s
s
s
s
s
s
s
w
w
m
m
w
s

Compound

+++ ++++

++++

–

++++
++++

++
++

–

–
–

++++

–

–

–

COO

CH

–OH
UNH

1735

2920
2850

3500
3200
1670

–

–

–
–

–

UNHUCOU

TABLE 14 Characteristic Signals of Diﬀerent QACs in IR Spectroscopy

–

–

–
–

–

Imidazoline
ring

1620

++

+++

+(+)
++

++(+)

UCH2U

1495
1470
1110

1050

730
720

–

–

–
–

–

–

–

+++
++++

–

–

+++

+
+

–

+

++

+
+

+(+)

Sulfate CUOUC CUOH UCH2U

1255
1225
1060
1015
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++++

–: No signal; number of plus signs denotes intensity of signal.
a
Intensity increases with increasing alkyl chain length.
Source: Ref. 50.
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a chemometric method is very laborious and time consuming because up to 100 real
samples (not synthetic mixtures) are required for this purpose and must be analyzed by
a second and independent method. The exchange of one component in a formulated
product requires a complete new calibration.

1. Cationic Surfactants
Infrared spectra of QACs do not yield many information (cf. Table 13). However, the
amines that have been used for manufacture show characteristic IR spectra. A useful
paper on IR spectroscopy of QACs is the compilation by Klotz [50] (cf. also Table 14).
Esterquats show in addition to the spectra of classical QACs the absorption of the ester
group(s) at 1700–1750 cm1.
The sulfate or monoalkyl sulfate anion has absorption bands at 1248 and 1217 cm1
so that these bands can—besides elemental analysis—be used for a diﬀerentiation of
halides and methosulfates.
Figures 1 and 2 show the IR spectra of distearyldimethylammonium chloride
and of an esterquat.

2. Amphoteric Surfactants
As already mentioned above for QACs, a thorough removal of water is necessary for a
proper recording of IR spectra of amphoteric surfactants. Usually, drying the sample
at 105 jC is an appropriate way; but this is not possible for amine oxides because the
NUO bond would be destroyed. For amine oxides, a lyophilization of the sample is
necessary [15].
The IR spectra of amphoteric surfactants obviously show the absorption bands
of the alkyl groups which are not helpful for an identiﬁcation. Characteristic
absorption bands for amphoteric surfactants are the following: (1) the carboxylate
bands at 1605, 1402, and 1340 cm1; (2) the absorption of a quaternized nitrogen at
about 890 cm1; and (3) additionally for alkylamidobetaines, the bands of a secondary
amido group at 3275, 1633, and 1549 cm1, respectively. Figure 3 shows the IR
spectrum of a cocoamidopropylbetaine [15].

FIG. 1 Infrared spectrum of distearyldimethylammonium chloride. (From Ref. 49.)
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FIG. 2 Infrared spectrum of an esterquat. (From Spilker, 2003, personal communication.)

FIG. 3 Infrared spectrum of cocoamidopropylbetaine. (From Ref. 15.)
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Amine oxides can be identiﬁed by the absorption of the N–O group at 930 and
960 cm1 (cf. Fig. 4). Alkylamidobetaines additionally show the bands of a secondary
amido group at approximately 3300, 1640, and 1550 cm1, respectively [15].

B. Nuclear Magnetic Resonance Spectroscopy
1. Cationic Surfactants
Early papers on nuclear magnetic resonance (NMR) spectroscopy of QACs were
published by Knig [51] and Klotz [50]. A more recent review appeared in volume 53 of
this series [46]. NMR spectroscopy is generally more useful for pure samples rather
than for formulated detergents, so that a sample preparation and isolation of the
interesting compound are mostly necessary. NMR signals that are not interfered by
other components of the sample can also be identiﬁed without a sample preparation.
Table 15 gives a compilation of 1H-NMR spectroscopic signals of common classical
QACs [50]. Concerning 13C-NMR and 14N/15N-NMR spectroscopy of QACs, the
reader is directed to the paper of Mozayeni [46].
The 1H-NMR analysis of both esterquats and esteramines is described in a paper
by Wilkes et al. [52]. The authors investigated an esterquat and the corresponding
esteramine precursor by 1H-NMR spectroscopy (cf. Fig. 5).
On the basis of this NMR analysis, it is possible to calculate the following
parameters: average number of unsaturation per alkyl chain (a), average molecular
mass of the fatty acid (Macid), average number of ester chains per nitrogen (x), and, for
the esteramine, the relative amount of free triethanolamine and monoesteramine,
diesteramine, and triesteramine, and, for the esterquat, the average degree of quaternization (b: ratio of quaternized nitrogen on total nitrogen) and relative amount of
monoesterquat, diesterquat, and triesterquat, respectively. The following ﬁgures
(Figs. 6 and 7) and tables show the 1H-NMR spectrum and summarize the NMR
peak attribution for the esteramine and the esterquat, respectively.

FIG. 4 Infrared spectrum of a cocoalkyldimethylamine oxide. (From Ref. 15.)
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The key diﬃculty for a (semi)quantitative analysis is the determination of the
signal intensity for one proton, ‘‘I1H.’’ The following calculations can be done on the
basis of NMR data (cf. also Tables 16 and 17):






Due to the molecular structure, it is obvious that the sum of the integrations of
7, 
8, 
9 , and 
10 is equivalent to 12 protons.
peaks arising from protons 
The parameter x, i.e., the average number of ester chains per nitrogen, can be
1, 
5 , and 
6 .
calculated from the signal intensities due to protons 
The parameter a, i.e., the unsaturation of the fatty acid, can be calculated from
2 and 
3.
the signal intensities of protons 
The number of carbon atoms in the fatty acid chain ‘‘n’’ can be derived from the
4.
signal intensity of the protons 
The average molecular mass of the fatty acid can then be calculated as:
MMacid ¼ 14n þ 54a þ 88:



The parameter b, i.e., the number of methyl groups bound to the nitrogen, can be
11 m, 
11 d, and 
11 t.
calculated from the integrated intensities of the protons 
 Using the parameters b and x, the above-calculated average mass of the fatty acid
MMacid and the molecular masses of triethanol amine (MMTEA), dimethyl sulfate (MMDMS), and the group Y formed by the hydrolysis of dimethyl sulfate
(MMHY), the average molecular mass of the product can now be calculated:
MMproduct ¼ MMTEA þ xðMMacid  18Þ þ bMMDMS þ ð1  bÞMMHY
This calculation is based on a preceding and correct determination of x, b, and
MMacid; thus a very careful validation of these results is important.
 Finally, the molar amounts n of monoesterquat, diesterquat, and triesterquat can
be calculated using the following three equations:
nmono ¼ I 
11 m =ð3I1H Þ
nmono ¼ I 
11 d =ð3I1H Þ
nmono ¼ I 
11 t =ð3I1H Þ

FIG. 5 Chemical structure of the esteramine and the esterquat used for 1H-NMR investigations. The circled numbers identify protons with diﬀerent chemical shifts.
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TABLE 15 Characteristic Signals of Diﬀerent QACs in 1H-NMR Spectroscopy
Chem. shift (ppm)

0.9

1.25

1.9–2.3

2.1–2.4

UCH2UCHUCHU
UCH2UCHUHU

Compound

Substituent

CH2UCH2

U[CH2]U

UCH2UCOUNHU

N(CH2UCH2)3U

Multiplicity

t

s

m

m

+

++++

–

+

+
+

+++
++

–
–

–
–

+

++++

–

(+)

+

++++

–

–

+

++++

–

– to (+)a

+

++++

–

–

+

++++

–

–

++

++++

++

–

–: No signal; number of plus signs denotes intensity of signal; chemical shift relative to TMS; simpliﬁed multiplicities;
s: singulett, t: triplett, m: multiplett.
a
Depends on alkyl chain length: – for C10; (+) for C18.
b
Depends on alkyl chain length: +++ for C10; + for C18.
Source: Ref. 50.
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where I means the signal intensity. It should be realized that these calculations
require a reliable measurement of the parameter I1H.
The spectrum of the esteramine can be analyzed in a similar way, but the
corresponding calculations will not be described in detail here.

2. Amphoteric Surfactants
There are only few papers on NMR spectroscopy of amphoteric surfactants; again, the
paper of König [51] counts among the ﬁrst ones.
Alkyldimethylbetaines [structure (15) in Table 2] show the following signals in
1
H-NMR [51]: CH3–alkyl: 0.9 ppm, alkyl–CH2: 1.3 ppm, R2N+(CH3)2: 3.2 ppm,
alkyl–CH2–N+R2: f3.6 ppm, R3N+CH2–COO: 3.8 ppm.
Fig. 8 shows the 1H-NMR spectrum of a cocoalkylamidopropylbetaine
(CAPB) [17].
For an identiﬁcation of CAPB by NMR spectroscopy, the signal at 3.3 ppm is
quite speciﬁc. It is due to the six protons of the methyl groups at the quaternized
9 in Fig. 8) and the two protons of the methylene group neighboring the
nitrogen (
6 in Fig. 8). These eight protons can also be used for a quantiﬁcation
amidic nitrogen (
of CAPB if the molar amount of an internal standard is known. Sodium trimethylsilylpropionate (NaTSP) can advantageously be used for this purpose [18]; its nine
protons give an intense signal that can be used for the quantiﬁcation.
3 at 1.15 ppm is not inﬂuenced by any
Provided that the signal of the protons 
other component of the sample, the intensity of this signal is proportional to the alkyl
chain length of the CAPB [18]. Since it is diﬃcult to verify that this requirement is
fulﬁlled, it is advisable to determine the average alkyl chain length by chromatographic

FIG. 6

1

H-NMR spectrum of the esteramine. (From Ref. 52.)

Cationic and Amphoteric Surfactants

FIG. 7

1

H-NMR spectrum of the esterquat. (From Ref. 52.)

TABLE 16

1

H-NMR Peak Attribution for the Esteramine

H

d (ppm rel.
to TMS)


1

2

3

4

5

6

7

8

9

0.88
2.02
5.34
1.26
1.61
2.32
4.12
2.83
2.74


10 TEA
10 m


10 d

3.71
3.62
3.54

1
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Source: Ref. 52.

Integration
3
4a
2a
2n
2
2

H
H
H
H
H
H

I7+I8+I9
+I10TEA
+I10m+I10d
=12 H
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1

H-NMR Peak Attribution for the Esterquat

H

d [ppm rel.
to TMS]


1

2

3

4
5


6

7

8

0.88
2.02
5.34
1.26
1.60
2.34
4.56 and 4.3
3.94

1

Integration
3
4a
2a
2n
2
2

H
H
H
H
H
H

I7+I8+I9
+I10=12 H

9

10

11 m

11 d
11 t


3.75
4.12
3.32
3.34
3.38
I11m+I11d
+I11t=3b H


12

3.7

Source: Ref. 52.

methods; the latter methods have the additional beneﬁt that they provide information
about the alkyl chain length distribution and not only the average alkyl chain length.
Sometimes substances like trimethylaminoacetic acid are also present in samples
of CAPB. Such substances, which cause wrong results in an acidimetric determination
of the active matter content, lead to additional signals in the NMR spectrum and can
easily be identiﬁed.
Figure 9 shows the 1H-NMR spectrum of an alkyldimethylamine oxide. Due to
the simpler chemical structure, the spectrum shows fewer signals; the NMR spectrum
of an (alkylamidopropyl)dimethylamine oxide resembles that of CAPC. The 1HNMR spectrum of a sulfobetaine can, for example, be found in Ref. 13.

C. Mass Spectrometry
This section deals with the application of mass spectrometry for the direct analysis
(qualitative and/or quantitative) of cationic and amphoteric surfactants. The application of mass spectrometry as a detection method in gas chromatography will be
described in Section IV.D.
Due to their ionic nature, cationics and amphoterics cannot be analyzed by
‘‘conventional’’ mass spectrometry, i.e., MS with electron impact (EI) ionization. The
rigorous conditions during EI ionization lead to severe fragmentation of the ions so
that only a few, if any, useful information can be read from the spectra.
This problem has been overcome by the development of the so-called ‘‘soft’’
ionization techniques like fast atom bombardment (FAB), direct chemical ionization
(DCI), matrix-assisted laser desorption/ionization (MALDI), ﬁeld desorption (FD),
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1

H-NMR spectrum of cocoamidopropylbetaine. (From Ref. 17.)

FIG. 9 1H-NMR spectrum of octyldimethylamine oxide. (From the online catalog of SigmaAldrich.)
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secondary ion mass spectrometry (SIMS), and so on. Fundamentals as well as applications of these techniques can be found in Chapter 14 of this volume and in the
respective monographs, for example, Refs. 53 and 54.

1. Cationic Surfactants
A paper by Ott [55] describes the application of soft ionization techniques to the
qualitative and quantitative analysis of anionic, cationic, and nonionic surfactants.
Following this paper, it can be stated that the amount of fragmentation decreases
in the order EI > DCI>FAB>FD. As an example, Fig. 10 shows the mass spectra
of an alkylbenzyldimethylammonium mixture recorded using FD, FAB, and DCI
technique.
As can be seen from Fig. 10, a method with a low degree of fragmentation is well
suited for the determination of molecular masses but does not yield structural
information. Obviously, the reverse order is true if information about the structure
of a molecule shall be derived from fragmentation patterns. If both information are
required, tandem mass spectrometric methods (MS/MS) can successfully be applied,
in which the ﬁrst mass separating unit acts comparable to a chromatographic
separation. The molecule ion of interest is then fragmented by a suitable process like
collisional activated dissociation (CAD) and the fragments allow a detailed analysis of
number and lengths of alkyl chains, branching, etc.
Using CAD, three types of reaction lead to a fragmentation of the parent ion
under investigation [56], namely, (1) alkyl loss, (2) alkyl loss with a subsequent
a-cleavage of a second substituent, and (3) alkyl loss in combination with a hydrogen
transfer (i.e., alkane loss). Fig. 11 shows a simpliﬁed reaction scheme and Fig. 12 shows
a FD-CAD mass spectrum of tetradecylbenzyldimethylammonium—here denoted as
[Cat]. The abundant ions [Cat–benzyl]+, [Cat–tetradecyl]+, [Cat–benzyl–tetradecyl]+, and [benzyl]+ allow the determination of the exact structure.
Table 18 gives an overview of which types of QACs have been analyzed by the
various mass spectrometric techniques, which types have been determined in formulations, and for which types a quantitative determination was possible. GC-MS
methods are discussed in Section IV.D of this chapter.
A qualitative MS analysis is also possible for formulated products as several
authors have proven, namely, in hair shampoos and rinses [74,75], in fabric softener
and in granular or liquid detergents [56,76], and in disinfectants and oral rinses [77].
Time-of-ﬂight secondary ion mass spectrometry was successfully applied to the
in situ analysis of QACs separated on thin layer chromatography plates [78] and
showed very low detection limits. The LOD for distearyldimethylammonium chloride
is as low as 100 pg.
Ogura et al. [76] describe a simple sample preparation for a subsequent analysis
of ﬁnished formulations by ion spray MS. An amount of 0.1–0.5 g of the formulated
product (granular or liquid detergent, fabric softener, shampoo, or conditioner) is
weighed into a 100-mL ﬂask and made up to volume with ethanol. After dissolution of
the surfactants and dispersion of insoluble matter, a portion of the sample is
centrifuged; the supernatant is diluted 1:100 and once again 1:10 with methanol. If a
quantiﬁcation is needed, an appropriate amount of internal standard(s)—for example,
deuterated QACs—is added in the ﬁrst dilution step. Although quantiﬁcation was
only proven for the determination of LAS, it can be assumed that it is equally possible
for QACs.
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FIG. 10 Mass spectra of alkylbenzyldimethylammonium chloride with diﬀerent ionization
techniques. (a) Field desorption, (b) fast atom bombardment, (c) direct chemical ionization.
(From Ref. 58.)
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FIG. 11 Simpliﬁed reaction scheme for the fragmentation of QACs under CAD conditions.
(From Ref. 56.)

Using appropriate techniques and internal standards, mass spectrometry allows
not only a qualitative, but also a quantitative analysis (cf. Table 18). Raﬀaelli and
Bruins [79] investigated the ion formation in ion spray MS and found that the
interactions of analyte ions and the solvent are a very important parameter; a mixture
of acetonitrile/MeOH 99:1 proved to be best suited.
For a successful quantiﬁcation, appropriate standard substances are needed.
Stable isotope standards, for example, deuterated QACs, can be used for this purpose.
The synthesis of [2H3] dodecyltrimethylammonium iodide and of [2H3] ditallowdimethylammonium iodide is described in Ref. 59. In the concentration range from 10 to
500 ppb, a quantitation of alkyltrimethylammonium and distearyldimethylammonium was possible.
Hind et al. [60] describes the quantitative determination of alkyltrimethylammonium compounds by ES-MS using QACs of the same type but another alkyl chain

FIG. 12 Field desorption/collisional activated dissociation spectrum of benzyldimethyltetradecyl ammonium chloride. The cation is the precursor. (From Ref. 56.)
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length as internal standards. The response decreased with increasing alkyl chain length
from 0.87 for C14H29N+Me3 to 0.68 for C18H37N+Me3 (response for C12H25N+Me3
set to 1). Linear calibration plots were observed for concentrations ranging from 50
to 300 ppb.
Bambagiotti Alberti et al. [61] used benzalkonium salts as an internal standard
for the quantitative determination of benzethonium and alkylpyridinium salts. Linear
calibration plots were observed from 0.5 to 2.0 Ag/AL (benzethonium) and from 0.05 to
1.0 Ag/AL (alkylpyridinium).
Mass spectra of esterquats can hardly be found in literature. When applying soft
ionization techniques, the predominant signals originate from the molecular ions of
the individual components in the products. Fig. 13 shows the FAB-MS spectrum of an
esterquat-type QAC (Waldhoﬀ, personal communication, 2002).

2. Amphoteric Surfactants
Sanders et al. [80] reported about ﬁeld desorption
mass spectrometry (FD-MS) of
þ
amphoteric surfactants of the general formula RN(X)2(CH2)5COO, with R=longchain alkyl (C10 or C22) and X=short-chain alkyl (C1, C2, or C3). The [M+H]+ ion
can be observed for all compounds. The [M43]+ ion has also a high intensity for all
compounds; it is probably due to the [M+HCO2]+ ion. Intense [M+X]+ ions are
formed by intermolecular alkyl transfer; thus [M+15]+, [M+29]+, and [M+43]+
ions are observed with high intensities which can be observed for X=methyl, ethyl,
and propyl, respectively. At low emitter currents, the cluster ions [2M+H]+ and
[3M+H]+ show high intensities. When increasing the emitter current, these cluster
ions disappear from the spectrum and ions originating from an alkyl transfer appear;
even the transfer of a decyl group can be observed by the ion [M+C10H21]+.
In another paper, the same authors investigate the
FD-MS spectra of hydroxyþ
ammoniocarboxylates with the general formula RN (X)2–CH2–CH(OH)–(CH2)n
COO, with R=CH3, C2H5, C14H29, or C22H45, X=CH3 or C2H5, and n=2 or 3
[81]. At emitter currents <10 mA, FD-MS spectra show [xM+H]+ and [xM+
HCO2]+ ions with 1VxV4 and thus allow the determination of the molecular mass.
At emitter currents of approximately 20 mA, intermolecular alkyl transfer takes place
so that [M+alkyl]+ ions are observed; if R is a long-chain alkyl group, these ions
are more intense than for R=short-chain alkyl. Further processes occurring at high
emitter currents are intermolecular isomerization leading to hydroxyaminoesters and
elimination of alcohol leading to g and y lactones.
Lee [82] presents a fast atom bombardment-liquid secondary ion mass spectrum
(FAB-LSIMS) of cocoamidopropylbetaines. In the positive ion mode, the ions
[xM+H]+ and [xM+Na]+ with x=1 or 2 can be seen. Loss of dimethylglycine leads
to [M102]+ ions; loss of CH2COO leads to [M+H58]+ ions. In the negative ion
mode, the [M+Cl] ion can be seen with high intensity. Unreacted fatty acids can be
identiﬁed as molecular anions [M].
Kawase et al. [165] published FD-MS spectra of imidazoline-type amphoteric
surfactants. The following ions appeared in the spectra: [M+H]+, [M+Na]+,
[M+HCO 2] +, [M+HH 2O] +, [M+HCH 2COO]+ , [M+H2CO 2] + , and
[M+HCO2CH2COO]+, respectively.
Merschel et al. [78,122] investigated a variety of surfactants with time-of-ﬂight
secondary ion mass spectrometry (TOF-SIMS). The surfactants were analyzed either
on a silver target or—mostly—directly on a TLC plate that was additionally covered
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Mass spectrometric method (numbers mean references)

TABLE 18 Analysis of QACs by Various Mass Spectrometric Techniques

IS
MS/MS

77d
73d

77d
70h
72g

69e

77d

64b

Other

77d

77d

77d
75c

75c

Detn. in
formulations

61 (FAB)

72g
61 (FAB)

79 (IS)

64b
60 (ES)
79 (IS)
59 (FAB)
59 (FAB)
67 (FD)
56 (FD)
68 (ES)

Quantitative
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74

i

61
141
62a
62a,j
63
76k

73d,l

74i,m
76k
75c,n

76k (IS)

61 (FAB)

Abbreviations used in this table—CAD: collisional activated dissociation, CID: collision-induced dissociation, DCI: direct chemical ionization, ES: electrospray, FAB: fast
atom bombardment, FD: ﬁeld desorption, IS: ion spray, MALDI TOF-MS: matrix-assisted laser desorption/ionization time-of-ﬂight mass spectrometry.
a
FAB CAD-MS/MS.
b
Surface-assisted laser desorption/ionization MS.
c
ES CID-MS/MS.
d
MALDI TOF-MS.
e
Ion chromatography-MS/MS.
f
FAB CID-MS/MS.
g
Laser mass spectrometry.
h
Collision-induced decomposition/mass analyzed ion kinetic energy (CID/MIKE).
i
Alkylisoquinolinium bromide.
j
Other substances: amines, acetates of hydrogenated amines, amine oxides.
k
IS CAD-MS/MS of protonated R1–COO–CH2–CH2–N(Me)–(CH2)3–NH–CO–R2 in fabric softener.
l
Ethylhexadecyldimethylammonium chloride.
m
Applicability to shampoos only proven for anionic, nonionic, and amphoteric surfactants.
n
(Alkanoyl-N-hydroxyethyl)aminoethyl-2-hydroxypropyl trimethylammonium.

Benzethonium
Esterquats
Ethoxylated QACs
Other
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FIG. 13 Mass spectrum of a technical grade N,N,N-Tris(2-acyloxyethyl)-N-methylammonium. (From Waldhoﬀ, 2003, personal communication.)

with a thin silver layer. The positive TOF-SIMS spectrum of lauryldimethylsulfobetaine shows [M+H]+, [M+Na]+, and [M+Ag]+ ions with high intensities; fragmentation can hardly be observed [78, p. 85]. Other amphoteric surfactants show a similar
behavior [83].
Summing up, it can be stated that modern mass spectrometric techniques are
versatile and powerful methods for a qualitative and quantitative determination of
cationic and amphoteric surfactants in various matrices. The choice of a special mass
spectrometric technique depends on the information needed (molecular masses,
structural information, or both). A serious disadvantage, however, may be the costly
instruments.

III. DETERMINATION OF CATIONIC AND AMPHOTERIC
SURFACTANTS AS SUM PARAMETER
A. Spectroscopic Methods
1. Cationic Surfactants
Most spectroscopic methods for the determination of QACs have been developed for
trace analysis rather than for product analysis. Thus when analyzing formulated
products, appropriate dilution steps are necessary which may increase the overall
uncertainty of the analytical results. Although this fact is equally true for all other
trace analytical techniques like HPLC, GC, or CE, these methods allow a separation
into the individual components as opposed to the spectroscopic methods discussed
in this section. Spectroscopic methods determine QAC concentrations as a sum parameter like the volumetric methods do (cf. Section III.B), but the latter methods appear to be better suited for the determination of larger concentrations as present in
formulated detergents.
Some QACs bear an aromatic system and thus absorb UV light. Absorption
maxima are at a wavelength of 235 nm for imidazoline surfactants [84], 215 nm for
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benzalkonium halides, and 254 nm for alkylpyridinium halides. But a direct determination of these QAC types by UV spectroscopy is generally not advisable because
many other substances may interfere. UV spectroscopy can be used as a quite selective
detection method for the above-mentioned surfactant types in HPLC and CE
separations.
All other spectroscopic methods are based on the formation of ion pairs between
the QACs and an anionic dye; the ion pairs are extracted into an organic solvent and
the absorption of the organic phase is measured. The hydrophilic/lipophilic characters
of both partners have to be balanced in such a way that only the ion pairs are extracted
but not a single component alone. Because the anionic charge of the dyes is located at a
carboxylate, sulfonate, or sulfate group, a protonation of this group is competitive to
the formation of ion pairs so that the extraction of QACs is dependent on the pH. At
low pH, amphoteric surfactants behave like QACs and are extracted as well (see
Section III.A.2).
Besides this possible interference from pH, it should be mentioned that bulky
nonsurfactant cations lead to positive errors because they are also extracted as ion
pairs with the anionic dye. Bulky anions, especially anionic surfactants, are likely to
form ion pairs with the QACs that are more stable than the ion pair of QAC and dye;
consequently, minor results are observed.
Most frequently, the anionic dye disulﬁne blue VN 150 (C.I. 42045) is used for an
extraction photometric determination of QACs [85,86]. The QACs are extracted as ion
pairs from a buﬀered solution (pH 3) using chloroform [85] or a mixture of butanol
and chloroform (95.5 v/v) [86]; the absorbance of the organic layer is read at 628 nm
against methanol [85] or chloroform [86]. If necessary, interfering substances like
anionic surfactants can be removed from the sample by a preceding ion exchange step.
According to the German Standard Method, a solvent sublation separation is performed to enrich the surfactants and separate them from all nonsurfactant material.
From the authors’ experience, the method requires quite a lot of practice so that
all experimental conditions are exactly kept constant (especially the manual operations like extraction, phase separation, etc.); even the cleaning of the glassware is
crucial for reliable results.
Besides disulﬁne blue, many other dyes have alternatively been used, but none of
them has gained the same importance. Orange II was used for a diﬀerentiation between
long-chain amines and QACs, as well as for a determination of amphoteric surfactants
[16,87]. Other dyes used were bromthymol blue [88], bromphenol blue [89], methyl
orange [90], the potassium salt of terabromophenolphthalein ethyl ester (TBPE) [91],
and picric acid [92], to name a few. A more extensive list can be found in Chapter 8 of
Ref. 9 and Chapter 12 of Ref. 2.
It should be noticed that an extraction photometric determination cannot only
be used for a single and batchwise analysis. The same analytical reaction was also
adopted to ﬂow systems like FIA (cf. Section V.A) or HPLC (cf. Section IV.B).
As early as 1989, Hellmann [93] proposed a photometric method for QACs based
on an extraction of the QACs with tetraiodobismutate (BiI
4 ) into CCl4, toluene, or
cyclohexane. Although this method is nothing very special for classical QACs, it
deserves attention because it is the only one that has been applied to an esterquat-type
QAC, namely, distearyl-imidazoline ester [94]. The absorption of the organic phase is
read at 493 nm or, with an approximately twofold sensitivity, at 344 nm. Although the
distearyl-imidazoline ester appears as an electrical neutral molecule, it is protonated
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under the extraction conditions (aqueous phase contains acetic acid) and is extracted
as cationized molecule. According to Hellmann, the standard disulﬁne blue method is
less well suited.

2. Amphoteric Surfactants
Most types of amphoteric surfactants behave like cationic surfactants at low pH values
and can therefore be determined by an extraction photometric method using an
anionic dye. The probably most-often used dye for this determination is Orange II,
i.e., p-(2-hydroxy-1-naphthylazo)benzenesulfonate (CAS Reg. No.: [633-96-5], C.I.
15510). The ion pair between Orange II and the amphoteric surfactant is extracted
into chloroform at pH 2, and the absorbance of the organic layer is read against a
blank at 485 nm. This method was originally developed for the determination of QACs
[87,95] and later adopted for the determination of amphoterics [96]. An extensive
description of the procedure is given in Ref. 16. QACs are determined together with
the amphoterics. The numerous manual operations of this procedure—equilibration
of aqueous and organic phase without formation of an emulsion, transfer of the organic layer to the photometric cuvette without contamination of the chloroform by
the upper aqueous phase, etc.—are frequently considered to be diﬃcult and susceptible to errors.

B. Volumetric Methods
1. Cationic Surfactants
All volumetric methods for the determination of cationic surfactants are based on the
formation of ion pairs between the positively charged QAC and a bulky and oppositely
charged titrant like tetraphenylborate (BA4) or an anionic surfactant (An). Most
frequently, lauryl sulfate is used as anionic surfactant because it is available in a
suﬃciently high purity and volumetric solutions can be prepared by simply weighing
the dried substance and dissolving it in water. Bacterial growth can be suppressed by
addition of 15 mL/L formaldehyde (36%). Tetraphenylborate is more lipophilic than
lauryl sulfate and should be preferred if short-chain QACs shall be titrated. Volumetric solutions of tetraphenylborate should be buﬀered to pH 10 and contain 10 g/L of
polyvinyl alcohol.
The ion pairs consisting of QAC+ and An are poorly soluble in water and form
a precipitate, if the titration is carried out in an aqueous solution [cf. Eq. (1)]. If a
nonpolar and water-immiscible solvent is added to the titration solution, the ion pairs
are extracted into the organic solvent [cf. Eq. (2)].


þ

#
ð1Þ
QACþ
aq þ Anaq W QAC ; An

þ

þ

QACaq þ Anaq W QAC ; An org
ð2Þ
For the detection of the equivalence point of such a titration, it is necessary to
monitor either the disappearance of the free analyte ion QAC+ from the aqueous
phase or the appearance of the ﬁrst excess of titrant An or BA4 or both. This
analytical task can be accomplished either visually with appropriate indicator dyes or
electrochemically with an ion selective electrode (ISE) responsive to surfactant ions or
BA4. Although all possible combinations of titration and indication methods have
been described in literature, the most important ones are (1) two-phase titration with
visual indication, (2) aqueous precipitation titration with electrochemical indication,
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and (3) two-phase titration with ISE indication. A thorough discussion of surfactant
titrations can be found in the excellent reviews by Cross and Singer [9, Chapter 5],
Moody and Thomas [9, Chapter 6], and Schmitt [2, Chapter 16].
(1) Two-phase titration with visual indication: There are numerous variants of
this—historically oldest—type of surfactant titration. The probably most accepted
variant uses chloroform as water-immiscible organic phase and a mixed indicator
system consisting of the pink cationic dye dimidium bromide (I) and the blue anionic
dye disulﬁne blue (II) [97–99].

At the beginning of the titration, the cationic surfactant forms a water-insoluble
ion pair with the blue anionic dye that is extracted into the chloroform phase. The pink
cationic dye and the excess of QAC+ remain in the aqueous phase. If an anionic
surfactant like lauryl sulfate is added as titrant, {QAC+;An} ion pairs are formed
and extracted into the chloroform phase as well. If all free QAC+ is removed by this
reaction, the next addition of An displaces the disulﬁne blue from its ion pair so that
the more stable {QAC+; An} ion pair is formed. Almost simultaneously, the pinkcolored ion pair of dimidium+ and An is formed and extracted into the chloroform
phase. Thus at the equivalent point, the color of the organic phase changes from blue
to pink.
Although this titration method is well accepted and yields reproducible and
reliable results, it suﬀers from some disadvantages. (1) It must be carried out manually.
(2) The visual detection of the endpoint requires personal experience so that systematic
errors can result depending on the operator. (3) Toxic chloroform is needed,
which must be handled with and disposed of safely. (4) Dimidium bromide—one of
the indicator dyes—is very likely to possess mutagenic and cancerogenic properties
[100].
(2) Aqueous precipitation titration with electrochemical indication: As mentioned above, tetraphenylborate or an anionic surfactant can be used as titrant for a
precipitation titration in aqueous medium. The titration with BA4 can be indicated
with a metal electrode consisting of silver [101] or platinum [102,103].
For the titration with an anionic surfactant, ISEs responsive to surfactants can
be used that are commercially available or can easily be self-made. Basically, they
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consist of a plasticized polymer membrane—mostly consisting of PVC—containing a
suitable ionophore that facilitates a transfer of the surfactant ions from the aqueous
titration solution into the polymer membrane. By this process, the membrane gets an
additional charge which can be measured potentiometrically. The Nernst equation
describes the relation between the concentration of the free QAC cQAC and the
electrode’s potential E:
E ¼ E0 þS

log10 ðcQAC Þ

where E 0 is the electrode potential for cQAC=1 mol/L and S is the slope of the
electrode, i.e., the change of the electrode potential if the concentration is changed by a
factor of 10. There are some limitations of the above equation. It is, for example, only
valid for surfactant concentrations below the critical micelle concentration. The slope
S is dependent on the lipophilicity of the analyte ion. Technical grade QACs have a
distribution of alkyl chain lengths and thus a distribution of lipophilicities; consequently, an intermediate value of S is reached. Moreover, the parameters E0 and S are
hardly reproducible and change from one measurement to the other, so that a direct
calculation of a surfactant concentration from only one potential measurement
without recording a titration curve is generally not advisable.
When titrating a solution containing QACs with an anionic surfactant like lauryl
sulfate, the concentration of both the QAC and the titrant An changes drastically
near the equivalence point. In combination with the logarithmic response of the ISE,
an S-shaped titration curve is achieved.
It should be noted that nearly all ISEs with a polymer membrane show a certain
sensitivity toward surfactants, especially those ISEs originally designed for the
determination of anions. The ASTM methods for the titration of both anionic and
cationic surfactants utilize this eﬀect and use a nitrate-selective ISE [104,105].
However, this can only be a compromise because components of the polymer
membrane can easily be washed out by micellar surfactant solutions. ISEs especially
developed for surfactant titrations are superior in this respect and are distributed by
several suppliers like Metrohm (Herisau, Switzerland), Mettler-Toledo (Schwerzenbach, Switzerland), or Thermo-Orion (Beverly, MA).
The purchase of a—quite costly—surfactant ISEs can be avoided if the electrode
is prepared by the user himself that can be done in a minimum of time and for costs of
only some tenths of a Euro. Admittedly, it may have a shorter lifetime than an
electrode produced by a commercial manufacturer. For the preparation of an ISE
membrane, 330 mg of high molecular PVC powder, 660 mg of a PVC plasticizer of
intermediate polarity like didecyl phthalate (most others work similarly well), and 10
mg of sodium tetraphenylborate are weighed in a small rolled rim bottle with a tightly
closing snap-on lid and dissolved in 10 mL tetrahydrofurane by vigorous shaking. Two
milliliters of this solution is pipetted in a glass ring (approximately 30 mm I.D.) placed
on a glass plate. The ring is covered with some pieces of ﬁlter paper and a second glass
plate so that the solvent evaporates only slowly within 1 or 2 days. Then, the ring
together with the soft PVC membrane is removed from the glass plate. By use of a cork
borer, an electrode membrane of an appropriate diameter is cut from this master
membrane and mounted in an electrode body (e.g., by Fluka, Buchs, Switzerland). The
internal ﬁlling solution contains sodium chloride and sodium tetraphenylborate in a
concentration of 0.01 mol/L each.
Classical, true QACs bearing a ﬁxed positive charge are titrated at a pH value
close to 10. Esterquats hydrolyze very quickly in alkaline solutions. Analyte solutions
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containing esterquats should therefore be buﬀered to pH 2–4 for both storage and
titration. In acidic solutions (pH<5), amines are protonated and long-chain amines
can be titrated like ‘‘true’’ QACs. This is equally true for ethoxylated amines if their
overall lipophilicity is so high that they form stable ion pairs with the titrant.
Because QACs typically have at least one long alkyl chain, they are poorly watersoluble; for the same reason and additionally due to electrostatic interactions with
anionic surface charges, they tend to adsorb at most surfaces. This results in a decrease
of concentration in the solution, i.e., a loss of analyte. In order to increase solubility
and to decrease adsorption, it is advisable to add 5% and 25% methanol to the analyte
and titration solution, respectively.
Application notes for the titration of various types of QACs as raw products or
in formulated detergents were published by the manufacturers of surfactant ISEs, for
example, Metrohm or Mettler-Toledo. The most comprehensive collection concerning
the application of potentiometric surfactant titration is the monograph written by
Schulz [106].
Although precipitation titration has numerous advantages over two-phase
titration, one serious disadvantage still remains: in some cases, the titration results
diﬀer signiﬁcantly from those of the two-phase titration. (Note: this does not
necessarily mean that the results of the two-phase titration are correct and the results
of the potentiometric titration are not. But due to the long-term use of two-phase
titration, the results of this method are generally accepted, regarded as reliable, and
used for describing the composition of a formulated product, pricing, etc.) This
discrepancy can be avoided by the third variant of surfactant titration.
(3) Two-phase titration with ISE indication: Recently, Waldhoﬀ et al. [107]
presented a two-phase titration potentiometrically indicated using an ISE. The
method uses a new developed solvent-resistant ISE. There are two types of such an
electrode commercially available from Metrohm, namely, one ISE with an all-solidstate sensor (ionically modiﬁed silicone acrylate polymerized on a carbon rod) and one
ISE in which the sensor material can easily be replaced if it was contaminated or
dissolved in course of approximately 30 titrations. The authors point out that it is very
important to use a high-speed stirrer shaped like a propeller. Similarly important, a
double junction reference electrode should be used. The organic phase of the titration
solution consisted no longer of chloroform, but of methyl isobutyl ketone in admixture
with ethanol or isopropanol. Figure 14 shows a typical curve for the titration of a QAC
with lauryl sulfate.
In years 1999 and 2000, the method was subjected to an international ring test
and proved to be a very good alternative to both classical two-phase titration and
aqueous potentiometric titration [107]. Thus this method can be regarded as state
of the art because it avoids either of the disadvantages of the other methods. Application notes for this method were published by Metrohm. Please note that the potentiometric two-phase titration is not described in the above-mentioned monograph by
Schulz [106].

2. Amphoteric Surfactants
Three diﬀerent titration principles can be used for a volumetric determination of
amphoteric surfactants, namely, a two-phase titration, a precipitation titration, and
an acid/base titration in a nonaqueous solvent.
The two-phase titration for amphoterics is based on the well-known two-phase
titration for anionic surfactants [108]. In this method, the anionic surfactants are
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FIG. 14 Titration curve and ﬁrst derivative for the potentiometric titration of QACs in a
stirred emulsion of water and methyl isobutyl ketone. (From Ref. 107.)

titrated with a QAC in a two-phase system of water and chloroform. Indication is
achieved by a mixture of two indicator dyes which are of opposite ionic charge and of
diﬀerent color, namely, dimidium bromide and disulﬁne blue. The modiﬁcations
proposed by Rosen et al. [109] in 1987 include the following: (1) a decrease of pH so
that the amphoteric surfactant in its cationic form readily reacts with the anionic dye
disulﬁne blue; (2) addition of 95% ethanol and thus increasing the polarity of the
organic phase and simultaneously decreasing the polarity of the aqueous phase so that
the partition equilibrium of the amphoterics is shifted toward the organic phase; and
(3) increasing the concentration of the indicator and adjusting the ratio of the two dyes
is what also facilitates the formation of the ion pair of amphoteric and disulﬁne blue.
Samples of amphoteric surfactants are titrated using a 0.001-M solution of dodecanesulfonate as titrant. At the endpoint, the color of the chloroform phase is light pink.
Although this modiﬁed two-phase titration allows the determination of amphoteric surfactants, the results strongly depend on the concentration of ethanol, so that
for each type of sample, a new validation must be made.
When performing a precipitation titration of an amphoteric surfactant, there are
two serious diﬀerences compared to the titration of cationic (and equally anionic)
surfactants. (1) Only at low pH values amphoteric surfactants behave like ‘‘true’’
cations; at moderate or alkaline pH values, they do not possess one single charge that
could be used for a precipitation reaction. (2) Even at low pH values, amphoteric
surfactants (that have by their nature two or more functional groups) are more polar
than QACs are. Consequently, an ion pair formed by any precipitation reagent has a
better solubility than the corresponding ion pair of a QAC. Moreover, at low pH
values, an alkane sulfonate used as titrant would be protonated so that no 1:1
stoichiometric reaction can take place. Most of these diﬃculties can be avoided if
sodium tetraphenylborate is used as titrant: the BA4 ion is very lipophilic so that the
ion pairs are hardly soluble in water. Moreover, the BA4 ion is not protonated at low
pH values. The precipitation titration is monitored potentiometrically, either using a
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bare silver electrode [83,110] or a PVC-membrane ion selective electrode responsive to
tetraphenylborate [17,111,112]—in both cases, in combination with a suited reference
electrode. The potentiometric titration leads to an S-shaped titration curve that can
easily be evaluated (cf. Fig. 15a). Sulfobetaines cannot be titrated by this procedure
presumably because the sulfonate group is not protonated at the pH of the titration.
However, some other cations are also precipitated by tetraphenylborate; QACs,
potassium, and ammonium show the most serious interferences. If the solubility
products of the respective precipitates diﬀer to a suﬃcient extent (roughly 4–6 orders
of magnitude), two distinct steps can be observed in the titration curve as can be seen
for a simultaneous titration of QACs and amphoterics (cf. Fig. 15b).
The precipitate of amphoteric surfactant and tetraphenylborate is very sticky
and strongly adheres at the electrodes. Thus a thorough (mechanical) cleaning is
required after some titrations. Addition of a protective colloid like gum arabic [17],
polyvinyl alcohol, gelatine, or the like has been recommended to minimize the
adherence of the precipitate, but the author’s experiences showed that (1) working
with 0.001-M solutions and (2) cleaning both(!) ISE and reference electrode at regular
intervals are a better solution to this problem.
Vytřas et al. [112] describe an alternative to the above procedure if a direct
titration is not possible. The amphoteric surfactants are precipitated with a measured
excess of tetraphenylborate, and the precipitate is ﬁltered oﬀ using a fritted disk with
porosity 3 or 4 and carefully washed. Then the excess of BA4 is back-titrated with a
standardized solution of thallium(I) nitrate.
An acid/base titration in a nonaqueous solvent can be carried out in two
directions: (1) the sample (dissolved in a mixture of methanol and ethylene glycol
monomethylether 2:6) is titrated with a strong acid (mostly perchloric acid in
1,4-dioxane) and the carboxylate group of the amphoteric is protonated in course of
the titration [17,113]. The appearance of the ﬁrst excess of protons can potentiometrically be monitored as a jump in pH (or potential). Free alkali and other basic
components are titrated prior to the carboxylate group and are recorded as separate
steps in the titration curve. This method has already got the status of a draft for a
European Standard Method for the quantiﬁcation of alkylamidopropyl betaines
and alkyl betaines [114]. (2) Alternatively, the acidiﬁed sample (dissolved in acetone
and 2-propanol 4:1) is titrated with an ethanolic solution of KOH; the neutralization

FIG. 15 Titration curve for the potentiometric titration of (a) alkylamidopropylbetaine and
(b) a mixture of QAC and alkylamidopropylbetaine with tetraphenylborate using a PVC
membrane ISE for indication. (From Ref. 111.)
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of excess acid and then the deprotonation of the carboxylate group is recorded
[113,115]. In addition, this method is topic of a European Standard Method for the
titration of alkyldimethylbetaines [116].
Figure 16 shows typical titration curves for the determination of a cocoamidopropylbetaine with both acidimetric methods.
Highly concentrated (>30% active matter) raw products of, for example,
cocoamidopropylbetaine (CAPB) sometimes contain hydrotropes that might interfere
with an acid/base titration. An isolation of CAPB by solid phase extraction is
described in Ref. 113: the sample is dissolved in 3 mL of water/methanol (1:2 v/v)
and given onto a SPE cartridge containing 6 g octyl-modiﬁed silica. After rinsing oﬀ
the hydrotropes with another 12 mL water/methanol (1:2 v/v), the CAPB is eluted
from the cartridge with 18 mL methanol. The recovery amounts to >98%.
A comparison of the both titration methods was made in two papers, but there is
no unambiguous result. The ﬁrst method is superior with respect to possible interferences [17], and the second method is superior with respect to the toxicity of the reagents
and the accuracy of the results [113].
It should be realized that both acidimetric titration methods determine all
substances with acid/base properties comparable to those of the amphoteric surfactant. Thus a substance like trimethylaminoacetic acid would cause wrong results. A
titration with sodium tetraphenylborate—on the other hand—determines the amount
of all cations that can be precipitated with BA4. Trimethylaminoacetic acid would not
interfere, but high concentrations of K+ and/or NH4+ would do so.
Tertiary amine oxides in admixture with tertiary amines can be titrated with
sodium lauryl sulfate [117] using a PVC-membrane ISE. First, the sum of amine oxides
and protonated tert. amines is titrated at pH 2. Then, the tert. amines are separated by
a twofold extraction with each 50 mL of petrolether (bp. 40–60jC) from the aqueous
solution adjusted to pH 10.5–12. After complete evaporation of the petrol ether, the
residual amines are redissolved in 5 mL methanol, diluted with water, the pH is
adjusted to 2, and the solution is titrated with lauryl sulfate. The amount of amine

FIG. 16 Titration curve for the titration of cocoamidopropylbetaine with HClO4 and with
KOH. (From Ref. 113.)
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oxide is calculated as the diﬀerence between both titrations. The method is applicable
to amines and amine oxides with an alkyl chain length ranging from C10 to C16. The
ISE is self-constructed and of the coated-wire type: a solid silver wire is dipped into
the cocktail for the PVC-membrane; the composition of the cocktail is not given in
Ref. 117.
A titrimetric method for the determination of dimethylamine oxides in the
presence of anionic surfactants was presented by Pinazo and Domingo [118]. Two
titrations at diﬀerent pH values are carried out for the determination of both
concentrations. First, the sample is buﬀered to pH 10 and the amount of anionics is
titrated using a standard solution of Hyamine 1622 as titrant. A second sample is
buﬀered to pH 2, so that the amine oxide acts as a cationic surfactant and forms an ion
pair with the anionic surfactant. If there is an excess of anionic surfactant in the
original sample, there will still be a residue of the anionic after ion-pair formation with
the amine oxide. This residual amount is titrated at pH 2 with Hyamine 1622. The
diﬀerence between the two titration results gives the amount of amine oxide. However,
if the original sample contains more amine oxide than anionic surfactant, there will be
an excess of amine oxide after ion-pair formation. This excess can be titrated using a
standard lauryl sulfate solution. The authors use a turbidimetric indication for this
titration that is carried out in a well-stirred emulsion of 20-mL aqueous sample
solution and 0.5-mL chloroform. Although the titration curve looks like a conventional potentiometric titration, it must be evaluated in a diﬀerent way (cf. Fig. 17). It
can be assumed that this titration can equally well be monitored by a surfactantsensitive ISE; in this case, the chloroform can be omitted.
A titrimetric method for a simultaneous determination of amine and amine oxide
was introduced by Donkerbroek and Wang [119] in 1988. The sample is dissolved
in 2-propanol and titrated with 0.1 mol/L HCl using a glass electrode for indication;
the titration curve shows two distinct steps for amine and amine oxide. Since the
amine concentration in samples of amine oxide is generally rather small, it is advisable
to spike the sample with a known amount of amine; the step in the titration curve

FIG. 17 General form of the titration curve for the turbidimetric titration of amine oxides.
(From Ref. 118.)

332

Buschmann

can better be evaluated if a volume of approximately 2-mL titrant is required for
the amine.
A German standard method uses another way for the determination of amine
oxides and amines [120]: in a ﬁrst titration, amine oxides and amines are titrated
together with perchloric acid in acetic acid as solvent. In a second sample, the amine
oxide is converted to the corresponding amide by reﬂuxing the sample with acetic
anhydride for 10 min. After cooling down, the residual amine is titrated with
perchloric acid in acetic acid.

IV. CHROMATOGRAPHIC SEPARATION, IDENTIFICATION,
AND QUANTIFICATION
A. Thin Layer Chromatography
1. Cationic Surfactants
Although (historically) an old method, thin layer chromatography (TLC) is still a very
useful method for the analysis of detergents. It allows for a fast and simple overview
analysis of an unknown sample without the risk of irreversibly contaminating a
chromatographic column. Because several samples can simultaneously be separated, a
comparison between standard components and unknown samples or between concentration standards and samples can easily be performed. Identiﬁcation of the
individual spots can be done by comparison of Rf values and additionally by selective
staining methods. Moreover, the analyte in the spots is amenable to a further analysis
by, for example, mass spectrometry [121,122], Raman [123], or infrared spectroscopy
[124]. Details on theory and practice of TLC can be found in one of the numerous
monographs (e.g., Refs. 125 and 126).
Thin layer chromatography separations are performed on TLC plates covered
either with a polar stationary phase, most frequently silica, or on a nonpolar phase like
RP 18. Other polar phases like alumina or other chemically modiﬁed phases like RP 2
or aminopropyl-modiﬁed silica are less frequently used.
As a rule of thumb, a separation on a polar phase leads to either a group separation of the diﬀerent surfactant classes (anionics, cationics, etc.) or to a separation of
the diﬀerent types within one class (depending on the mobile phase) but not to a
separation according to the alkyl chain lengths of the respective surfactants. The latter
analytical task requires a less polar stationary phase like RP 2, RP 8, or RP 18.
The following methods are used for the visualization of the spots:


QACs bearing an aromatic system (benzalkonium halides, benzethonium halides,
and alkylpyridinium halides) show a ﬂuorescence quenching on silica and reversedphase layers containing a ﬂuorescence indicator [127].
 QACs are visualized as blue spots by bromophenol blue (50 mg dissolved in 100 mL
methanol plus 0.4 mL acetic acid) on silica and RP 2 plates [127].
 When spraying the developed and dried plates with a solution of pinacryptol yellow
(100 mg dissolved in 90 mL of hot water and ﬁlled up to 100 mL) and inspecting the
still wet plate under UV light (k=366 nm), QACs show an orange ﬂuorescence
[128,129].
 2V,7V-Dichloroﬂuoresceine (0.2% in ethanol) shows QACs as yellow-green ﬂuorescent spots under UV light (k=366 nm) [130]; exposing the sprayed and dried plate
to water vapor can intensify the ﬂuorescence [129].
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After spraying with primuline (0.05% in methanol) and drying the plate, QACs are
visible as yellow-green ﬂuorescent spots on a bluish background when inspected
under UV light (k=366 nm) [131].
 Dragendorﬀ reagent, basically consisting of BiI4 in acetic acid, was used in
diﬀerent modiﬁcations for staining QACs on silica and RP plates [132,133].
 Exposure to iodine vapor [134] or charring [130,135] have been used as visualization methods also but cannot be recommended due to their poor selectivity.
Table 19 comprises TLC separations of QACs; some of them shall be discussed
in more detail.
(a) Separation of Surfactant Classes. Matissek [136] recommends the following
system for the separation of surfactant classes—chromatographic layer: silica 60,
mobile phase: ethanol/acetic acid (9:1 v/v), separation distance: 10 cm. QACs show Rf
values<0.15, amphoteric surfactants and amine oxides show Rf values between 0.15
and 0.25, whereas soaps (Rfc0.45) and other anionic surfactants (Rfc0.4) are clearly
separated. Pinacryptol yellow was used for the visualization. Ethoxylated nonionic
surfactants are, unfortunately, not included in this investigation. Armstrong and Stine
[134] perform a similar separation on a RP 18 phase as part of a two-dimensional
chromatography. Mobile phase is ethanol/water 75:25, and separation distance is
18 cm. Amphoteric surfactants are not included in this investigation. Figure 18 schematically shows the separations that can be achieved by the methods of Matissek and
Armstrong.
(b) Separation of Diﬀerent QAC Types. For a separation according to the diﬀerent
QAC types, Henrich [128] suggests the procedure by Armstrong and Stine [134], i.e.,
stationary phase silica, mobile phase dichloromethane/methanol/acetic acid 8+
1+0.75 (v/v). Baltes and Hirsemann [133] separate QACs on either silica or RP 2
phases. While during a separation on silica each surfactant type remains one single
spot, a RP 2 phase separates additionally according to the alkyl chain lengths (cf.
Fig. 19). Hohm [131] reports that a separation on aminopropyl-modiﬁed silica using
1-propanol/ethylmethylketone/ammonia (25%) (7+2+1) is advantageous over a
separation on silica.
(c) Separation According to Alkyl Chain Lengths and Number of Alkyl Groups. In
order to avoid an inﬂuence of the charged groups on the separation, the addition
of an ion-pairing reagent is required for this type of analysis. Ammonium acetate
[127] or sodium acetate [137] proved to be well suited. Figure 20 schematically shows
the separation [137].
A separation according to the number of long-chain alkyl groups attached to the
nitrogen atom was proposed by Mangold and Kammereck [130]. The separation is
performed on silica plates using a 9:1 mixture of acetone and concentrated ammonia
as mobile phase.
It must be stated that the above-mentioned methods deal with classical QACs
and not with esterquats. One member of this group of QACs was investigated by
Hellmann [138, p. 417], namely, di-stearylimidazolineester. A TLC separation from
the classical distearyldimethylammonium can only be achieved on alumina using
chloroform/methanol (9:1 v/v) as mobile phase.

2. Amphoteric Surfactants
The separation principles for amphoteric surfactants are the same as for QACs: chromatography on a polar phase (silica or alumina) leads to either a group separation of
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TABLE 19 Separation of QACs by Thin Layer Chromatography
Stationary
phase

QACs separated
Cetyltrimethylammonium, cetylpyridinium
in admixture with anionic and nonionic
surfactants
(C12–C18)1–3MexN+

RP18+silica

Silica G

Distearyldimethylammonium in waste
water
Cetylpyridinium and benzalkonium in
waste water
Distearyldimethylammonium and other
QACs in shampoos and shower baths
Diﬀerent QACs and amine oxides

NH2 modiﬁed silica

15 various QACs and amines

RP 18 and silica

Benzalkonium (C8–C18), cetylpyridinium,
alkyl(C12–C16)-trimethylammonium
in antiseptics

Silica 60 silanized

Alkyl(C8–C22)trimethylammonium,
benzalkonium, benzethonium,
lauryl/cetylpyridinium in cosmetics

RP2 activated for 1 h
at 120jC and equilibrated
15 min in the developing
chamber
Silica 60, 30–50% rel.
humidity
Silica G

Group separation QACs from
other surfactants
Amines, mono-/di-/triethanolamines,
cetylpyridinium, cetyltrimethylammonium, distearyldimethylammonium

Silica G
Silica 60
Silica 60 HPTLC

Cetyltrimethylammonium,
cetylpyridinium, benzalkonium,
benzethonium in cosmetics

Silica 60

Cetyltrimethylammonium,
cetylpyridinium, benzalkonium,
benzethonium in cosmetics
Distearyldimethylammonium,
distearylimidazolin esterquat

RP2

a

DCF=2V,7V-Dichloroﬂuoroesceine.

Al2O3

Mobile phase
1. 75% EtOH
2. CH2Cl2/MeOH/HOAc
8:1:0.75
Acetone /14N NH3 9:1

CHCl3/MeOH/H2O
75:23:3
AcOEt/HOAc/H2O 4:3:3
(v/v/v)
2-BuOH/H2O/HOAc 7:2:1
(v/v/v)
1-Propanol
+ethylmethylketon
+NH3 (25%) 7+2+1
Six diﬀerent
chromatographic
systems
MeOH+NaOAc
(25% in water)
+acetone 65+35+20
(chamber saturation
for >1 h)

2.688 g NH4OAc
dissolved in 70 mL
MeOH+30 mL water
EtOH/HOAc 9:1
1. EtOAc/MeOH/30%
NH3 60:15:15
2. 1-PrOH:CHCl3:
MeOH: 30%
NH3 40:40:20:10
Three parts of
methanolic NH4OAc
(3.84 g/100 mL
MeOH) are shaken
with two parts
hexane; the lower
aqueous phase is used
Three parts of methanolic
NH4OAc (3.84 g/100 mL
MeOH)+1 part water
CHCl3/MeOH 9:1
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Separation
according to

I2 vapor

QAC type

DCFa (0.2 % in EtOH)
or charring Cr2O72
+H2SO4

Dragendorﬀ

Number of alkyl groups:
Rf=0.26 for monoalkyl,
Rf=0.43 for dialkyl,
Rf=0.65 for trialkyl
Only DSDMAC was
investigated
Not given

Primulin (UV365)

QAC type

Primulin (UV365)

QAC type

Pinacryptol yellow
(UV366) order I2

Depending on chromatographic system, but
mostly QAC type
Both QAC type and alkyl
chain length

Charring (25% H2SO4)

Dipping solution:
1 part aqueous sol.
of 4% KI+2% I2
plus 19 parts MeOH/
water (1:1), then drying
(15 min) and heating for
15 min (105–110jC)
50 mg bromophenol blue
dissolved in 100 mL
MeOH+0.4 mL HOAc
Pinacryptol yellow
(UV366)
Spraying with 0.01%
rhodamine B in MeOH,
then exposure to I2vapour for 3 min

Both QAC type and alkyl
chain length
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Remarks

Reference

Two-dimensional TLC
on Whatman
Multi-K plate

134

130

Detailed method for
sample preparation
Detailed method for
sample preparation

132
131

Separation better than
on silica 60

131

128

137

Method is based on
Ref. 133

Rf<0.15 for all QACs
QAC/amine-type

135

127

136
Two-dimensional
development;
sample preparation,
i.e., separation into
surfactant classes by
column ion exchange

3

Bromophenol blue or
Dragendorﬀ reagent

Type of QAC, no separation
according to chain lengths

133

Bromophenol blue or
Dragendorﬀ reagent

Alkyl chain length

133

Dragendorﬀ

Type of QAC, Rf=0.31 for
DSDMAC; Rf=0.77 for
esterquat

Separation on silica
not possible

138
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FIG. 18 Group separation of surfactant classes according to (a) Matissek [136] and (b)
Armstrong and Stine [134]. *: including fatty acid monoethanolamides, **: including amine
oxides.

the diﬀerent surfactant classes or to a separation of the diﬀerent types of amphoterics
(depending on the mobile phase), but not to a separation according to the alkyl chain
lengths of the respective surfactants. A separation according to alkyl chain lengths can
be achieved on nonpolar phases like RP 2, RP 8, or RP 18.
(a) Separation of Surfactant Classes. A separation of the surfactant classes was
described by Matissek [136] using silica 60 layers. The mobile phase is ethanol/acetic
acid (9:1 v/v), and the separation distance is 10 cm. Amphoteric surfactants show
Rf values between 0.15 and 0.20, and imidazoline derivatives and amine oxides show
Rf values between 0.20 and 0.25. QACs remain close to the start with Rf values<0.15,

FIG. 19 Separation of QACs according to their type on silica and on RP-2 plates. A:
Cetyltrimethylammonium, B-1: C12/14-benzalkonium, B-2: C16/18-benzalkonium, C: benzethonium, D: cetylpyridinium. (From Ref. 133.)
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FIG. 20 Separation of QACs according to their alkyl chain lengths. BEC: benzalkonium
chloride, CTB: alkyltrimethylammonium chloride, CPC: alkylpyridinium chloride. (From
Ref. 137.)

whereas soaps (Rfc0.45) and other anionic surfactants (Rfc0.4) have the longest
migration distance.
Using the ‘‘System G’’ separation proposed by Henrich [128], i.e., chromatography on RP 18 plates with ethanol/water (75:25 v/v), amphoterics are separated from
anionic and nonionic surfactants but show some overlap with QACs.
A group separation of anionic (alkylbenzene sulfonates, alkyl sulfates, alkylether sulfates, soaps), nonionic (alkyl polyglucosides, alcohol ethoxylates, fatty
alcohols), and amphoteric surfactants (‘‘fatty acid alkyl betaines’’—it remains unclear
whether alkyl betaines or alkylamidopropylbetaines are meant) was proposed by
Bosdorf and Krühman [139]; but this paper suﬀers from the fact that most experimental details are not given. It is based on a two-dimensional TLC presumably on
silica plates. (Details on the chromatographic layer are not given.) Using chloroform/
methanol/sulfuric acid (0.1 mol/L) 27:11:1, the ﬁrst development is made to a height of
5 cm. A second development—perpendicular to the ﬁrst one and presumably after
evaporating the ﬁrst solvent—is made with water-saturated butanone. Primuline
(dissolved in ethanol; concentration not given) is used for the visualization. Especially
for staining alcohol ethoxylates with a large number of EO groups, the plates are
additionally dipped into Dragendorﬀ reagent. For both developments, amphoterics
remain quite close to the start (Rf<0.3). It should be noted that this procedure can
only be regarded as an approach for a separation of a detergent into surfactant classes
but not as a universal method because the separation scheme was not tested with a
suﬃciently large number of samples.
(b) Separation of Diﬀerent Types of Amphoterics. According to Henrich [128],
individual types of amphoterics can be identiﬁed using ‘‘System C,’’ i.e., silica plates
and dichloromethane/MeOH/acetic acid 8:1:0.75 (v/v).
Hohm [131] describes the separation of cocoamphopropionate, cocoamphocarboxypropionate, lauroamphocarboxyglycinate, cocoamphocarboxyglycinate, cocoamidopropylhydroxysultaine, dihydroxyethyltallowglycinate, cocoamidopropylbetaine,
and stearoamphoglycinate. He uses aminopropyl-modiﬁed HPTLC plates and
1-propanol/ethylmethylketone/buﬀer pH 7 (7:2:1 v/v) as solvent; visualization
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TABLE 20 HPLC Separation of QACs

QACs separated

Column type,
particle size,
column dimensions

Mobile phase,
temperature

Ditallowdimethylammonium,
diethylester dimethylammonium
chloride, diesterquaternary
Mono-, di-, and triesterquaternary
methosulfate

Partisil PAC, 5 Am,
150 1 mm I.D.

Gradient elution; for
details, see text, 25jC

R-Sil Polyphenol phase,
5 Am, 150 4.6 mm I.D.

Mono-, di-, and triesterquaternary
methosulfate

A-Bondpack CN phase,
150 3.6 mm I.D.

Dialkyldimethylammonium,
alkyltrimethylammonium,
alkylbenzyldimethylammonium, 1-methyl-2tallowalkyl-3-tallowamidoethylimidazolinium,
di-tallowimidazolinium ester,
ditallowester of 2,3-di-hydroxypropane trimethylammonium
Ditallowdimethylammonium,
ditallow-methyl-poly-(oxyethyl)ammonium

LiChrospher 100 Diol phase,
5 Am, 250 4 mm I.D.

Ternary gradient of hexane, MeOH,
and THF (see Fig. 22a) using
triﬂuoroacetic acid as ion pairing
reagent, room temperature
2.0 104 mol/L tetraphenylphosphonium bromide in
n-PrOH/water 55:45, 50jC
0.2 mmol/L in MeOH/
THF/water 45:45:10

Hypersil C8, 3Am
150 4.6 mm I.D.

0.1 M NH4OAc in MeOH/ACN/
water 60:60:5, 40jC

Di(hydrogenated tallow)
dimethylammonium

First separation on Nucleosil
5SB (basic ion exchanger,
5 Am, 250 4.6 mm I.D.);
trapping on Nova-Pak C8
(20 3.9 mm I.D.); second
separation on Develosil
ODS HG-5 (5 Am,
250 6 mm I.D.)

Ditallowdimethylammonium,
dodecyltrimethyl-ammonium,
hexadecylpyridinium and
stearyldimethylbenzyl-ammonium
Ditallowdimethylammonium

Partisil PAC 10, cyanoaminobonded phase, 10 Am,
250 mm, I.D. not given

First separation 5 g/L NaClO4
+2 g/L chloro-acetic acid in
MeOH/water 80:20; trapping
solvent of ﬁrst sepn.+0.01 mol/
L 1-octanesulfonic acid Na-salt;
trap washing 0.01 mol/L
1-octanesulfonic acid Na-salt in
MeOH/water 87:13; second
separation 0.01 mol/L
1-octanesulfonic acid Na-salt
+2 mL formic acid in MeOH/
water 87:13, temperature
not given
Chloroform/MeOH 92:8,
temperature not given

Partisil PAC cyanoaminobonded phase, 10 Am,
250 4.6 mm I.D.

Ternary gradient of chloroform,
MeOH and ACN, temperature
not given

DSDMAC, ditallowimidazolinium methosulfate,
laurylpyridinium

Partisil PAC cyanoaminobonded phase, 5 or 10 Am,
250 mm, I.D. not given

Chloroform/MeOH 80:20,
temperature not given
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Reference

MS with electrospray
interface

QAC type

ELSD

Degree of esteriﬁcation
of amine and QAC

Preseparation of esterquat
components by SPE
possible

IndPD using tetraphenylphosphonium bromide

Degree of esteriﬁcation

Application to fabric
softener

141

Cond.

QAC type

Application to environmental
samples partial separation
according to alkyl chain
lengths can be achieved by
increasing the THF
concentration only
preliminary results for
esterquats

142

IPE with bromphenol
blue in hexane+UV–
VIS 605 and 670 nm

Total number of carbon
atoms; for ethoxylated
QACs additionally
according to EO-number
Both surfactant type and
alkyl chain length

Washing powder was
analyzed

143

Two-dimensional HPLC

144

QAC type

Application to river water;
sample preparation by
extraction as ion
pairs with LAS
Application to environmental
samples; modiﬁcation of
Wee’s method (line above)
leads to shortened
retention times

145

Using 5-Am stationary phase,
partial separation
according to alkyl chain
length

152

RI

Cond.

IPE with methyl orange or 9,
10-dimethoxy-anthracene2-sulfonate in chloroform
+UV–VIS 420 nm or
ﬂuorescence (kex=383 nm,
kem=452 nm)
Cond.

QAC type

140

52

154
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TABLE 20 Continued

QACs separated
Trialkylmethylammonium,
Di(C18)-alkyl-dimethylammonium,
Alkyl(C12/14/16/18)tri-methylammonium, Alkyl(C12/14/16)benzyldimethylammonium
imidazolinium-type QAC
Ditallowdimethylammonium

Column type,
particle size,
column dimensions

Mobile phase,
temperature

R-Sil polyphenol phase, 5 Am,
250 4.6 mm I.D.

Ternary gradient of hexane, MeOH,
and THF using triﬂuoroacetic
acid as ion pairing reagent,
room temperature

200–300 0.250 mm I.D.
fused silica capillary
packed with 5 Am
amino-modiﬁed silica

Alkylpyridinium, alkyltrimethylammonium, benzalkonium
C12/14/16/18 benzalkonium

TSK Gel LS 410 (RP 18),
5 Am,200 6 mm I.D.
TSK gel LS 410 (RP 18),
5 Am, 200 4 mm I.D.

Solvent A: chloroform/hexane/
HOAC 80:20:0–5, solvent B:
chloroform/MeOH/HOAc
50:50:0.5 gradient from 95% A
to 80% A in 18 min and holding
for 14 min
1.0 mol/L NaClO4 in MeOH/water
85:15 pH 2.5 (H3PO4); 50jC
0.4 mol/L NaCl in MeOH/water
85:15, 50jC

Alkylpyridinium, alkyltrimethylammonium, benzalkonium

TSK gel LS 410 (RP 18),
5 Am, 250 6 mm I.D.

1.0 mol/L NaClO4 in MeOH/water
85:15 pH 2.5 (H3PO4), 50jC

C12/14/16/18-alkylbenzyldimethylammonium

Comparison of diﬀerent
stationary phases: RP18,
CN, and phenylpropyl

C12/14/16/18-alkylbenzyldimethylammonium

Comparison of diﬀerent
stationary phases: RP18,
CN, and phenylpropyl

C12/14/16/18-alkylbenzyldimethylammonium

h-cyclodextrin bonded silica,
(particle size not given),
250 4.6 mm I.D.
Nucleosil CN, 5 Am,
120 4.6 mm I.D.

Comparison of diﬀerent mobile
phases all containing 0.1 mol/L
NaClO4 (pH 3) ACN/water (9:1,
1:1, 7:3) or MeOH/water (9:1, 3:2,
17:3) or THF/water (3:2, 1:1)
Comparison of diﬀerent mobile
phases all containing 0.1 mol/L
NaClO4 (pH 3) ACN/water (9:1,
1:1, 7:3), MeOH/water (9:1, 3:2,
17:3), or THF/water (3:2, 1:1)
MeOH/water 50:50 or ACN/water
30:70

C12/14/16/18-alkyltrimethylammonium
C12/14/16/18-alkyltrimethylammonium
a

Shodex Asahipak GF-310 HQ
(poly(vinyl alcohol) gel),
6 Am, 100 4.6 mm I.D.

5 mmol/L p-toluene-sulfonic acid in
MeOH/water 55:45
0.4 mmol/L 4,4V-bipyridyl,
0.8 mmol/L HCl in 27% ACN
(m/v) in water

IPE=ion pair extraction; RI=refractive index; Cond.=conductivity; ELSD=evaporative light-scattering detector;
IndPD=indirect photometric detection.
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Detectiona

Separation
according to

ELSD

Number of long alkyl
chains; for monoalkyltype QACs sepn.
according to alkyl
chain length

Fast atom bombardment
mass spectrometry

Number of long alkyl
chains

RI

Both QAC type and
alkyl chain length
Alkyl chain length

UV 210 nm

RI and IPE with Orange II in
Chloroform+UV–VIS 484
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Remarks

Reference
146

Resolution of total carbon
number within one
peak by MS possible

151

157
Chromatographic conditions
also applicable to alkyl
sulfates fatty acid
ethanolamides, etc.
Conditions suited for the
simultaneous separation
of all classes of surfactants

147

UV 215 nm

Both surfactant type
and alkyl chain
length
Alkyl chain length

155

UV 215 nm

Alkyl chain length

UV 215 nm

Alkyl chain length

Addition of counterions
is not necessary

149

UV 254 nm

Alkyl chain length

Ion-pair chromatography
using UV-absorbing
counterion

150

Cond. with membrane
suppressor

Alkyl chain length

148

148

153
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is accomplished by dipping the plate into primuline solution. Although there is
some overlap between the spots, the procedure belongs to the most promising ones.
The same paper [131] shows, for example, the separation of sodium alkylether sulfate
from cocoamidopropylbetaine. In most cases, a preceding isolation of the amphoteric
surfactants by column chromatography or the like will be necessary for an unambiguous
identiﬁcation.
A separation of QACs from amine oxides can be accomplished on silica 60
HPTLC plates using 2-butanol/water/acetic acid (7:2:1 v/v) as solvent [131].
Käseborn [15] uses a TLC on silica plates with ethanol/chloroform/ammonia
(45:40:15 v/v) for the separation of cocoamidopropylbetaine (Rf=0.49), cocoalkyldimethylbetaine (Rf=0.59), cocoalkyldimethylamine oxide (Rf=0.66), and cocoalkylamidopropyldimethylamine oxide (Rf=0.56). Spraying with (1) 0.1% aqueous
bromophenol blue and (2) 0.1% aqueous sodium periodate proved to be well suited
for staining the spots, but other reagents like pinacryptol yellow can also be used. This
method was successfully applied to two bubble bath formulations.
(c) Separation According to Alkyl Chain Lengths and Number of Alkyl Groups. The
‘‘System N’’ proposed by Henrich [128] appears to be applicable if a separation
according to alkyl chain lengths is desired. The method uses RP 18 plates and
ethanol:2% aq. tetraphenylborate (8:2 v/v) as solvent.

B. High-Performance Liquid Chromatography
1. Cationic Surfactants
In contrast to TLC, separations by high-performance liquid chromatography (HPLC)
are mostly performed on less polar or nonpolar stationary phases like octylsilica or
octadecylsilica (RP 8, RP 18). Using such less polar stationary phases together with
polar mobile phases allows for a separation according to the overall lipophilicity of the
QACs, i.e., according to the alkyl chain length of QACs with only one long alkyl chain
or according to the total number of carbon atoms for QACs with more than one long
alkyl chain.
Using polar stationary phases like cyanopropyl-, cyanoamino-, or polyphenolmodiﬁed silica, a separation according to the hydrophilic part of the QACs (type of
QAC) can be achieved.
Regardless of the stationary phase used, it is advisable to add an ion-pairing
reagent to the mobile phase in order to minimize strong electrostatic interactions of the
QACs with polar or charged moieties of the stationary phase. Those interactions
would lead to less symmetrical peak shapes and tailing. Acetate, triﬂuoroacetate, and
perchlorate have successfully been used for this purpose.
Some of the numerous HPLC separations of QACs are summarized in Table 20.
There are only few papers known dealing with the analysis of esterquats [52,140–142]
(cf. lines 1–4 of Table 20). The majority of the papers, however, describe HPLC
separations of distearyldimethylammonium (frequently synonymously used for ditallowdimethylammonium) (for example, Refs. 143–146]) or other types of QACs.
Moreover, only two papers present the application of the respective methods to the
analysis of formulated products [141,143]. Thus before applying one of the methods to
formulated products, a thorough validation is required.
Since most QACs do not possess an UV-absorbing moiety, they are not
amenable to UV or ﬂuorescence detection. Thus alternative detectors have been used;
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these include mass spectrometric detector [140,151], evaporative light scattering
detector (ELSD) [52,146], conductivity detector [142,145,152,153], indirect photometric detection [141], or detection based on an extraction of the QACs with a colored
counterion into an immiscible organic solvent followed by a continuous phase
separation and UV/VIS detection [143,154,155].
Some of the methods listed in Table 20 shall now be discussed in more detail.
(a) Separation of Esterquat-Type QACs. Radke et al. [140] perform a separation of
ditallowdimethylammonium, diethylesterdimethylammonium, and diesterquaternary,
respectively, on a Partisil PAC column using the following gradient elution—solvent
A: 4 vol.% acetonitrile in CHCl3, solvent B: 2 vol.% acetonitrile in MeOH; 0–17 min
linearly from 0% B to 60% B, 17–21.5 min linearly from 60% B to 100% B, 21.5–30.5
min 100% B, 30.5–33 min linearly from 100% B to 0% B. Detection and identiﬁcation
of the QACs are done by a mass spectrometer coupled to the HPLC via an electrospray
interface. Each of the three QACs elutes from the column as one single peak (cf. Fig.
21).
Wilkes et al. [52] achieve a separation of the main components of a technical
grade esterquat raw material using a polyphenol-modiﬁed stationary phase and a
ternary gradient of hexane, tetrahydrofurane, and methanol; details of the gradient
can be read from Fig. 22a. Triﬂuoroacetic acid (5 mmol/L) was added as an ion-pairing
reagent in order to improve peak shape and reduce peak tailing. Fig. 22b shows the
corresponding chromatogram. An evaporative light-scattering detector can be used
because the mobile phase contains only volatile components.
Monoesterquats, diesterquats, and triesterquats can be separated on a cyanopropyl-modiﬁed column using n-propanol/water (55:45) as mobile phase [141].

FIG. 21 HPLC-ESP-MS separation of (1) ditallowdimethylammonium, (2) diethylester
dimethylammonium, (3) diesterquaternary. For chromatographic conditions, see text. (From
Ref. 140.)
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FIG. 22 High-performance liquid chromatography separation of an esterquat raw material
on a polyphenol-modiﬁed column using a ternary gradient (a). Peak assignment: (1) fatty acid
methyl ester, (2) fatty acid, (3) triesteramine, (4) tetraoctylammonium bromide (internal
standard), (5) diesteramine, (6) triesterquat, (7) diesterquat, (8) monoesteramine, (9) monoesterquat. (From Ref. 52.)

Addition of tetraphenylphosphonium bromide (TPP-Br) to the mobile phase allows
for the use of an UV-detector. The pure mobile phase contains a constant concentration of UV-absorbing tetraphenylphosphonium ions and has therefore a constant
absorption. If a given volume of the mobile phase additionally contains QAC cations,
the latter displace an equimolar amount of the equally charged TPP+ in order to
maintain electroneutrality. This displacement results in a decreased absorbance.
Figure 23 shows the respective chromatogram.
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FIG. 23 High-performance liquid chromatography separation of esterquats produced from
the quaternization of the basic esters with dimethyl sulfate (ratio 1:3) at 50jC. Mobile phase
1-PrOH/water 55:45 with 2 104 M tetraphenylphosphonium bromide. Peak assignment: (1)
monoesterquat, (2) diesterquat, (3) triesterquat. (From Ref. 141.)

(b) Separation of Nonesterquat-Type QACs. Kawase et al. [143] separated
ditallowdimethylammonium and ditallowmethylpoly(oxyethyl)ammonium QACs
on a RP 8 column using methanol/acetonitrile/water (60:60:5) as mobile phase
containing 0.1 mol/L ammonium acetate as ion-pairing reagent. The QACs are
separated according to the total number of carbon atoms. For the detection, the
eﬄuent of the column is mixed with the anionic dye bromophenol blue and the
resulting ion pairs are extracted into hexane. The hexane is separated by means of a
self-constructed phase separator [156], and the absorbance of the organic phase is
measured photometrically. The determination of dialkyldimethylammonium-type
QACs with C16 and C18 alkyl chains in a commercial detergent powder was
possible within 15 min.
Wilkes et al. [146] used a polyphenol-modiﬁed silica phase (250 4.6 mm) for the
separation of trialkylmethylammonium, dialkdimethylylammonium, monoalkyltrimethylammonium, and alkyl(C12/14/16)benzyldimethylammonium salts and an imidazolinium-type QAC with the following gradient—solvent A: 5 mmol/L triﬂuoroacetic
acid in n-hexane, solvent B: 5 mmol/ L triﬂuoroacetic acid in tetrahydrofuran/
methanol (3:1); 0–20 min linearly from 90% A to 10% A, 20–25 min 10% A; ﬂow
rate: 1.5 mL/min. An ELSD is used as detector. For the trialkyl-, dialkyl, alkylbenzyl-,
and imidazolinium-type QACs, only one—more or less symmetrical—peak is observed for each type of QAC, but no separation of the alkyl chain length homologous
(cf. Fig. 24). Only the monoalkyl-type QACs are partially separated according to their
alkyl chain lengths.
Nakamura and Morikawa [157] describe a separation of alkylpyridinium-,
alkyltrimethylammonium-, and alkylbenzyldimethylammonium-type QACs on a
RP 18 phase (200 6 mm I.D., column temperature 50jC) using a mobile phase of
MeOH/water (85:15) with 1 mol/L NaClO4, adjusted to pH 2.5 with phosphoric acid.
A refractive index detector was used. Under these chromatographic conditions, a
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FIG. 24 High-performance liquid chromatography separation of (1) trialkylmethylammonium, (2) dialkyldimethylammonium, (3) imidazolinium QAC, (4) benzyldimethylhexadecylammonium, (5) octadecyltrimethylammonium, (6) hexadecyltrimethylammonium on a
polyphenol-modiﬁed column using gradient elution (see text). (From Ref. 146.)

separation according to both QAC type and alkyl chain lengths is achieved (cf. Fig.
25). The same chromatographic conditions can be used for separating fatty acid
diethanolamides, alkyldimethylaminoacetic acid betaines, and sodium alkylaminopropionates in the individual homologous.

2. Amphoteric Surfactants
The following paragraph deals with HPLC separations of amphoteric surfactants. In
most papers, betaines have been investigated; only few describe separations of other
types of amphoteric surfactants. The text is structured according to the following
scheme that is perhaps a bit arbitrary but facilitates the access to the existing literature:
(1) separation according to diﬀerent surfactant types, (2) separation according to the
alkyl chain length, (3) separation with prechromatographic or postchromatographic
reactions, (4) separation of other types of surfactants (sulfobetaines, amine oxides,
etc.).
(a) Separation According to Diﬀerent Surfactant Types. Two papers describe HPLC
methods that allow the separation of diﬀerent types of amphoteric surfactants from each
other [158,159].
Using a 500 6 mm I.D. column ﬁlled with spherical RP 18 material (5 Am) and
operated at 50jC, it was possible to separate the following nine surfactants (cf. Fig. 26):
lauryldimethylbetaine, 2-undecyl-1-hydroxyethylimidazolin betaine, laurylamidopropylbetaine, N-laurylamidoethyl-N-2-hydroxyethyl-carboxyglycinate sodium salt,
lauroyldiethanolamide, lauroylmonoethanolamide, lauryl sulfate sodium salt, lauryl
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FIG. 25 High-performance liquid chromatography separation of (A) alkyltrimethylammonium chloride, (B) alkylpyridinium chloride, (C) alkylbenzyldimethylammonium chloride on a
RP 18 column using MeOH/water (85:15) with 1 M NaClO4 at pH 2.5 (phosphoric acid) and
50jC. (From Ref. 157.)

sulfate monoethanolammonium salt, and lauryl sulfate triethanolammonium salt.
Eluent was MeOH/water (85:15 v/v); UV detection was done at 210 nm.
If the eluent was changed to MeOH/water (75:25 v/v) with 0.25 mol/L NaClO4
adjusted with phosphoric acid to pH 2.5, the above-listed surfactants could be
identiﬁed in samples of commercial shampoos [158].
Under similar conditions, the following ﬁve amphoteric surfactants were
separated: lauroamphoglycinate, isostearoamphopropionate, cocoamidopropylhydroxysultaine, dihydroxyethyltallowglycinate, and cocoamidopropylbetaine [column:
500 4.6 mm I.D. ﬁlled with spherical RP 18 material (5 Am), column temperature:
50jC, mobile phase: MeOH/water (75:25 v/v) with 0.25 mol/L NaClO4 at pH 2.5
(phosphoric acid)] [159]. The chromatograms of the surfactants mostly show more
than one peak which leads to the assumption that in addition to a separation according
to diﬀerent types, an—at least partial—separation of homologous takes place.
Unfortunately, there is no clear identiﬁcation and assignment of the peaks in the
chromatograms.
In 1984, Nakamura described the isocratic separation of as much as 15 diﬀerent
surfactant types [160] including anionic surfactants (alkane sulfonate, alkyl sulfate,
N-alkanoyl-N-methyl taurate, N-alkanoylsarcosinate, N-alkanoyl-L-glutamate, soap,
and di(alkyl)sulfosuccinate), nonionic surfactants (alkanoyldiethanolamide, alkanoylmonoethanolamide, alkanoylmono-2-propanolamide, and alkyldimethylamineoxide), and amphoteric surfactants (alkyldimethylbetaine, 2-alkyl-1-hydroxyethyl
imidazolinium betaine, alkylaminopropionate, and alkylamidopropylbetaine). Chromatographic conditions were RP 18 column (500 6 mm I.D., operated at 50jC,
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FIG. 26 High-performance liquid chromatography separation of (1) lauryldimethylbetaine,
(2) 2-undecyl-1-hydroxyethylimidazolin betaine, (3) laurylamidopropylbetaine, (4) N-laurylamidoethyl-N-2-hydroxyethyl-carboxyglycinate sodium salt, (5) lauroyldiethanolamide, (6)
lauroylmonoethanolamide, (7) lauryl sulfate sodium salt, (8) lauryl sulfate monoethanolammonium salt, (9) lauryl sulfate triethanolammonium salt. Column: RP 18 (5 Am spherical),
500 6 mm I.D., operated at 50jC. Eluent: MeOH/water (85:15 v/v); UV detection was one at
210 nm. (From Ref. 158.)

spherical material 5 Am) and a mobile phase of MeOH/water (75:25 v/v) containing
0.25 mol/L NaClO4 adjusted to pH 2.5 (phosphoric acid); detection was accomplished
by an RI detector. Please note that all of the surfactants mentioned above contained
only the C12 homolog so that no interference from an additional separation into the
homologous could take place. This additional separation would certainly happen for
technical grade surfactants because another paper by the same authors describes the
same chromatographic conditions for a separation of both diﬀerent surfactant types
and homologous [157]. The successful application of the method to 50 commercial
shampoos and detergents is claimed in Ref. 160, but it remains unclear why each
surfactant type elutes as only one single peak and no separation of the homologous
takes place.
An ion-pair extraction detector with a continuous phase separation was also
used for the detection of amphoteric surfactants [155]. The ion-pairing reagent was
Orange II; chloroform was the receiving phase for the hydrophobic ion pairs. This
method has a high selectivity but suﬀers from the fact that a complicated instrumental
setup is needed.
(b) Separation According to Alkyl Chain Lengths. The paper by Nakamura and
Morikawa [157] that was already mentioned above among the HPLC separations
of QACs describes also the separation of amphoteric surfactants. Fatty acid
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diethanolamide, alkyldimethylbetaine, and alkylaminopropionate are separated from
each other and into the individual homologous using a RP 18 column (200 6 mm I.D.
operated at 50jC) and a mobile phase of MeOH/water (85:15 v/v) containing 1.0 mol/L
NaClO4 adjusted to pH 2.5 (phosphoric acid); detection was accomplished by an RI
detector. Under the same conditions, a mixture of fatty acid diethanolamide, alkyl
sulfate, and alkyldimethylbetaine can be separated.
A separation of cocoamidopropylbetaine homologous can be achieved on a
strong acidic cation exchanger column (Nucleosil SA, 250 4 mm I.D., average pore
diameter 10 nm) using MeOH/water (95:5 plus 1.51 g glycine and 3.06 g of 60%
perchloric acid for adjusting the pH). A refractive index (RI) detector is used. The
chromatographic run is completed in less than 30 min with the long-chain homologous
eluting ﬁrst [18]. This method is based on a previous paper by Matsuzaki et al. [161]. It
suﬀers from the fact that a nonspeciﬁc and insensitive RI detector was used, but it can
be assumed that an UV detector (k=210 nm) is also applicable.
For the determination of CAPB in formulated products, a RP 18 column and
hexane/2-propanol (60:40 v/v) as mobile phase were used; detector was an UV detector
(k=215 nm). Further details are unfortunately not given [15].
If the mobile phase does not contain any nonvolatile material—with the
exception of the analyte itself—an evaporative light-scattering detector (ELSD) can
advantageously be used. This detection principle was used for the determination of
alkyl betaine and alkylamidopropylbetaine homologous [162]. A polymeric reversedphase column (Dionex type NS1 150 4.6 mm I.D.) and an acetonitrile/water gradient
were used. Figure 27 shows a chromatogram of an alkyl betaine; the gradient program
can also be read from the ﬁgure. It is obvious that for the analysis of raw products, the
gradient should be optimized in order to achieve shorter chromatogram times. This
method was successfully applied to the analysis of formulated detergents, but for some

FIG. 27 High-performance liquid chromatography separation of cocoalkylbetaine. Column:
Dionex type NS1 150 4.6 mm I.D., solvent A: acetonitrile(?), solvent B: water(?). ELSD
detection. (From Ref. 162.)

350

Buschmann

samples, coelution of amphoteric surfactant and other component(s) of the detergent
may occur; in these cases, the peak areas for the homologous show abnormal ratios.
An isocratic HPLC separation of cocoamidopropylbetaine, alkyldimethylbetaine, and cocoamphodiacetate homologous in raw products and formulated detergents was described by Wilkes et al. [163]. A mixed-mode RP 8/cation exchange
column (Alltech, 250 4.6 mm I.D., 5 Am particle size) was used and an ELSD was
used for detection; mobile phase was acetonitrile/water (75:25 v/v). It was shown that
the ELSD is much more sensitive than an UV detector (three times for cocoamidopropylbetaine and 30 times for alkyldimetylbetaine) but gives curve-shaped calibration functions for higher concentrations. This requires either a restriction to lower
concentrations (30 Ag for cocoamidopropylbetaine and 15 Ag for alkyldimetylbetaine)
or an evaluation by a polynomial ﬁtting function.
(c) Separation with Prechromatographic or Postchromatographic Reactions. In
1983, Kawase et al. published a series of papers on HPLC separation of amphoteric
surfactants containing an amine moiety with a speciﬁc postchromatographic reaction that improves the detection. The amines are converted to the corresponding
N-chloramines by hypochlorite; the excess of hypochlorite is destroyed by nitrite.
Then, the N-chloramines are reacted with an excess of iodide and form the intensively
colored triiodide that can be monitored at a wavelength of 355 nm. This detection
principle was applied to monoalanine- and dialanine-type amphoterics [164] and
imidazoline-type amphoterics [165,166]. The sensitivity of the method is—due to the
postchromatographic reaction—independent of the structure of the amphoteric
surfactants that might have diﬀerent molar absorptivities and thus leading to diﬀerent
response factors [165]. This advantage is, however, counterbalanced by a rather
complicated instrumental setup.
Kondoh and Takano [167] described a prechromatographic derivatization of
carboxy betaines with 4-bromomethyl-7-methoxycoumarin followed by a gradient
HPLC separation with UV detection (k=325 nm). For the derivatization, a sample
containing 1–25 mg amphoteric surfactant is placed in a 100-mL volumetric ﬂask; 5 mg
of C15-alkyldimethylbetaine is added as internal standard and 5-mL buﬀer (pH 3,
NaH2PO4/H3PO4, 0.5 mol/L). Then, the ﬂask is ﬁlled up to volume with methanol. A
0.5-mL aliquot of this solution is transferred to a reaction tube with a screw cap; the
methanol is evaporated to dryness and 2 mL of 0.25% bromomethyl-7-methoxycoumarin in dimethylformamide is added. This mixture is heated to 70jC for 30 min.
Aliquots of 20 AL are used for HPLC analysis using a Devosil C8-3 column (250 4 mm
I.D. kept at 30jC). For the mobile phase, a gradient of the following solvents
was used—solvent A: acetonitrile/water (45:55 v/v) containing 0.1 mol/L sodium
perchlorate, solvent B: acetonitrile/water (90:10 v/v) containing 0.1 mol/L sodium
perchlorate. The gradient program can be read from Fig. 28 that shows a typical
chromatogram of a technical alkyldimethylbetaine.
Soap reacts in the same way as the alkyldimethylbetaine with bromomethyl-7methoxycoumarin. Thus soap can be seen in the chromatogram as well but does not
interfere with the determination of the amphoterics. The method was applied to the
analysis of commercial shampoos spiked with alkyldimethylbetaine.
(d) Separation of Other Types of Surfactants. The separation of sulfobetaines
according to their alkyl chain lengths was described by Parris et al. [168]. In this study,
an isocratic separation with MeOH/water (80:20 v/v) was performed on a RP 18
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FIG. 28 High-performance liquid chromatography separation of commercial alkyldimethylbetaine after prechromatographic derivatization (see text). Column: Devosil C8-3 column,
250 4 mm I.D., operated at 30jC, solvent A: acetonitrile/water (45:55 v/v) containing 0.1
mol/L sodium perchlorate, solvent B: acetonitrile/water (90:10 v/v) containing 0.1 mol/L
sodium perchlorate. UV detection (k=325 nm). Peak: (1) C8, (2) C10, (3) C12, (4) C14, (5) C15
as internal standard, (6) C16, (7) C18. (From Ref. 167.)

column (dimensions not given) and an RI detector. This method was later extended
[169]: addition of UV-absorbing counterions (decylbenzenesulfonate) led to the
formation of UV-absorbing ion pairs with the amphoteric surfactants. If an RI and
an UV detector are used in series, both ionic and nonionic compounds are seen by the
RI detector while the UV detector records only the ionic compounds. This method
proved to be useful for monitoring the synthesis of the sulfobetaines. In another paper,
the same author describes a separation of sulfobetaines and soaps [170] on a RP 18
column using MeOH/water (85:15 v/v with 0.2% acetic acid) as mobile phase.
Lauryldimethylamine oxide is included in the investigation by Nakamura and
Morikawa [160] that was already discussed above.

C. Ion Chromatography
1. Cationic Surfactants
There are only few papers describing ion chromatographic separations of QACs using
a low-capacity cation-exchange column. The reasons are (1) the strong retention of
QACs due to their electrostatic interactions and (2) nonspeciﬁc retention due to an
interaction of the lipophilic moiety of the QAC with the polymeric backbone of the ion
exchanger. In order to decrease those nonspeciﬁc adsorption of the QACs, relatively
‘‘strong’’ chromatographic conditions are required.
State of the art in ion-chromatographic separation of QACs is the use of a
nonpolar polymeric stationary phase like polystyrene cross-linked with divinylben-
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TABLE 21 Separation of QACs by Ion Chromatography
QACs separated

Column type, particle size,
column dimensions

Mobile phase,
temperature
ACN/water 70:30 with
0.01 mol/L benzyltrimethylammonium
chloride and 1% HOAc
(pH 3.7), room
temperature
0.04 mol/L ammonium
formiate in MeOH

Short-chain (C3–C6)
tetraalkylammonium,
didodecyldimethylammonium,
tetradecyltrimethylammonium,
hexadecyltrimethylammonium

Partisil-10 SCX, 10 Am,
250 4.6 mm I.D.
(manufacturer:
Whatman)

Methyltrialkylammonium,
methyldialkylbenzylammonium,
alkylbenzyldimethylammonium,
dimethyldialkylammonium,
trimethylalkylammonium
(alkyltallow)
Dialkyldimethylammonium,
alkylbenzyldimethylammonium,
dialkylmethylpoly(oxyethylene)5-ammonium in hair conditioner

Partisil-10 SCX, 10Am,
250 2.1 mm I.D.
(manufacturer:
Whatman)

Spherisorb SCX, 5 Am,
150 4.6 mm I.D.
(manufacturer:
Metachem)

0.06 mol/L ammonium
formiate in MeOH,
room temperature

Short-chain (C3–C6)
tetraalkylammonium

PLRP-S, 5 Am,
100-Å pore size
(manufacturer:
Polymer
Laboratories)
Surfactant/R, 7 Am,
150 4.6 mm I.D.
(manufacturer:
Alltech)

5 mmol/L methanesulfonic acid in 70%
ACN, temperature
not given

Dimethylbenzylammonium,a
dioctyldimethylammonium,
octyldecylammonium,b
didecyldimethylammonium
in cleanser
Benzethonium,
alkylbenzyldimethylammonium,
alkyltrimethylammonium
Short-chain (C3–C6)
tetraalkylammonium,
tributylmethylammonium,
alkyl(C10/12/16)trimethylammonium
a
b

MPIC-NS1, 200 4 mm
I.D. (manufacturer:
Dionex)
IonPac NS1, 10 Am
(manufacturer:
Dionex)

Solvent A: 2 mmol/L
nonaﬂuoropentanoic
acid, solvent B: ACN;
stepwise gradient from
70% A to 20% A
0.005 mol/L HClO4 in
70% ACN
2 mmol/L nonaﬂuoropentanoic acid,
gradient: 20–80%
ACN in 10 min

Probably benzalkonium.
Probably octyldecyldimethylammonium.

zene. When these stationary phases are used, the addition of an appropriate counterion to the mobile phase is necessary. As can be seen from Table 21, perchlorate,
methanesulfonic acid, and nonaﬂuoropentanoic acid have successfully been used for
this purpose. This separation scheme [171,172] is also named as mobile phase ion chromatography (MPIC) and is quite similar to reversed-phase ion-pair chromatography.
Detection in IC is most frequently done using a conductivity detector. A
suppressor device—an anion exchanger—is used to reduce the background conductivity of the mobile phase by formation of water as well as enhancing the conductivity
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Remarks

Reference

IndPD using
benzyltrimethylammonium

Total number of
carbon atoms

173

UV+RI

QAC type; partial
separation according
to alkyl chain lengths

174

ELSD

QAC type

MS and MS/MS
via API interface

Alkyl chain length

Suppressed cond.

QAC type

176

Suppressed cond.

Alkyl chain length

177

Suppressed cond.

Both surfactant type and
alkyl chain length

171

Only chromatograms
of single standards
given; according to
retention times partly
poorly resolved

175

69

of the analyte of interest by converting it into the highly conducting hydroxy salt. The
following two reactions describe the processes (CI denotes a counterion):
mobile phase : CI Hþ þ Resinþ OH ! H2 O þ Resinþ CI
analyte : QACþ CI þ Resinþ OH ! QACþ OH þ Resinþ CI
Besides suppressed conductivity detection, also other detection principles can be
used like UV detector (for QACs bearing an aromatic system), refractive index, indirect
photometric detection, evaporative light-scattering detector, or mass spectrometry.
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The paper by Larson and Pfeiﬀer [173] presents the separation of various
monoalkylammonium, dialkylammonium, trialkylammonium, and tetraalkylammonium compounds with short and long alkyl chains on a strong acidic cation exchange
column (Partisil-10 SCX). Indirect photometric detection is achieved by adding 0.01
mol/L benzyltrimethylammonium chloride to the mobile phase (acetonitrile/water
70:30, adjusted to pH 3.7 with 1% HOAc). The UV-absorbing benzalkonium chloride
is displaced by the aliphatic QACs; that leads to negative peaks in the chromatogram
(cf. Fig. 29). The three sample compounds are separated within less than 5 min.
Figures 30 and 31 show the separation of aliphatic QACs on polymeric nonpolar
stationary phases. In both cases, nonaﬂuoropentanoic acid was added to the mobile
phase as ion-pairing reagent and suppressed conductivity detection was applied.
A separation of tri/di/monostearyl–mono/di/trimethylammonium salts on a
cyano-amino-modiﬁed stationary phase (Partisil PAC, manufacturer: Whatman,
column dimensions 250 4.6 mm, particle size: 5 Am) using isocratic elution with
CHCl3/MeOH (93:7 plus 0.1% HOAc) and conductivity detection is described by
Klotz [179]. Although this method was originally developed for trace analysis, it can
also be used for the analysis of raw materials and products.

2. Amphoteric Surfactants
To the author’s best knowledge, there have been no papers published on an ionchromatographic separation of amphoteric surfactants. Due to the nature of the

FIG. 29 Ion chromatographic separation of (1) didodecyldimethylammonium, (2) hexadecyldimethylethylammonium, (3) tetradecyltrimethylammonium on a Partisil-10 SCX column
with indirect photometric detection. Mobile phase 0.01 M benzyltrimethylammonium chloride
in ACN/water 70:30 at pH 3.7 (HOAc). (From Ref. 173.)

Cationic and Amphoteric Surfactants

355

FIG. 30 Ion chromatographic separation of (1) tetrapropylammonium, (2) tributylmethylammonium, (3) decyltrimethylammonium, (4) tetrabutylammonium, (5) dodecyltrimethylammonium, (6) tetrapentylammonium, (7) hexadecyltrimethylammonium on an IonPac NS1
column with suppressed conductivity detection. Mobile phase 2 mM nonaﬂuoropentanoic
acid, 20–80% ACN in water within 10 min. (From Ref. 171.)

respective chromatographic columns, the papers by Carrer et al. [162] and Wilkes et al.
[163] might perhaps be counted among ion chromatography but have already been
discussed as HPLC separations.

D. Gas Chromatography
1. Cationic Surfactants
As ionic compounds, QACs are not volatile and thus not amenable to gas chromatography (GC). But there are several methods to transform QACs into compounds
that can be analyzed by GC and are suited for an analysis of the original QACs,
especially of the alkyl chain length distribution. The following approaches have been
made:


When reacting esterquat-type QACs with methanol in acidic media, the corresponding fatty acid methyl esters are formed and can be analyzed by GC [52].
 Imidazolinium-type QACs can be hydrolyzed and the resulting fatty acids can be
analyzed by GC after extraction and methylation [180].
 A hydrogenation of benzalkonium salts yields toluene and alkyldimethylamine
[181]. The latter compounds can chromatographically be analyzed.
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FIG. 31 Ion chromatographic determination of QACs in household cleanser. Column:
Surfactant/R Column, gradient elution with solvent A: 2 mM nonaﬂuoropentanoic acid,
solvent B: ACN, 0–5 min: 70% A; 5–8 min: 65% A, 8–20 min: 20% A. Suppressed
conductivity detection. Peak assignment: (1) dimethylbenzylammonium chloride, (2)
dioctyldimethylammonium chloride, (3) octyldecyldimethylammonium chloride, (4) didecyldimethylammonium chloride. (From Refs. 176 and 178.)



Under special conditions, i.e., high temperature and/or presence of strong alkali,
a degradation of QACs to tertiary amines can take place in the injection port of a
conventional GC system. This method was ﬁrst introduced by Metcalfe [182]. A
more recent paper describes the results of a ring test for the qualitative and
quantitative determination of the alkyl chain length distribution in QACs by
injection port pyrolysis GC [183].
 Alternatively, the degradation reaction can be performed oﬀ-line and prior to the
chromatographic analysis by reacting the QACs with potassium tert-butoxide in
benzene/dimethyl sulfoxide (8:2) [184,185] or sodium methoxide in dimethylformamide [186].
 A review by Denig [187] that appeared in 1983 describes instrumentation and
application of pyrolysis GC to polymers and surfactants. In a previous paper, the
same author presented the application of this technique to the analysis of various
anionic, cationic, and nonionic surfactants [188]. The exact maintenance of the
conditions of the pyrolysis (temperature, time, etc.) appears to be crucial for
reproducible results.
 Goetz et al. [189] give a thorough compilation of QAC analysis by pyrolysis GC.
The authors used a Curie point pyrolyzer for their work. The fundamentals of
this technique can be found in Chapter 14 of this volume, in one of the respective
textbooks, for example, Refs. 190 and 191 or a recent review [192].
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Table 22 lists the analytical approaches that were used for diﬀerent QAC types.
Concerning the production volumes of diﬀerent QAC types, the analysis of
esterquats is probably the most important method. Following the method of Wilkes
et al. [52], the samples are reacted with methanol and sulfuric acid in a closed vessel
at 185jC for 8 min. The fatty acid methyl esters formed during this reaction are
extracted with hexane and analyzed on a capillary column 30 m FSOT (fused silica
open tubular) 320 Am I.D. 0.25 Am Carbowax 20M using hydrogen as carrier gas
and a ﬂame ionization detector (FID). Unfortunately, the temperature program is not
given in Ref. 52. Figure 32 shows a gas chromatogram of fatty acid methyl esters
derived from an esterquat by hydrolysis and subsequent methylation.
Takano and Tsuji [180] describe the GC analysis of imidazolinium-type QACs.
The samples were hydrolyzed by reﬂuxing them for 2 h with aqueous 1 mol/L KOH in
dioxane, then, after addition of 55 mL concentrated HCl, for another 4 h. The
resulting fatty acids were extracted with ether and, after washing, drying, and
evaporation of the ether to dryness, methylated with methanol in the presence of a
few drops of concentrated sulfuric acid. The resulting fatty acid methyl esters were
isothermally (190jC) separated on the following column: 20% DEGS on Chromosorb
WAW, 60–80 mesh, 2 m 3 mm I.D. Carrier gas was helium and a FID was used as
detector. The authors do not present retention data nor a sample chromatogram.
Following the results of Denig [187,188] and Goetz et al. [189], the pyrolysis of
diﬀerent QAC types yields diﬀerent reaction products, depending on the conditions of
pyrolysis (alkaline injection port pyrolysis or Curie point pyrolysis using a dedicated
instrument) and the chromatographic conditions for the separation (gas/solid or gas/
liquid GC). Table 23 lists the reaction products that can be expected after alkaline and
Curie point pyrolysis.
Figure 33 gives an example of a Curie point pyrolysis gas chromatogram of a
distearyldimethylammonium chloride.
It should be noted that only one paper describes the sample preparation
procedure for the analysis of QACs in formulated products and proves the suitability
of the respective method for that application [184]. Unfortunately, only C12/14/16/18/20/
22/24alkyltrimethylammonium chlorides and C16/18dialkyldimethylammonium chlorides were included in this investigation. Following this procedure, the formulations
(hair rinses, fabric softeners) must be evaporated to complete dryness because
otherwise, the tert-butoxide that was used for the Hofmann degradation would have
been inactivated. Then, the sample was placed in a 100-mL Kjeldahl ﬂask and reﬂuxed
for 30 min with 100 mg of tert-butoxide in 25 mL of benzene/dimethyl sulfoxide (8:2).
The benzene was evaporated and the residue was transferred with hexane (10 mL plus
2 5 mL for rinsing the ﬂask) into a separatory funnel. The hexane phase was washed
with 20 mL of 5% HCl. A further sample cleanup for the removal of tertiary amines
and fatty alcohols was done by column chromatography on silica 60 (column
dimensions 6 1 cm I.D.) using 30 mL of hexane as solvent. As an internal standard,
n-nonane was added and the volume was reduced and again made up to volume with
hexane. For the GC separation of the oleﬁnes from the Hofmann degradation, a 2-m
glass column with 5% SE-30 on Chromosorb WAW-DMCS 80–100 mesh, 3 mm I.D.
was used. For the identiﬁcation of the reaction products, the oven temperature was
increased from 160jC to 270jC at a rate of 6jC/min and held isothermally. A FID was
used as detector. For the determination of QACs in a formulated product, the average
recovery of QACs varied from 97% to 102%.

Curie-point pyrolyzer
(300jC), QACs mixed
with NaOH/KOH 1:1
Curie-point pyrolyzer
(600jC/3 s)

Alkyltrimethylammonium,
alkylbenzyldimethylammonium,
alkylpyridinium
Alkyltrimethylammonium,
dialkyldimethylammonium,
alkylbenzyldimethylammonium,
alkylhydroxy-ethyldimethylammonium, benzothonium,
1-(alkyloxy)-methylpyridinium
Primary, secondary, tertiary amines
(Alamine 336), quaternary
ammonium salt (Aliquat 336)

Alkyltrimethylammonium

Injection port degradation

Alkyltrimethylammonium,
alkylbenzyldimethylammonium

Injection port degradation
300jC

Injection port degradation

Injection port degradation

Method

Di(hydrogenated tallow)
dimethylammonium

QAC types

TABLE 22 Determination of QACs by Gas Chromatography

80-cm Pyrex column with
0.25 wt.% silicon grease
E 301 on 0.177-mm glass
beads or 80 cm Pyrex
column with 0.15 wt.%
Apiezon L on 0.177-mm
glass beads
HP5ms: cross-linked 5 %
phenylmethyl siliconefused silica capillary
column, 25 m 0.25 mm
I.D. 0.25 Am ﬁlm
thickness

Porapack Q 50–80 mesh,
2 m 1/8 in. or
Chromosorb WAW
80–100 mesh with 10%
OV 17, 2 m 1/8 in.

Chromosorb W o G
with 3% Carbowax
SE 30, 1 m 2 mm
Chromosorb W 80–100
mesh acid washed with
8% Carbowax 20 M,
1 m 2 mm
Packed K-column,
length: 4 m

Column type,
dimensions

FID

MS

100–280jC at 9jC/min

0–2 min: 95jC; 95–300jC
at 8jC/min

FID

FID

Not given

50–270jC at 10jC/min
(for Porapack column)
or 100–330jC at 8jC/min
(for Chromosorb column)

FID

FID

Detector

70–210jC at 8jC/min

100–300jC at 10jC/min

Temperature program

194

193

189

188

183

183

Reference
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Oﬀ-line, prechromatographic
degradation with sodium
methoxide in
dimethylformamide

Injection port degradation
with and without addition
of KOH, 170jC or 290jC

Alkyltrimethylammonium,
alkylbenzyldimethylammonium,
dialkyldimethylammonium
(and some amphoteric surfactants)

Alkytrimethylammonium,
dialkyldimethylammonium,
alkylbenzyldimethylammonium
(and some amphoteric surfactants)
1-(2-Hydroxyethyl)-2-alkyl-3ethylimidazolinium

Oﬀ-line, prechromatographic
hydrogenation (i.e.,
debenzylation)

Oﬀ-line, prechromatographic
transesteriﬁcation to fatty
acid methyl esters

Alkylbenzyldimethylammonium

Mono-, di-, and triesterquaternary
methosulfate

Oﬀ-line, prechromatographic
hydrolysis to fatty acids
followed by methylation

Oﬀ-line, prechromatographic
degradation with
tert-butoxide

Alkylbenzyldimethylammonium

2-m glass column with 20%
DEGS on Chromosorb
WAW 60–80 mesh,
3 mm I.D.
5% SE-30 on Gaschrom
P 100–140 mesh, dimensions
not given, probably
2 m 1/4 in. I.D.
30 m FSOT 320 Am
I.D. 0.25 Am Carbowax
20M

2-m glass column with
5% SE-30 on Chromosorb
WAW-DMCS 80–100 mesh,
3 mm I.D.
2-m glass column with 5%
SE-30 on Chromosorb
WAW-DMCS 80–100 mesh,
3 mm I.D.
3% OV-17 on Chromosorb
WAW-DMCS 60–80 mesh
or 3% JXR-Silicone on
Gaschrom Q 80–100 mesh;
column dimensions not given
1-m glass column with 3%
JXR-Silicone on Gaschrom
Q 80–100 mesh, 3 mm I.D.

DB-5 fused silica column,
20 m 0.242 mm I.D.

Injection port degradation
250jC

Oﬀ-line, prechromatographic
degradation with
tert-butoxide

1.8-m glass column with 10%
silicon gum UCC-W-982 on
Chromosorb WAM-DMCS
60–80 mesh, 2 mm I.D.

Injection port degradation
300jC

Alkyltrimethylammonium,
dialkyldimethylammonium

Alkylpyridinium, alkyldimethylamine
oxide, acyl-amidopropyldimethylamine oxide, alkyltrimethylammonium, alkylbenzyldimethylammonium, dialkyldimethylammonium, benzethonium
Alkylbenzyldimethylammonium

FID

60–276jC at 9jC/min,
then 276jC isothermal

FID

FID

190jC isothermal

Not given

FID and MS

FID and MS

100–300jC at 10jC/min

100–300jC at 10jC/min

FID

FID and MS

MS

FID

140–230jC at 5jC

3 min at 80jC, 80–280jC
at 20jC/min, 10 min at
280jC
160–270jC at 6jC/min,
then isothermal at 270jC

100–320jC at 10jC/min

52

181

180

197

186

185

184

196

195
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FIG. 32 Gas chromatographic analysis of fatty acid methyl esters derived from an esterquat
by hydrolysis and methylation. Peak assignment: (1) C14:0, (2) C14:1, (3) C16:0, (4) C16:1, (5)
C18:0, (6) C18:1 (cis and trans), (7) C18:2, (8) C18:3, (9) C20:1. For sample preparation and
chromatographic conditions, see text. (From Ref. 52.)

2. Amphoteric Surfactants
There are only few papers on gas chromatographic analysis of amphoteric surfactants.
As already discussed above, Takano et al. [180,186,197] used a Hofman degradation
reaction of QACs for a GC determination of homolog distribution; two of these
papers also investigate amphoteric surfactants.
In the ﬁrst one, the following amphoteric surfactants were subjected to Hofman
degradation and GC analysis (the nomenclature and the abbreviations are in
TABLE 23 Reaction Products of the Pyrolysis of Diﬀerent QAC Types Under Alkaline
Conditions and Under Conditions of Curie Point Pyrolysis

QAC type

Products of alkaline
pyrolysis (Hofmann
degradation) [165]

Akyltrimethylammonium
halides
Dialkyldimethylammonium
halides

Trimethylamine,
oleﬁnes
Alkyldimethylamines,
oleﬁnes

Alkylbenzyldimethylammonium halides

Benzyldimethylamine,
oleﬁnes, little toluene,
little alkyldimethylamines

Alkylpyridinium halides

Pyridine, oleﬁnes

Products of Curie
point pyrolysis [167]
Alkyldimethylamine and
alkyl halides
Alkyldimethylamine,
dialkylmethylamine
and alkyl halides
Halogenated toluene,
benzyldimethylamine,
alkyl halide, alkyldimethylamine, alkylbenzylmethylamine
Not given
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FIG. 33 Pyrolysis/gas–liquid chromatogram of a technical grade distearyldimethylammonium chloride. Peak assignment: (1) tetradecylchloride, (2) N,N-dimethyltetradecylamine, (3)
hexadecylchloride, (4) N,N-dimethylhexadecylamine, (5) octadecylchloride, (6) N,N-dimethyloctadecylamine, (7) N-hexadecyl-N-tetradecylmethylamine, (8) N,N-dihexadecylmethylamine, (9) N-octadecyl-N-hexadecylmethylamine, (10) N,N-dioctadecylmethylamine. (From
Ref. 189.)

accordance with Ref. 186): (alkyldimethylammonio)-methane carboxylate (DAMC),
2-(alkylammonio)-ethane-1-carboxylate (AEC), 2-(alkyldimethylammonio)-ethane1-carboxylate (DAEC), 4-(alkyldimethylammonio)-butane-1-sulfonate (DABS),
2-(alkyldimethylammonio)-butane-1-sulfonate (DABS), 2-(alkyldimethylammonio)ethane-1-sulfonate (DAES), 3-(alkyldimethylammonio)-propane-1-sulfonate
(DAPS), and 3-(alkylammonio)-propane-1-sulfonate. For the Hofmann degradation,
a 0.2-g sample was reﬂuxed for 1 h with 0.5 g sodium methoxide and approximately 70
mL dimethylformamide. After cooling down, the excess of sodium methoxide was
decomposed with water and the reaction products were extracted with ether. After a
cleanup by washing, drying, evaporation to dryness, and redissolution of the residues
in ether, an aliquot was used for GC analysis (Pyrex glass column packed with
Gaschrom Q, 80–100 mesh, coated with 3% w/w JXR-Silicone; temperature program
from 100jC to 300jC at a rate of 10jC per minute). The surfactants DAEC, DAES,
and DAPS reacted during Hofman degradation to >90% alkyldimethylamine and
only 0–6% a-oleﬁnes. The yield of a-oleﬁnes was f75% for DAMC and f45% for
DABS. AEC and APS could not be degraded under the given conditions, but degraded
readily after a preceding permethylation with methyl iodide.
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In another paper, the same authors investigated pyrolysis GC and reaction GC
of amphoterics [197]. They found that under the conditions of pyrolysis GC, mainly
nonvolatile reaction products were formed that were not amenable to GC analysis. If
the concentration of KOH in the injection port exceeded 3%, the yield of degradation
products reached a constant value. The determination of homolog distribution was
readily possible.
Campeau et al. [198] used a derivatization GC procedure for the analysis of
alkylaminopropyl glycine-type amphoterics and the corresponding intermediates like
alkylamine, alkylaminopropylamine, etc. The carboxylic acids were esteriﬁed by
reﬂuxing them for 1.5 h in methanol saturated with hydrochloric acid. After sample
cleanup (mainly neutralization and extraction of the methyl esters with chloroform),
the samples were subjected to GC analysis using a 6-ft. (f183-cm) column with SE-30
as stationary phase; detector was FID. The samples were separated according to both
type (monoamine, diamine, etc.) and carbon chain length.

V. MISCELLANEOUS METHODS
A. Flow Injection Analysis
Since its development, ﬂow injection analysis (‘‘FIA’’) has gained a continuously
increasing interest because it allows very high sampling rates (typically 50–100
samples/h), has short response times (frequently less than 1 min between sample
injection and signal readout), and requires only minimum instrumentation with short
start-up and shutdown times. Moreover, it does not require equilibrium conditions but
rather than an exactly reproducible timing between sample injection and measurement
of the detector signal and is therefore ideally suited for methods with kinetically slow
reactions. Fundamentals of this method can be found in many monographs (see, for
example, Refs. 199 and 200).

1. Cationic Surfactants
For the determination of cationic surfactants by FIA, several approaches have been
followed, most of them already known as a batch analytical method.
(1) Extraction photometry: Sakai et al. [201] determined benzalkonium chloride
in disinfectants using bromochlorophenol blue as chromogenic dye, quinidine as
auxiliary reagent, and 1,2-dichloroethane as organic solvent.
Tetrabromophenolphthalein ethylester (TBPE) forms ion pairs with QACs that
can be extracted into 1,2-dichloroethane at pH 12.5. The photometric method is,
however, interfered by amines that are determined together with the QACs. This
interference can be avoided by measuring at a higher temperature (45jC) as was shown
by Sakai for amines like Procaine, Papaverine, etc. [202] and some short-chain
aliphatic amines [203]. Fatty amines were unfortunately not investigated.
Kawase [204] utilizes a poly-tetraﬂuoro ethylene (PTFE) membrane for the
phase separation in a ﬂow injection extraction-photometric method with Orange II as
ion-pairing reagent and chloroform as organic phase. The (aqueous) sample phase
should have pH 1.6 and contain 52% methanol.
(2) Photometry without extraction: When cationic surfactants are added to a
solution of bromocresol purple buﬀered at pH 8, the absorbance at 588 nm decreases.
Anionic surfactants counterbalance this eﬀect. Yamamoto and Motomizu [205]
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developed on this basis a FIA method for the determination of cationic (RMe3N+ and
RBzMe2N+) as well as anionic surfactants.
On addition of QACs, the absorptivity of the anionic dye propyl orange
decreases (k=485 nm). Triton X-100 must be added to solubilize a precipitate of the
dye and the QAC. This reaction was used for a FIA determination of QACs [206,207].
Patel and Patel [208] use the eﬀect that cationic surfactants enhance the molar
absorptivity of Fe(III)–SCN complexes at 475 nm for the determination of QACs in a
pure aqueous system. Anionic and nonionic surfactants do not interfere. The method
was applied to the analysis of detergents, soaps, and shampoos and yields results that
are in good accordance with values determined by a conventional extraction-photometric method. A similar approach utilizes a ternary complex of Cu(II), Chromazurol
S, and cationic or nonionic surfactant [209]. The absorption at 590 nm increases with
the amount of QACs.
(3) Fluorimetry: The ﬂuorescence intensity of the cationic dye 3,6-bis(dimethylamino)-10-dodecylacridinium bromide (kEx=494 nm; kEm=518 nm) is quenched
when an anionic surfactant forms an ion pair with this dye. On addition of a cationic
surfactant, the dye is displaced from the ion pair and, consequently, the ﬂuorescence
intensity increases. Masadome [210] developed a FIA method that utilizes this
displacement reaction. Nonionic and amphoteric surfactants do not interfere with
this method nor do short-chain QACs like Me4N+. Divalent metal cations like Ca2+
form insoluble salts with the anionic surfactant used (i.e., LAS) and thus show a
serious interference. Another FIA ﬂuorimetric method was proposed for the nonselective(!) determination of all types of surfactants [211]. Using an exponential dilution
chamber, the sample is diluted from a concentration above the cmc to a concentration
below the cmc. As long as micelles are present, an added ﬂuorescence dye, namely,
8-anilino-naphthalene sulfonate, shows a strong ﬂuorescence (pH 7.2, kEx=370 nm,
kEm=490 nm). Although a diluting solution with a high ionic strength is used to
minimize the eﬀect of a changing matrix composition, it can be foreseen that diﬀerent
sample types require individual calibrations.
(4) Indirect determination by AAS: It is well known that QACs form ion pairs
with tetrathiocyanatocobaltate(II) that can be extracted into an organic solvent like
4-methyl-2-pentanone. The amount of cobalt(II) in the organic phase is directly related
to the amount of QACs in the sample. On this basis, Martı́nez-Jiménez et al. [212]
realized a FIA method that has a large dynamic range (0.4–9.0 Ag/mL RC12Me3N+), a
good reproducibility (RSD=1.2%, n=11, c=4 Ag/mL), and shows only few interferences. However, sophisticated and expensive apparatus is required.
(5) Ion-sensitive electrode (ISE): A completely diﬀerent approach uses an ISE as
detector in a FIA system. Masadome et al. [213] describe a system that ﬁrst performs
an ion exchange in a mixed aqueous/methanolic solution (50:50) to remove interfering
anionic surfactants from the sample solution and then detect the QACs using a selfconstructed ISE. Dowle et al. [215] perform a ﬂow-injection pseudotitration [214] for
the determination of QACs and amine oxides in a FIA system with a self-constructed
ﬂow-through ISE as sensor. The linear calibration range is 1 105–5 103 mol/L; a
drawback seems to be the limited lifetime of the ISE which is only 2–4 weeks.

2. Amphoteric Surfactants
The FIA method by Kawase [204] for the determination of QACs uses the anionic dye
Orange II as reagent and extracts the ion pair of QAC and dye at pH 1.6. These are
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approximately the same conditions as for the extraction photometric determination
of amphoteric surfactants as described in Section III.A.2 [16]. Thus it can be supposed
that amphoteric surfactants can be determined by Kawase’s method. The FIA
ﬂuorimetric method by Lucy and Tsang [211] is presumably the only one that was
tested with amphoteric surfactants, namely, the two sulfobetaines dodecyldimethyl
(3-sulfopropyl)ammonium hydroxide and coco(amidopropyl)hydroxyl-dimethylsulfobetaine. This method suﬀers, however, from its nonselectivity because the measurement is based on a change in the ﬂuorescence properties of 8-anilino-naphthalene
sulfonate (pH 7.2, kEx=370 nm, kEm=490 nm) on the appearance or disappearance
of micelles.

B. Capillary Electrophoresis
In capillary electrophoresis [CE, also named capillary zone electrophoresis (CZE) and
high-performance capillary electrophoresis (HPCE)], analyte mixtures are separated
according to the diﬀerent migration velocities of the individual components in a strong
electrical ﬁeld (typically 100–500 V/cm).
Separation takes place in a modiﬁed or unmodiﬁed fused silica capillary (typical
diameter: 25–100 Am, typical length: 10–100 cm). Most often, UV or ﬂuorescence
detection is applied, but also other detection techniques like mass spectrometry [216–
218], ﬂuorescence spectroscopy [219], and electrochemical detection [220] were used.
Fundamentals of CE can be found in the literature (see, for example, Refs. 221 and
222); a recent paper compiles software and Internet resources for CE [223].
Capillary electrophoresis has been applied to surfactant analysis by several
authors; extensive work was done by Heinig and Vogt who also published a
comprehensive review [224] on this topic. Concerning separation of cationics by CE,
there are two main problems, namely, (1) the lack of UV absorbance for many types of
QACs and (2) the fact that most QACs used in detergents are long-chain surfactants
leading to a low solubility in aqueous solutions together with low critical micelle
concentrations and a high substantivity especially on the surfaces of fused silica
capillaries.
The ﬁrst diﬃculty can be overcome by an indirect UV detection which is based
on an addition of an UV absorbing substance to the mobile phase; it should
preferentially have the same ionic charge and a similar electrophoretic mobility as
the analyte. As the analyte moves through the capillary, the concentration of the
background absorbing ion must be depleted in order to maintain electroneutrality.
This localized depletion can easily be recorded as a decrease of the UV absorption.
Reviews on indirect UV detection can be found in literature (see, for example, Refs.
225 and 226). For the indirect UV absorption detection of non-UV absorbing cationic
surfactants, several background chromophores have been tested, the proper choice
being critical; a similar electrophoretic mobility of analyte and background ions seems
to be the most important criterion. UV-absorbing QACs such as benzyltri(short-chain
alkyl)ammonium salts [227], benzalkonium salts [227,228], and the cationic dye
tetrazolium violet [229] proved to be well suited for this purpose. Indirect detection
using an IR absorbing dye and an infrared laser diode as light source was used for the
separation of short-chain, i.e., C1–C6, tetraalkylammonium ions [230].
A completely diﬀerent approach is the use of a mass spectrometer as detector in
CE separations. Schöftner et al. [231] describe CE separations with both indirect UV
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detection and electrospray mass spectrometry for the separation of several quaternary
alkylammonium ions that are possible impurities in a pharmaceutical product like
6-aminohexyltrimethylammonium, hexamethylenebis(tri-methylammonium), etc.
QACs typical for detergents are not included in this investigations.
The second group of diﬃculties caused by the low solubility of long-chain QACs
can be overcome by an addition of organic solvents to the buﬀer solution. Thereby,
the solubility of the long-chain surfactants in the buﬀer solution is enhanced and their
tendency to micelle formation as well as their adsorption onto the inner surfaces of
capillary are decreased. The following organic solvents were used: methanol, tetrahydrofurane (THF), acetonitrile, and acetone. The inﬂuence of the type and concentration of the organic solvent was investigated by several authors [228,232,233],
but there seems not to be a generally accepted rule for the selection of the organic
solvent. Figure 34 shows the eﬀect of acetonitrile, methanol, ethanol, 2-propanol, tetrahydrofurane, and acetone on the separation of alkyl(C12–18)trimethylammonium compounds.
Mostly, fused silica capillaries are used for the separation. The silanol groups on
their surface can be deprotonated at higher pH values that leads to a strong electrostatic adsorption of the oppositely charged QACs and a poor separation eﬃciency.
In order to minimize this process, CE separations of QACs are frequently performed
in buﬀered solutions below pH 7.
The use of coated capillaries is described in literature [234] but did not show a
signiﬁcant advantage over fused silica capillaries.
The addition of cyclodextrines as solvent modiﬁer in a mixed aqueous-organic
solvent was found to be beneﬁcial, especially for the separation of long-chain (>C14)
QACs [235]. The addition of polyethylene glycol, polyvinyl alcohol, polyvinyl
pyrrolidone, hydroxyethyl cellulose, or sodium dodecylsulfate did not signiﬁcantly
improve the separation [234].
When separating QACs by CE, the migration times of the individual components depend on the respective electrophoretic mobilities which are, in turn, a function
of both the charge and radius of the ions. Thus as a rule of thumb, the larger an ion is,
the more slowly it will migrate. That means that a mixture of homologous is separated
according to their alkyl chain lengths with the short-chain homologous eluting ﬁrst.
Table 24 gives a compilation of CE separations of QACs. Figures 35 and 36 show
electropherograms for the determination of UV absorbing and nonabsorbing QACs,
respectively.
The following statistical data were published by Lin et al. [232] and are similar to those given by other authors—LOD: 0.40–0.85 AM depending on the alkyl
chain length, linear range of calibration: 0.005–0.2 mM, relative standard deviation
of migration times: 1.0 F 0.2%, relative standard deviation of peak areas: 3.9F0.3%.
Summing up, CE can be regarded as a good alternative to other chromatographic techniques and allows a fast separation of QACs according to their alkyl
chain lengths. Some limitations should, however, be noticed. (1) Some authors
compare CE and HPLC in terms of sensitivity and reproducibility and ﬁnd better
values for the latter method [234,240,243]; CE allows faster separations than
HPLC. Another paper compares IC and CE for the determination of alkyltrimethylammonium QACs with alkyl chain lengths <C10 in a pharmaceutical product
consisting of an alkylated, cross-linked polyallylamine. The CE method proved to
be superior to the IC method in most aspects. The possibly most serious disadvantage
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FIG. 34 Capillary electrophoresis separation of alkyltrimethylammonium salts in various
organic solvents: (a) acetonitrile, (b) methanol, (c) ethanol, (d) 2-propanol, (e) tetrahydrofurane, (f ) acetone. Peak assignment: (1) dodecyltrimethylammonium, (2) tetradecyltrimethylammonium, (3) hexadecyltrimethylammonium, (4) octadecyltrimethylammonium. Phosphate
buﬀer, 20 mM (pH 4.4), indirect photometric detection (214 nm) with 5 mM benzyltrimethylammonium. (From Ref. 228.)
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was the worse limit of detection of CE, which was three times as high as for IC. (2)
Most of the work published has been done with ‘‘classical’’ QACs. As far as known to
the author, ‘‘modern-type’’ QACs like esterquats have not been investigated. (3)
Nearly all investigations have been done with solutions of pure QACs or dilutions of
technical products. None of the papers mentioned above uses CE for the determination and/or quantiﬁcation of QACs in formulated detergents. This work has still to be
done.
A promising approach is the separation of a mixture of anionic and cationic
surfactants as described in Ref. 234 (mixture of BzRC12/14/16Me2N+ and alkylbenzene
sulfonates) and Ref. 239 [mixture of short-chain (<C6) QACs and alkane sulfonates].
This method could be useful for the analysis of ‘‘softergents’’ without need of a prior
separation of the anionic and cationic surfactants. As an example for such a simultaneous separation of QACs and alkylbenzene sulfonates, Fig. 37 shows the respective
electropherogram.
Two papers report about the CE separation of rather ‘‘unusual’’ QACs, namely,
N-a-boc-arginine-alkylamide [244] and dequalinium chloride [240].
CE analysis of amphoteric surfactants is described in two papers. Chadwick et al.
[245] use CE for the determination of cocoamphocarboxyglycinate in admixture with
‘‘fatty acid amide surfactant’’ (not speciﬁed more precisely) in contact-lens cleaners.
Within less than 8 min, the amphoteric is separated into the respective homologous
using the following conditions: silica capillary (75 Am 52 cm); solvent: MeOH: borate
buﬀer with 10 mmol/L Na2B4O7 and 50 mmol/L H3BO3 (50:50 v/v); voltage: 30 kV;
direct UV detection (k=200 nm).
One amphoteric surfactant (laurylamidopropyl dimethylglycinium betaine) is
included in the investigations by Lin et al. [243] (cf. Table 24). It is separated from
hexadecyltrimethylammonium and various anionic surfactants (sarcosinate, glutamate, taurate, and alkylether carboxylate) using the following conditions: silica
capillary (100 Am 75 cm); solvent: borate buﬀer 80 mmol/L pH 9.2; voltage: 25 kV;
direct UV detection (k=210 nm).

C. Miscellaneous Sensors
1. Optical Sensors
Chemical sensors based on optical techniques and mostly using ﬁber optics became a
promising analytical technique in the 1980s. Since then, numerous monographs and
reviews were published on this topic (see, for example, Refs. 246–248 to name a few. In
analogy to electrodes, ﬁber optical sensors are frequently called ‘‘optodes’’ or
‘‘optrodes.’’ Despite the enormous interest and research in this topic, only few optical
sensors have been described for the determination of QACs, none of them tested with
or applied for formulated detergents.
Shakhsher and Seitz [249] reported on a ﬂuorescence optode that is able to
reversibly sense the concentration of QACs. A ﬂuorophore, namely, 5-[(2-aminoethyl)amino]naphthalene-1-sulfonate, covalently immobilized onto controlled porous
glass, cellulose, or polyvinylalcohol, changes its ﬂuorescence properties upon exposure
to an aqueous solution of QACs; that is, the ﬂuorescence intensiﬁes and the emission
maximum shifts to shorter wavelengths. This hypsochromic shift can be measured by a
two-wavelength intensity ratio measurement and related to the concentration in the
surrounding sample solution.

Silica, 50 Am

100 mM H3BO3 (pH 7.5),
50% MeOH

100 mM H3BO3 (pH 6),
50% MeOH

100 mM H3BO3 (pH 6),
85% MeOH
25 mM NaH2PO4
(pH 2.5 with H3PO4),
no organic solution
50 mM phosphate buﬀer
(pH 6.8), 55% THF
50 mM phosphate buﬀer
(pH 6.8), 3 mM SDS,
50% THF

Me4N+, Et4N+,
(Cl-Et)Me3N+, Bu4N+,
(RC6)4N+ in mixture
with long-chain alkane
sulfonates

Et4N+, (Cl-Et)Me3N+,
Bu4N+, (RC6)4N+,
(RC12)2Me2N+
(RC12/14/16/18)2Me2N+

RC12/14/16/18Me3N+

BzRC12/14/16Me2N+

BzRMe2N+ alkyl chain
length not given

Silica, 50 Am

100 mM H3BO3 (pH 6),
50% MeOH

Et4N+, (Cl-Et)Me3N+,
Bu4N+, (RC6)4N+,
(RC12)2Me2N+

Silica, 75 Am

Silica, 75 Am

Silica, 75 Am

Silica, 50 Am

Silica, 50 Am

Silica, 50 Am

MeOH/HOAc 99:1

BzMe3N+, RC12/14/16/18Me3N+

Silica, 50 Am

50 cm

50 cm

30 cm

50 cm

50 cm

50 cm

50 cm

20 cm

20 cm

Capillarya

MeOH/HOAc 99:1

Solvent

Me4N+, Et4N+, Bu4N+

Compounds

TABLE 24 Separation of QACs by Capillary Electrophoresis

Indirect UV (5 mM
BzMe3N+, 214 nm)

Direct UV (200 nm)

Indirect UV (10 mM
TZV b ), 300 nm)
Direct UV (200 nm)

Indirect UV (5 mM
imidazole, 214 nm)
Indirect UV (5 mM
imidazole, 214 nm)
Indirect UV (5 mM
benzylamine,
204 nm or 5 mM
ephedrine, 204 nm)
Indirect UV
(5 mM pyridinium
p-toluenesulfonate,
220 nm or benzylammonium p-toluene
sulfonate, 208 nm or
benzylammonium
naphthalenemonosulfonate, 200 nm)
Indirect UV (5 mM
TZVb, 300 nm)

Detection

20 kV

20 kV

15 kV

30 kV

30 kV

30 kV

30 kV

5 kV

2.5 kV

Voltage

238

238

237

229

229

239

239

236

236

Reference
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BzRC12/14/16/18Me2N+

(RC12/14/16/18)Me3N+

BzRC12/14/16Me2N+

DQC c in lozenges

PhMe3N+, PhEt3N+,
BzMe3N+, BzEt3N+,
BzBu3N+,
BzRC12/14/16/18Me2N+
BzRC12/14/16Me2N+ in
lozenges
CPC in lozenges

BzRC12/14/16/18Me2N+

RC12/14/16Me3N+, (RC 12/14/16)2
Me3N+

RC12/14/16/18Me3N+

CPC in mouthwash

20 mM NaH2PO4 plus
MeOH or acetonitrile in
varying concentrations
20 mM NaH2PO4 plus
acetonitrile, THF, or
acetone in varying
concentrations
50 mM NaH2PO4 (pH 3)
50% acetonitrile
20 mM NaH2PO4 (pH 5)
50% acetonitrile
20 mM NaH2PO4 (pH 2.5),
5 mM SDS, 50%
acetonitrile
THF/water 57.5:42.5 with
44 mM phosphate buﬀer
(pH not given)
THF/water 57.5:42.5 with
44 mM phosphate buﬀer
(pH not given)
50 mM NaH2PO4 (pH 4)
50% THF

50 mM phosphate buﬀer
(pH 6.8), 50%
acetonitrile
20 mM phosphate buﬀer
(pH 4.4) various organic
solvents
20 mM phosphate buﬀer
(pH 4.4) 50% THF

20.5 cm

Silica, 50 Am

Silica, 50 Am

Silica, 50 Am

Silica, 50 Am

51 cm

24 cm

24 cm

20.5 cm

20.5 cm

Silica, 50 Am

Silica, 50 Am

37 cm

37 cm

50 cm

50 cm

50 cm

Silica; 75 Am

Silica; 75 Am

Silica, 75 Am

Silica, 75 Am

Silica, 75 Am

Indirect UV (3 mM
BzRC12 Me2N+,
210 nm)
Direct UV (210 nm)

Direct UV (210 nm)

Direct UV (230 nm)

Direct UV (254 nm)

Direct UV (210 nm)

Direct UV (210 nm)

Indirect UV
(5 mM R C12
BzMe2N+, 214 nm)
Direct UV (210 nm)

Indirect UV (5 mM
BzMe3N+, 214 nm)

Direct UV (200 nm)

20 kV

18 kV/m

25 kV/m

15 kV

15 kV

15 kV

15 kV

15 kV

20 kV

20 kV

20 kV

241

227

227

240

240

240

232

233

228

228

238
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Various mobile phases with
various types and
concentrations of org.
solvents and/or other
additives
20 mM phosphate (pH 5.0),
5 mM cyclodextrine,
various amounts of
methanol or acetonitrile
80 mM borate buﬀer
(pH 8.5), 50 mM
deoxycholate+30%
ethanol or 20% THF
80 mM borate
buﬀer (pH 9.2)

Solvent

b

Diameter eﬀective length (from injection to detection window).
TZV=tetrazolium violet.
c
DQC=dequalinium chloride.

a

RC16Me3N+ in mixture with
various anionic (sarcosinate,
glutamate, taurate alkylether
carboxylate) and amphoteric
surfactants

BzRC12/14/16/18Me2N+, CPC

BzRC10/12/14/16/18Me2N+

BzRC12/14/16Me2N+

Compounds

TABLE 24 Continued

Silica 100 Am

Silica 50 Am

Silica, 75 Am

75 cm

25 cm

30.5 cm

Silica and coated
capillaries of
diﬀerent
dimensions

Capillarya

Direct UV (210 nm)

Direct UV (214 or
254 nm)

Direct UV (210 nm)

Direct UV (200 or
214 nm)

Detection

25 kV

15 kV

18 kV

20–30 kV

Voltage

243

242

235

234

Reference
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FIG. 35 Capillary electrophoresis separation of nine QACs in acetonitrile/water (30:70) at
pH 5.0 (20 mM phosphate buﬀer). Photometric detection (210 nm). Peak assignment: (1)
phenyltrimethylammonium, (2) benzyltrimethylammonium, (3) phenyltriethylammonium, (4)
benzyltriethylammonium, (5) benzyltributylammonium, (6) benzyldimethyldodecylammonium, (7) benzyldimethyltetradecylammonium, (8) benzyldimethylhexadecylammonium, (9)
benzyldimethyloctadecylammonium. (From Ref. 232.)

FIG. 36 Capillary electrophoresis separation of alkyltrimethyl and dialkyldimethyl QACs in
50% tetrahydrofurane at pH 4.4 (20 mM phosphate buﬀer). Photometric detection (210 nm).
Peak assignment (1) dodecyltrimethylammonium, (2) tetradecyltrimethylammonium, (3)
hexadecyltrimethylammonium, (4) octadecyltrimethylammonium, (5) didodecyldimethylammonium, (6) ditetradecyldimethylammonium, (7) dihexadecyldimethylammonium. Indirect
photometric detection (214 nm) with 5 mM benzyldodecyldimethylammonium. (From Ref.
228.)
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FIG. 37 Simultaneous CE separation of anionic and cationic surfactants in 40% acetonitrile
at pH 4.4 (20 mM phosphate buﬀer). Photometric detection (200 nm). Peak assignment: (1)
dodecylbenzyldimethylammonium, (2) tetradecylbenzyldimethylammonium, (3) hexadecylbenzyldimethylammonium, (4) tridecylbenzenesulfonate, (5) dodecylbenzenesulfonate, (6) undecylbenzenesulfonate, (7) decylbenzenesulfonate. (From Ref. 234.)

Another optical sensor for QACs is based on host–guest chemistry [250] and uses
the hexaester of calix[6]arene as the host molecule immobilized together with a H+sensitive chromo-ionophore in a PVC membrane. When a QAC molecule forms a
complex with the host, the chromo-ionophore must release a proton to maintain
electroneutrality; this is accompanied by a decrease of the absorption at 660 nm. The
authors realized this sensor only for measurements in cuvettes and not as a ﬁberoptical sensor.
An optical host–guest sensor for monoalkylamines (C2–C14 with an evennumbered chain length) having a good selectivity over quaternary ammonium
compounds was proposed in another paper [251]. It is based on an amine-induced
ﬂuorescence enhancement of heptakis(2,6-di-O-isobutyl)-h-cyclodextrin hosting tetraphenylporphyrin, both immobilized in a PVC membrane.

2. Biosensors
Lundgren and Bright [252] were the ﬁrst to introduce a ﬁber optic biosensor nonselectively responsive to both anionic and cationic surfactants. It is based on an
acrylodan-labeled bovine serum albumin covalently immobilized on a silica optical
ﬁber. On addition of surfactant solution, the microenvironment of the ﬂuorescence
label changes which causes a shift of the ﬂuorescence maximum. The sensor has a high
sensitivity (lin. range of calibration: 5–60 Amol) but suﬀers from a poor calibration
stability.
A completely diﬀerent type of biosensor is described in Ref. 253. The cationic dye
safranine can be accumulated in mitochondria because they have a negative charge at
their inner surface. On addition of QACs, the dye is displaced and released into the
surrounding solution that can be measured photometrically (pH 7.4, k=530 nm).
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D. (Semiquantitative) Rapid Tests
There are several rapid tests commercially available that allow for a semiquantitative
determination of QACs in aqueous solutions. They are based on diﬀerent chemical
approaches:


The design of the test by CHEMetrics, Inc. (Calverton, VA) is based on a titration of a given amount of the anionic polyelectrolyte polyvinylsulfate with the
analyte solution containing QACs [254]. The cationic dye toluidine blue is used as
an indicator. In course of the titration, the QACs form ion pairs with the
polyelectrolyte and displace at the endpoint the toluidine blue from its ion pair
with polyvinylsulfate. This displacement is associated with a color change from
purple to navy blue. Depending on the test used, concentrations ranging from 100
to 1000 ppm or from 1000 to 10,000 ppm can be determined. It should be noticed
that the handling of this test requires much more experience in comparison to the
other tests mentioned below.
 The Lovibond test for QACs is also based on a titration: an aliquot of the analyte
solution containing 0–500 ppm QACs is placed in a test tube and the titrant
(lauryl sulfate) is added in form of tablets. At the endpoint, an indicator (bromphenol blue) changes its color. The number of tablets needed is proportional to
the amount of QACs in the analyte solution.
 The well-known extraction-photometric method for QACs using bromphenol
blue as ion-pairing dye [89] was adapted to a rapid test that can easily be performed in a cuvette. An aliquot of the analyte solution, buﬀer, and a dye solution
are pipetted into a cuvette that is preﬁlled with the organic solvent. Then, the cuvette is stoppered, shaken, and after phase separation, the absorbance of the
lower organic phase is measured photometrically. Such tests are manufactured by
Dr. Lange (Düsseldorf, Germany) for a concentration range from 0.2 to 2.0 ppm
[255] and by Macherey-Nagel (Düren, Germany) for a concentration range from
0.05 to 5.0 ppm with photometric evaluation and for a concentration range from
1 to 20 ppm with visual evaluation, respectively [256].
 A completely diﬀerent approach was used by Starp et al. [257]. This new type of
test consists basically of a circular piece of ﬁlter paper (diameter approximately 4
cm) which is laminated between two transparent lamination foils. The ﬁlter paper
contains an anionic dye-like bromthymol blue or bromcresol green. When the
paper is immersed in the analyte solution, the latter streams from the edge of the
disk to its center due to the capillary forces—comparable to anticircular chromatography. The capillary streams stop abruptly when streams from the opposed
positions meet in the center of the test disk; the sampling volume has therefore a
good reproducibility of 1–2%. The sampling time is only 1–2 min. When the solution passes through the ﬁlter paper, the QACs adsorb at the surface of the
paper, form an ion pair with the anionic indicator, and thus change the color of
the indicator from yellow to dark blue. The diameter (or area) of the blue ring is a
measure for the concentration of QAC. The calibration plots (discolored area vs.
concentration of QAC) are curve-shaped (cf. Fig. 38) [258]; a quantiﬁcation is
possible in the concentration range from 0.05 to 2 g/L.
To the author’s best knowledge, there is no rapid test commercially available
that was especially designed for the determination of amphoteric surfactants.
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FIG. 38 Calibration functions for the semi-quantitative determination of benzalkonium
chloride, hexadecyldimethylethylammonium ethylsulfate (MES), and hexadecyltrimethylammonium bromide (CTAB). (From Ref. 258.)

VI. DETERMINATION OF RESIDUES OF CATIONIC
AND AMPHOTERIC SURFACTANTS ON SURFACES
One of the most predominant properties of QACs is their substantivity, i.e., their
tendency to adsorb at surfaces due to ionic and/or van der Waals interactions. This
property is used in many applications like rinse-oﬀ aids, hair rinses, fabric conditioners, etc. The strong electrostatic interactions of QACs with cell membranes are one
reason for the bactericidal and germicidal eﬀect of QACs used in disinfectants for
medical instruments like endoscopes or for surfaces in food industry.
In most cases, it is advantageous to know the amount of QAC adsorbed on the
treated surfaces, for example, to ensure and optimize a desired rinse-oﬀ eﬀect or to
ensure the proper removal of QACs from treated surfaces as is necessary for medical
instruments or in food industry.
Although there seems to be a demand for a determination of QAC residues on
surfaces, only few papers were published on this topic. Although they mostly do not
investigate residues of formulated detergents rather than those of pure surfactants, the
proposed methods and results may serve as an orientation for own work.
Already in 1962, Wildbrett [259] reported about residues of diﬀerent types of
QACs (benzalkonium chloride, alkylpyridinium chloride, and alkyltriphenylphosphonium bromide) on glass, steel, and polyethylene, respectively. Since all investigated
QACs have an aromatic system, they could be determined by rinsing them oﬀ the
treated surfaces with ethanol and a subsequent measurement of the UV-absorbance in
the same solvent. He found the most QAC residues on glass (6.7 mg/m2 for
benzethonium chloride). On steel and polyethylene, the residues varied from 0.9 to
2.1 mg/m2.
In another paper, the same author uses the radiotracer technique to determine
the residues of a labeled dodecyltrimethylammonium chloride and an ethoxylated
fatty alcohol on the surface of stainless steel, rubber, polypropylene, polyamide, and
methyl methacrylate (PMMA). The removal of the residues by rinsing with water
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(diﬀerent temperatures, ﬂow velocities, rinsing times, and number of rinsing cycles) as
well as by rinsing with milk and fruit juice was investigated. Before rinsing, the residues
vary from 1.0 mg/m2 on PMMA to 5.4 mg/m2 on rubber.
In a more fundamental paper, Müller and Krempl [260] described the substantivity of QACs as a function of their molecular structure and of other parameters like
concentration, pH, temperature, presence and concentration of anionic or nonionic
surfactants, as well as the nature of the absorbing material like cotton, wool,
polypropylene, and polyvinylchloride. The analytical methods were unfortunately
not described.
Schmidt and Cremmling [261] investigated the residues of diﬀerent disinfectants
on polyethylene, aluminum, and stainless steel. Residues of QACs were rinsed oﬀ with
acetone and then determined photometrically following the (quite unusual) method by
Deppeler and Becker [262]. The initial amount of QAC residues (i.e., without rinsing
with water) after treatment with a 1% solution of QACs was 7 mg/m2 on all
investigated materials. The amount of residues as a function of the number of rinse
cycles and various methods of rinsing with water was also investigated.
Biberauer et al. [263] made a comparison of diﬀerent analytical methods for the
determination of residues of disinfectants used in meat-processing food industry on
PVC, stainless steel, and polyurethane. According to the author, the conventional
methods (i.e., rinsing the surfaces and subsequent photometry) are inadequate for the
determination of residues of disinfectants. The authors suggest on-line surfaceanalytical techniques. Scanning electron microscopy (SEM) under low-vacuum conditions in combination with energy dispersive x-ray spectroscopy (EDX) gave
unsatisfactory results. Optically stimulated electron emission technique, however,
allowed the detection of residues from both disinfectants and other organic material in
concentrations of micrograms per square centimeter. Fourier transform infraredattenuated total internal reﬂectance (FTIR-ATR) technique allowed the identiﬁcation
of QACs as well as proteins on polyurethane surfaces.
A rapid test for a semiquantitative determination of QAC residues on hard
surfaces was developed by Starp [258]. This test requires a special test strip (cf. Fig. 39).
It consists of a capillary-active material like (glass) ﬁlter paper which is—with the
exception of a 1 1 cm2 receiving and concentration zone—enclosed between two
lamination foils. A deﬁned area (5 5 cm) of the surface that has to be analyzed is
uniformly wetted with approximately 250 AL of acetone, whereby the QACs are
dissolved from the surface. Then the test strip is bent to a U-shape (cf. Fig. 39c) and is

FIG. 39 Schematic drawing of a test strip for the determination of QAC residues on hard
surfaces.
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wiped using the open area of the ﬁlter paper. Due to the capillary forces, the acetone is
soaked up from the paper; the QACs, however, chemisorb by electrostatic interaction
with the paper’s surface and thus enrich in a small area of the ﬁlter paper.
After complete evaporation of the acetone, 100 AL of an aqueous solution
containing 8-anilinonaphthalene sulfonate (0.5 g/L) is given on the enrichment zone
and the test strips are inspected under UV light (k=366 nm). The presence of QACs is
indicated by a strong ﬂuorescence which can be evaluated visually or instrumentally.
The detection limit is below 0.5 Ag (absolute) or—if an area 25 cm2 has been used for
the analysis—0.5 mg/m2; the ﬂuorescence intensity is linearly proportional for
concentrations below 5 Ag (absolute) and tends toward a constant value for higher
amounts.
The methods mentioned so far are suited for hard surfaces or at least rigid
materials with a uniform surface of some square centimeters. They will not be
applicable to determine QAC residues on hair or fabrics.
Already in 1956, a radiotracer method was used to study adsorption by hair
[264]. Although this method is accurate, it suﬀers from the fact that radiolabeled
material must be synthesized and handled.
In 1969, Scott et al. [265] published a method for the determination of QACs
and/or polymers on keratin substrates which used a high-molecular weight, anionic
dye rubine (C.I. 35790). When human hair or wool on which QACs are adsorbed is
immersed in an aqueous solution of this dye, colored ion pairs are formed that adhere
at the hair or wool. The color intensity can be measured by reﬂectometry and is
correlated to the amount of adsorbed QAC.
In 1980, Crawford and Robbins [266] found that the dye Direct Red 80 (C.I.
35780) is a good substitute for rubine that was no longer produced. Conventional
QACs as well as cationic polymers like polyethyleneimine or quaternium-19 are
stained by Red 80. It remains, however, unclear whether a quantitative determination
of the QAC residues is possible or not.
The adsorption of QACs onto hair can be determined by titrating a solution of
QACs with sodium dodecyl sulfate before and after immersing a hair sample. The
diﬀerence between the two titration results gives the amount of QACs adsorbed. This
method was applied to determine the adsorption of a QAC (stearalkonium chloride)
and cationic modiﬁed polymers (polyquaternium-4, quaternium-26, laurdimonium
hydrolyzed wheat protein, and cocodimonium hydrolyzed keratin protein). The
titrations were carried out at pH 2–3 and indicated using a surfactant sensitive ISE
(Model 93-42 by Orion) [267].
The adsorption mechanism of conventional QACs and esterquats on hair was
studied by x-ray photoelectron spectroscopy (XPS) and showed that QACs and
esterquats have diﬀerent adsorption mechanisms, although electrostatic attraction
between the quaternized nitrogen of the QACs and the anionic sulfonate groups
present on the hair surface is the main reason for the adsorption of QACs on hair
[268].
If a polymeric material is treated with QACs, for example, during the disinfection of a medical endoscope, the QACs will not only adsorb on the surface, but also
diﬀund into the volume of the material. Thus an analytical diﬀerentiation is required
between both proportions. This can be done by ﬁrst rinsing the material with an
appropriate organic solvent like methanol and then extracting the material, for
example, in a Soxhlet apparatus [83]. For both solutions, the solvent is evaporated
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to dryness, the residue is redissolved in chloroform, and the concentration of QACs is
determined by one of the conventional methods like extraction photometry with
disulﬁne blue or a suitable chromatographic method. The investigations showed that
the amount of QACs adsorbed at and/or diﬀunded in the polymeric material depends
on the polarities of both the polymer and the active matter of the disinfectant. Thus
disinfectants with high concentrations of (electrically noncharged) amines like laurylpropylenediamine are much stronger adsorbed and absorbed by the polymer than
disinfectants with (electrically charged) QACs as active matter do. When comparing
polymers, adsorption and absorption of QACs decrease in the following order: silicon
rubber>polyurethane>polyvinyl chloride [83].
Residues of the amphoteric surfactant dodecylbis(aminoethyl)glycine hydrochloride (Tego 51) on glass or steel were determined by Cramer [269] The residues were
removed from the surfaces by intense washing with acetone, the acetone evaporated to
dryness, and the amphoteric surfactant was determined by titration with guanidinium
dodecylbenzenesulfonate [270] or photometrically with ninhydrine (k=405 nm).
The residues of the disinfectant Tego 2000 (containing amphoteric surfactants as
active matter) on polyethylene, aluminum, stainless steel, and glass and the removal of
the residues by rinsing with water was studied by Trani and Arneth [96]. Extraction
photometry with Orange II was used as analytical method; the standard method
[16,87] was modiﬁed for this special application. The results showed that the amount
of residues decreases in the order: polyethylene>aluminum>stainless steel>glass.
The amount of residues on either material decreases in form of an exponential decay
with an increasing amount of water used for rinsing. After treating the materials for 30
min with a 1% solution of Tego 2000 (20jC) and subsequent rinsing with 10 L/m2
water, the amount of residues varied from 8 mg/m2 (polyethylene and aluminum) to 2
mg/m2 (glass).

VII. PRACTICAL APPROACHES AND CROSS-INDEX
OF METHODS
Numerous authors have published analytical schemes for the systematic analysis of
(unknown) detergent samples; these papers are listed in Chapter 2 of this volume.
Battaglini [4] published the most recent systematic approach for the analysis of
detergent formulations. The analysis of surfactants in cosmetics and toiletries is
described in papers by Gabriel [271] and Cozzoli [272] as well as in the respective
chapters of the volumes dealing with surfactants in cosmetics of surfactant science
series [7,8].
The above-mentioned analytical schemes are surely of great use if an unknown
sample has to be analyzed, but it must be stressed that they all can only be regarded as
approaches to this quite diﬃcult analytical task and can by no means be regarded as
invariable and ready-to-use recipes.
The ﬁrst step in the analytical process should be the collection of as much
theoretical information as possible about the unknown sample; this include the type
and purpose of the product, composition according to the sample’s label, frame
formulations of similar products, and own analytical data of comparable products.
The analytical data of the unknown sample should ﬁt to the information collected in
the ﬁrst step. If not, a thorough validation is necessary.
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Then, it must be ensured that all steps prior to the ﬁnal generation of the
analytical data have correctly been carried out because systematic errors in the ﬁrst
stages of the analytical process inevitably lead to wrong analytical results. Such
systematic errors could, for example, be a wrong method of sampling, wrong storage
of the sample so that some ingredients decompose, contamination with the analyte or
other substances (dirty ﬂasks, reagents, solvents, etc.), or loss of volatile or strongly
adsorbing components, to name a few.
The analytical task is generally well deﬁned: total analysis of the product for a
reconstruction of the formula, determination of active matter as a sum parameter,
determination of surfactant type (for example: ‘‘benzethonium chloride or benzalkonium chloride?’’), determination of the alkyl chain length distribution of a special
surfactant, etc. The following tables can help to select a suitable method for the
diﬀerent analytical questions. For some methods, the sample can be used ‘‘as is,’’ but
mostly, an isolation of the cationic and/or amphoteric surfactants by ion exchange is
necessary (cf. Chapter 2 of this volume).
An initial examination would include the recording of an IR and a NMR
spectrum. Next steps could be a TLC separation of the surfactant classes present in the
original sample or an ion exchange separation followed by a TLC separation of the
surfactant types in the cationic or amphoteric fractions. An UV spectrum yields the
information whether QACs of the benzalkonium-, benzethonium-, imdazolinium-,
and/or alkylpyridinium-type are present or not. The results of these initial tests should
be consistent. If, for example, the UV spectrum shows an absorption, which is
indicative for an aromatic system, ﬂuorescence quenching should also be observed
at the right Rf values on TLC plates with a ﬂuorescence indicator, and an aromatic ring
should be seen in the IR and in the NMR spectrum.
Then, the total amount of active matter can be determined by a titration—
frequently directly in the original sample. Amphoteric surfactants must be titrated at
pH 2 using tetraphenylborate; note that QACs are titrated together with amphoterics!
QACs can be titrated with lauryl sulfate or tetraphenylborate; at pH 2, the sum of
(protonated) amines and QACs is determined and at pH 10, only the QACs.
Esterquats should be titrated in a slightly acidic solution to avoid hydrolysis. All
titration methods yield a result of the dimension ‘‘milliequivalent per gram of sample.’’
If the result is required in the dimension of mass percent, the molecular mass of the
titrated surfactant must be determined by another method like MS or set to a standard
value. The titration results should fall within the concentration range expected from
the frame formulations (cf. step 1). Otherwise, the TLC should carefully be inspected
for possible interferences and/or the sample should be subjected to a separation by ion
exchange. The titration results should also be consistent with the value for total solids
and total organic matter, i.e., ethanol-soluble portion of the solids.
For a more detailed analysis, the active matter from an ion-exchange separation
should be used. The procedure diﬀers for the surfactant types.
Classical QACs. HPLC can be used to determine the type, the homolog
distribution, and the quantity. Pyrolysis GC can be used to determine the exact
constitution of carbon chains.
Esterquats-type QACs—identiﬁed by IR—are hydrolyzed yielding fatty acids
and quaternized triethanolamine which are separated by ion exchange. The fatty acids
are methylated and then identiﬁed and quantiﬁed by GC; the cationic fraction is
subjected to HPLC or IC.
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Carboxy betaines. The analysis of alkyl- and alkylamido betaines is similar to
that of classical QACs, namely, HPLC for the determination of type, homolog
distribution, and quantity and pyrolysis GC for the determination of the carbon
chain constitution. If the sample is suﬃciently pure, NMR can also be applied.
Amine oxides can quite selectively be isolated by dissolving the sample in a
mixture of water and alcohol, adjusting the solution to a high pH value, and extracting
the amine oxides with chloroform (cf. Chapter 2 of this volume). Quantiﬁcation is
possible by titration at pH 2 and/or HPLC, identiﬁcation by HPLC or GC, and—for
pure samples—by NMR.
A general problem in surfactant analysis is the calibration of all relative
methods, i.e., at least for all chromatographic methods. For this purpose, calibration

TABLE 25 Information Yielded from Diﬀerent Analytical Methods
Section

Method

II
II.A

UV
IR

II.B

NMR

II.C

MS

III.A
III.B

Extraction photometry
Titration

IV.A

TLC

IV.B

HPLC

IV.C

IC

IV.D
V.A

(Pyrolysis) GC
FIA

V.B

Capillary electrophoresis

V.C
V.D

Sensors
Rapid tests

Information yielded
Presence/absence of aromatic systems
Presence/absence of speciﬁc absorption
bands
Chemical shifts (chemical neighborhood)
and intensity of signals (number
of absorbing nuclei)
Molecular mass(es), structural
information from fragmentation
Molar amount of active matter
Molar amount of active matter,
diﬀerentiation by selection of pH value
Retention data ! substance identity
(on NP plates), homolog distribution
(on RP plates) with TLC scanner:
quantitative data
Retention data ! substance identity
and/or homolog distribution (depending
on chromatographic conditions),
quantitative data after calibration
Retention data ! substance identity
and/or homolog distribution (depending
on chromatographic conditions),
quantitative data after calibration
Constitution of carbon chain(s)
Amount of active matter; useful for large
sample numbers
Migration times ! substance identity
and/or homolog distribution (depending
on chromatographic conditions),
quantitative data after calibration
Mostly sum parameters
Molar amount of active matter on a
semiquantitative base
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standards of very high purity (>99%) are required. Only few surfactants of such a
high purity are commercially available, namely, some alkyl quaternaries, benzalkonium and benzethonium salts, and alkylpyridinium salts. The selection of amphoteric
surfactants in analytical grade quality is even smaller. Thus if the response of a
detector in a chromatographic system shall be calibrated and standards are required
for this purpose, the standards must either be synthesized from analytical grade educts
or isolated on a preparative scale from technical products. If neither of both strategies
can be followed, a calibration of detector response must be done with only one
standard; but this method leads to an inherent uncertainty of the results.
Pure standards are also required for an unambiguous identiﬁcation of chromatographic spots (TLC) or peaks (HPLC, IC, GC). Alternatively, the material in the
spots must be analyzed by methods like IR, NMR, or MS.
Surfactants with an unusual alkyl chain length, e.g., with an odd-numbered
chain length, are useful as internal standards and allow the determination of
recoveries, etc. Mostly, they must be synthesized by the user himself.
Deuterated standards—or surfactants with other isotopic labels—are useful for
mass spectrometric techniques or hyphenated techniques like HPLC-MS or GC-MS.
With very few exceptions, they must be synthesized by the user; one example is given in
Ref. 59 for the synthesis of [2H3]dodecyltrimethylammonium iodide and [2H3]ditallowdimethylammonium iodide.
The preceding Sections II to V of this chapter are organized according to the
diﬀerent analytical methods. The following tables try alternative approaches: Table 25
compiles which analytical information can be derived from the methods of Sections II
to V, and Table 26 lists which methods can be used for a given analytical task and
which results can be derived from a method.

TABLE 26 Analytical Methods Suited for Various Analytical Tasks
Analytical task
Identity
(surfactant type)

Detn. of alkyl
Chain length

Quantiﬁcation

Method(s)
IR, NMR
UV for surfactants with an aromatic system
MS (soft ionization)
TLC (normal phase plates)
HPLC, IC (comparison of retention data
with that of standards)
Pyrolysis GC
NMR (only average length; pure
samples required)
MS (soft ionization; diﬃcult quantiﬁcation)
TLC (RP plates)
HPLC
Pyrolysis GC
Extraction spectroscopy
Titration (result: molar amount)
(TLC), HPLC, IC (standards required
for calibration)

Section
II.A/II.B
II.C
IV.A
IV.B/IV.C
IV.D
II.B
II.C
IV.A
IV.B
IV.D
III.A
III.B
IV.A/IV.B/IV.C
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Löwer, B. In Jahrbuch für den Praktiker 1999; Ziolkowsky, H., Ed.; Verlag für
chemische Industrie: Augsburg, 1999; 406–410.
Goldschmidt Home Care Formulation No. 101630 (=Floor Cleanser), 101520 (=Bathroom Cleanser), 101450 (=Kitchen Cleanser). Also online available via http://
www.goldschmidtsurfactants.com/ [cited 22.03.2001].
Degussa Care Formulation No. 101110-2. Also online available via http://www.degussahome-care.com/ [cited 04.04.2003].
Clariant Frame Formulation ‘‘Cream Rinse B II/1067’’ (as PDF-document) at fun.
clariant.com/fun/e2wtools.nsf/lookupDownloads/form_pers.pdf/$FILE/form_pers.pdf
[cited 22.03.2001].
Stepan Formulation No. 709. Also online available (after registration) via http://
www.stepan.com/formulations/Formulations.asp?category=7&secondary=102 [cited
04.04.2003].
Stepan Formulation No. 420. Also online available (after registration) via http://
www.stepan.com/formulations/Formulations.asp?category=7&secondary=102 [cited
04.04.2003].
Degussa Care Formulation No. 6.3.6/1991213. Also online available via http://www.
degussa-personal-care.com/ [cited 04.04.2003].
Clariant Frame Formulation ‘‘Conditioning shampoo B I/6140’’ Also online available
(as PDF-document) at fun.clariant.com/fun/e2wtools.nsf/lookupDownloads/form
_pers.pdf/$FILE/form_pers.pdf [cited 22.03.2001].
Stepan Formulation No. 699. Also online available (after registration) via http://
www.stepan.com/ [cited 04.04.2003].
Tego Cosmetics Frame Formulation No. 1.2.5 ‘‘Shower Gel.’’ Technical Information
Tego Cosmetics.
Mozayeni, F. In Cationic Surfactants—Analytical and Biological Evaluation; Cross, J.,
Singer, E.J., Eds.; Marcel Dekker: New York, 1994; 327–368.
http://www.library.arizona.edu/library/teams/set/spectra1.html [cited 06.05.2003].
http://surfactants.net/s-appl.htm#prop [cited 07.05.2003].
Hummel, D.O. Analyse der Tenside: infrarotspektroskopische und chemische Methoden;
Hanser Verlag: München, 1962.
Hummel, D.O. Analysis of Surfactants. Atlas of FTIR-Spectra with Interpretations, 2nd
Ed.; Hanser Verlag: München, 1996.
Klotz, H. Bestimmung und spektroskopische Charakterisierung von kationischen
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Kleitz, M., Lundström, I., Seiyama, T., Eds.; Wiley-VCH: Weinheim, 1991, Vol. 3,
867–930.
248. Wolfbeis, O.S. Anal. Chem. 2000, 72, 81R–89R.
249. Shakhsher, Z.M.; Seitz, W.R. Anal. Chem. 1990, 62, 1758–1762.
250. Chan, W.H.; Lee, A.W.M.; Lu, J.; Wu, X. Anal. Chim. Acta 1998, 370, 259–266.
251. Yang, R.H.; Wang, K.M.; Xiao, D.; Yang, X.H. Fresenius’ J. Anal. Chem. 2000, 367,
429–435.
252. Lundgren, J.S.; Bright, F.V. Anal. Chem. 1996, 68, 3377–3381.
253. Bragadin, M.; Dell’Antone, P.; Perin, G.; Manente, S.; Iero, A.; Scutari, G. Environ.
Technol. 2000, 21, 937–939.
254. online information available at: http://www.chemetrics.com/Products/QAC.htm [cited
12.03.2003].
255. online information available via: http://www.drlange.com/ [cited 12.03.2003]—A search
for product LCK331 leads to the test.
256. online information available via: http://www.mn-net.com/ [cited 12.03.2003]—A search
for product numbers 914015 or 91834 leads to the tests.
257. Starp, H.; Buschmann, N.; Cammann, K. Fresenius’ J. Anal. Chem. 2000, 368, 203–
207.
258. Starp, H. PhD dissertation, University of Münster, 1999.
259. Wildbrett, G. Z. Lebensm.-Unters. Forsch. 1962, 118, 40–51.
260. Müller, H.; Krempl, E. Fette Seifen Anstrichm. 1963, 65, 532–538.
261. Schmidt, U.; Cremmling, K. Fleischwirtschaft 1978, 58, 307–314.
262. Deppeler, H.; Becker, A. Z. Anal. Chem. 1964, 119, 414–419.
263. Biberauer, G.; Garry, P.; Vendeuvre, J.L.; Bauer, F. Fleischwirtschaft 1995, 75,
1021–1024.
264. White, H.J. Jr.; Underwood, D.L. J. Soc. Cosmet. Chem. 1956, 7, 198–204.
265. Scott, G.V.; Robbins, C.R.; Barnhurst, J.D. J. Soc. Cosmet. Chem. 1969, 20, 135–152.
266. Crawford, R.J.; Robbins, C.R. J. Soc. Cosmet. Chem. 1980, 31, 273–278.
267. van Nguyen, N.; Cannell, D.W.; Mathews, R.A.; Oei, H.H.Y. J. Soc. Cosmet. Chem.
1992, 43, 259–273.
268. Beard, B.C.; Hare, J. J. Surfactants Deterg. 2002, 5, 145–150.
269. Cramer, G. Fette Seifen Anstrichm. 1958, 60, 35–39.
270. Harper, W.J.; Elliker, P.R.; Moseley, W.K. Soap Sanit. Chem. 1948, 24, 159–163.
271. Gabriel, D.M. J. Soc. Cosmet. Chem. 1974, 25, 33–48.
272. Cozzoli, O. Cosmet. Toiletries 1993, 108, 71–84.

6
Analysis of Inorganic Detergent
Builders
HARALD P. BAUER Clariant GmbH, Hürth, Germany

I. INTRODUCTION
Builder substances support detergent action and soften wash liquor by eliminating
calcium and magnesium ions contained in the water and soil from the laundry.
Common builder raw material groups are alkalis, complexing agents, and ion exchange materials.
Alkaline components such as alkali carbonate, alkali silicate, monophosphate,
and diphosphate eliminate hardness elements by precipitation. In modern detergents,
alkalis are combined with threshold substances, which eﬀect the formation of
amorphous particles that are suspended by the wash liquor.
Sequestering agents eliminate hardeners by formation of stable, water-soluble
complexes. Sodium triphosphate, nitrilotriacetate, phosphonate, and polycarboxylate
are commonly used in this ﬁeld.
Ion exchangers eﬀect elimination of hardeners by exchange of calcium, magnesium, and heavy metal ions against sodium ions. Applied are water-insoluble raw
materials; common types are sodium aluminum silicates and layered silicates.
Also applied are water-soluble species such as polyacrylic acid salts and other
polymeric carboxylates and special silicates. These soluble ion exchangers are applied
in low concentrations as carrier (cobuilder) for transportation of hardener ions from
the fabric, or out of the wash liquor to the water-insoluble (main) builder material.
Most modern detergent formulations contain carefully optimized builder systems
consisting of two or more components.
The subject of this chapter is the analysis of inorganic builder raw materials.
Commercial types of organic low-molecular and high-molecular sequestering and
chelating agents and their analysis will be dealt with in Chapter 8.
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II. CARBONATES AND HYDROGEN CARBONATES
A. Sodium Carbonate and Sodium Sesquicarbonate
1. Introduction
Alkalis such as sodium or potassium carbonate have been used since antiquity to
increase washing eﬀectiveness. There are two reasons for this: ﬁrst, alkalinity precipitates the hardness ions present in water; and second, soil particles and ﬁbers are
equally negatively loaded by the increase in the pH value. This facilitates soil release [1].
These days, soda is only rarely used as a builder [2]. In addition to their ability to act as
alkali supplier in powder-type detergents and dishwashing detergents [3], alkalis are
appreciated for their good quality as process auxiliary agents. Soda improves the
granulating properties of detergent powders [4]. Great quantities of liquid can be
absorbed on the surface of soda in light form, in particular [5]. In addition, soda
promotes the water-softening eﬀect of zeolite A [4].
Worldwide, sodium carbonate is mainly synthesized by the Solvay process from
carbon dioxide, ammonia, and sodium chloride as raw materials:
Solvay process:

NH3 þ CO2 þ H2 O þ Naþ þ Cl ! NaHCO3 þ NHþ
4 þ Cl

2NaHCO3 ! Na2 CO3 þ H2 O þ CO2
The only exception is the United States; present here is the natural mineral Trona
[6] (Na3H(CO3)22H2O), the main educt for sodium carbonate production. Even in its
natural form, it is used in the detergent industry because of its water-softening
properties, mild alkalinity, and ability to neutralize excess alkalinity in a detergent
formulation. The presence of water of crystallization makes it unsuitable for the
absorption of water, or the constituents of liquid detergents [5].
Modiﬁed soda is a physical mixture of sodium carbonate and sodium hydrogen
carbonate [5]. Both of these are usually present in molar proportions and the product
does not contain any water of crystallization. It has water-softening properties, similar
to sodium sesquicarbonate. It also stands out with mild alkalinity, and can trap
unintentional alkalinity in formulations. Because it does not contain any water of
crystallization, it can absorb water and liquids. Sodium carbonate and sodium silicate
cogranulates are discussed in the chapter on silicates.

2. Identification and Detection of Carbonates
For qualitative detection of carbonates and hydrogen carbonates, the sample is
decomposed with mineral acid and the resulting carbon dioxide is absorbed in a
barium hydroxide solution [7]. The formation of a barium carbonate precipitate
indicates the presence of carbonate. X-ray diﬀraction (XRD) [8,9] is a powerful tool
for identiﬁcation of crystalline carbonate in solid samples. The signals in the XRD
diagram are assigned to the individual ingredients by comparing them with reference
diﬀraction patterns of corresponding pure substances, or with the help of data libraries
such as the powder diﬀraction ﬁle (PDF) index of the Joint Committee on Powder
Diﬀraction Standards (JCPDS) [9,10].
Sodium carbonate is commercially available in anhydrous form, as monohydrate, heptahydrate, and decahydrate [6]. Of particular importance for the detergent
industry is anhydrous sodium carbonate [6], which is characterized by intensive
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XRD signals at 2H = 30.130j, 35.230j, and 37.995j. Further data can be found in
the JCPDS PDF [11] under registration nos. 19-1130 and 37-0451 (Natrite). Sodium
sesquicarbonate (Trona) shows the following intensive reﬂections: the 6 0 2 reﬂection
at 2H = 29.053j and the 4 1 1 reﬂection at 2H = 33.836j [11]. Furthermore, x-ray
powder diﬀraction data can be found in the JCPDS PDF under registration no.
29-1447 (Trona) [11].

3. Quantitative Carbonate Determination
Analogous to the qualitative detection, most quantiﬁcation methods are based on the
liberation of carbon dioxide by acidic decomposition, which can be quantiﬁed directly
as gas or, more often, by titrimetric or gravimetric procedures after absorption in an
appropriate solution. For decomposition, all common strong acids can be applied;
sulfuric or hydrochloric acid is often used.
(a) Acidimetry. The resulting carbon dioxide is absorbed in barium hydroxide [12]
or potassium hydroxide solution [13]. The amount is determined by backtitration with
hydrochloric acid [12] (see Scheme 1). Recovery is z99%.
(b) Coulometry. The liberated carbon dioxide can also be quantiﬁed by coulometry
[9] (see Scheme 1). Absorption medium is barium perchlorate solution (pH = 9.7). The
quantity is determined with the help of coulometrically generated hydroxide by which
the pH of the absorbent solution is returned to the original value (J. Meyer, personal
communication, 2001).
(c) Gravimetry. In the simplest case, the weight loss caused by CO2 liberation is
determined. This can be done with a Schrotter apparatus [16]. It consists of a reaction
vessel equipped with a tap funnel and absorption ﬁxture. The tap funnel contains
diluted sulfuric acid and the absorption ﬁxture contains concentrated sulfuric acid.
The sample is weighed and placed in the apparatus, and then the complete apparatus
is also weighed. Carbon dioxide is released from the sample through addition of
the diluted sulfuric acid. Some sulfuric acid remains in the tap funnel to shut oﬀ the
evolving gas. In a ﬁnal step, the remaining carbon dioxide is expelled by bringing
the contents of the reaction vessel gently to a boil. Vaporizing water is retained in the
absorption vessel. The complete apparatus is weighed after it has cooled down. The

SCHEME 1 Determination of sodium carbonate by carbon dioxide evolution method.
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weight diﬀerence thus determined presents the expelled amount of carbon dioxide,
which corresponds to the amount of sodium carbonate in the sample. Routine
apparatuses for gravimetric carbonate determination are the Schrotter and Mohr
alkalimeters [15].
More precise for smaller carbonate contents is the gravimetric quantiﬁcation
after absorption. A typical routine method is published in ASTM D 501-89 [14]. The
decomposition is achieved here by aqueous sulfuric acid. The carbon dioxide is passed
by a stream of carbon dioxide-free air into a chain of U-tubes that are ﬁlled with drying
and absorbent agents. The carbon dioxide is absorbed in a weighed U-tube containing
sodium and drying agent. The sodium carbonate content is calculated based on the
increase in weight of the absorption tube.
(d) By Autoanalyzer with Conductometric Detection. Carbonate can be determined
automatically by an autoanalyzer. The sample solution is injected into to a stream of
watery acid solution [17]. The liberated CO2 is passed through a membrane into a
water stream and quantiﬁed by conductivity detector.
(e) Complexometry. When barium chloride in a diluted sodium hydroxide solution
is used as absorbent, quantiﬁcation can be achieved by backtitration of the excess
barium with ethylenediaminetetraacetic acid (EDTA) (see Scheme 1). The recovery is
more than 97% [18].
(f) Spectrophotometry. It is possible to carry out an automated carbonate analysis
of detergents by means of carbon dioxide evolution in combination with spectrophotometry [19]. To do this, the prepared sample solution is mixed with a solution
of diluted sulfuric acid. The evolved carbon dioxide is separated and absorbed in a
phenolphthalein solution, which is buﬀered with sodium hydrogen carbonate and
sodium carbonate. The resulting reaction solution is measured in the ﬂow cell of a
colorimeter at 542 nm wavelength. Peaks result from the time course of the optical
density. Their peak heights are measured and corrected for the baseline. The peak
heights are compared with a previously determined calibration curve and, thereby,
the sodium carbonate content is determined. Under the same conditions, sodium
hydrogen carbonate also creates carbon dioxide. If one suspects that it is contained
in the sample, the sample should be examined in its original state and after being
heated to 260jC. Sodium hydrogen carbonate is destroyed in the heat treatment. The
sodium hydrogen carbonate content can be determined from the diﬀerence in measurements with and without heating, and must be taken into account when calculating
the soda content.
(g) Gas Chromatography (GC). The carbonate concentration can be quantiﬁed
also by GC [9,20]. An aliquot part of a detergent sample solution is pipetted into a
weighing bottle on the base of a wide-neck reaction ﬂask. A diluted sulfuric solution is
added into the base of the vessel; the reaction vessel is tightly sealed and shaken. With
the help of a gas-tight syringe, a gas sample is taken through a septum screw closure
from the gas space and injected into a GC instrument, which is equipped with a
Porapak Q-column heated to 50–60jC and a thermal conductivity detector. Hydrogen
is used as carrier gas. The sodium carbonate content, which corresponds to the
established peak height, is read from the calibration curve. For this calibration,
solutions containing sodium carbonate were previously analyzed.
(h) Gas Volume Measurement. Diluted sulfuric acid is added to the weighed sample
in a reaction vessel, which is then placed in a Chittick apparatus [16], and the resulting
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carbon dioxide is collected in a gas burette. The carbonate content of the sample can
be calculated from the gas volume formed.
(i) Potentiometry Using a CO2-Selective Electrode. For determination of carbonates in detergents by means of a CO2-selective electrode [21], sample solution is mixed
with a sodium acetate/hydrochloric acid buﬀer, which has a pH of 2.0. The electrode
is immersed in the solution and the vessel is tightly sealed. A reading is taken of the
potential on the electrode and compared with a logarithmic calibration curve. The
accuracy is within 3% relative.
In another publication, the sample is ﬁrst made acidic with sulfuric acid. Again
carbon dioxide is formed. The content in the gas space is examined by means of a
carbon dioxide-speciﬁc sensor [22].
(j) Laser Raman Spectrometry. Laser Raman spectrometry [9] can be used to determine directly the sodium carbonate content in detergents. A characteristic peak in
the Raman spectrum at 1020 cm1 indicates carbonate and can be used for qualitative
and quantitative determination [23].

B. Sodium Hydrogen Carbonate
1. Introduction
Sodium hydrogen carbonate is an intermediate in the manufacture of sodium
carbonate, according to the Solvay process (ammonia/soda process) [6]. It is not used
as a water softener in detergents [5]; sodium hydrogen carbonate can reduce the
alkalinity of a detergent [2,5]. Modiﬁed soda is a physical mixture of sodium carbonate
and sodium hydrogen carbonate [5].

2. Identification and Detection of Hydrogen Carbonates
Detection of hydrogen carbonates is carried out similarly to the detection of
carbonates [7]. Carbon dioxide is formed when the sample is made acidic. Barium
carbonate precipitates when the gas is passed into a barium hydroxide solution.
XRD [8,9] enables a precise identiﬁcation of crystalline sodium hydrogen
carbonate in solid detergent formulations. The most intensive reﬂections of anhydrous
sodium bicarbonate are the 0 2 0 reﬂection at 2H = 18.310j, the 2 2 0 reﬂection at 2H
= 30.125j, the 1 1 1 reﬂection at 2H = 30.420j, and the 1 2 1 reﬂection at 2H =
34.475j. Generally, powder diﬀraction data refer to Cu-Ka radiation. Furthermore,
x-ray powder diﬀraction data can be found in the JCPDS PDF [11] under 15-700 (synNahcolite).
Because carbon dioxide is released by hydrogen carbonate as well as by carbonate under the inﬂuence of acids, the analysis methods are more or less identical. If
both substances are present, hydrogen carbonate can be transferred under partial
release of CO2 into carbonate. A diﬀerentiation is therefore possible by CO2 quantiﬁcation before and after heating to about 260 jC. If there is a diﬀerence, this indicates
hydrogen carbonate and can be used for quantiﬁcation [19].

C. Potassium Carbonate
1. Introduction
Potassium carbonate in the form of potash has been used for centuries in the manufacture of soap [24]. Today, potassium carbonate is used in some Japanese powder
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detergents [2]. Because it is more soluble than sodium carbonate [5], it is used to
improve the solubility of detergents at low temperatures [2]. It is very hygroscopic and
deliquesces by absorbing moisture in damp air [5].

2. Identification and Detection of Potassium Carbonate
XRD [8,9] is the standard tool for identiﬁcation of crystalline potassium carbonate.
The most intensive reﬂections of anhydrous potassium carbonate are the 1 3 0
reﬂection at 2H = 31.635j and the 2 0 0 reﬂection at 2H = 32.090j. Generally,
powder diﬀraction data refer to Cu-Ka radiation. Furthermore, x-ray powder
diﬀraction data can be found in the JCPDS PDF [11] under 16-0820.
If the sample contains only potassium carbonate, the determination procedure
based on carbonate can be applied. If sodium carbonate is also present, the quantiﬁcation is based on the potassium concentration.

3. Determination of Potassium
(a) Atomic Absorption Spectrometry (AAS). When carrying out this determination procedure, it is recommended to remove the silicate when decomposing the
sample. The sample is decomposed by heating with sulfuric acid, nitric acid, and
perchloric acid. Then the silicate is removed by fuming oﬀ with hydroﬂuoric acid.
The residue is taken up by acid (see Scheme 2) (J. Meyer, personal communication,
2001).
To determine the potassium content [25], the sample solution is ﬁltered and
acidiﬁed to a pH value below 2. Then an aqueous cesium chloride solution is added.
The measuring solution is sprayed into the air–acetylene ﬂame and the extinction is
measured at 766 nm wavelength. The evaluation is carried out by means of a
calibration line that was established by measuring aqueous solutions with a diﬀerent,
deﬁned potassium chloride content. A very large surplus of sulfate, phosphate,
sodium, magnesium, and calcium can interfere with this determination.
(b) Atomic Emission Spectrometry (AES). Apart from AAS, it is also possible to
determine potassium by using AES [9]. The sample solution is thereby sprayed into an

SCHEME 2 Determination of potassium content by atomic absorption spectrometry.
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air–acetylene ﬂame and the emission is measured at 766.5 nm [26]. A solution of cesium
chloride, hydrogen chloride, and nitric acid is added to the measuring solution as
ionization buﬀer. The evaluation is carried out by means of a calibration line.
To determine potassium by means of inductively coupled plasma AES [27,28],
the sample solution is ﬁltered and adjusted with nitric acid to a pH value lower
than 2. Potassium emission is measured at 766.490 and 769.90 nm. The evaluation is
carried out by means of a calibration line that was established by measuring calibration solutions of diﬀerent concentrations, or by carrying out a standard addition
process.
An alternative emission-based technique is inductively coupled plasma optical
atomic emission spectrometry (ICP-OES), which is a multielement technique used
plasma for excitation.
(c) Gravimetry. Determination of potassium by gravimetry is based on the precipitation with hexachloroplatinate [24] or tetraphenylborate [24,29,30] in cold, weakly
alkaline medium or cold mineral acid solution [9].
For precipitation in low alkaline solution [30], bromine water is added to the
sample solution and boiled to eliminate interfering inﬂuences by organic components,
until the bromine has been removed. Activated charcoal is added to the solution,
which has been allowed to cool down to ambient temperature, then the solution is
shaken and ﬁltered. An aliquot part is removed from the ﬁltrate, disodium ethylenediaminetetraacetate dihydrate is added, then the solution is made alkaline by addition
of sodium hydroxide solution (indication by phenolphthalein) and boiled. Formaldehyde solution is added and the solution is held alkaline by addition of sodium hydroxide solution and boiled once more. Then sodium tetraphenylborate solution is
added and potassium tetraphenylborate precipitates after cooling down to 20jC. The
precipitate is ﬁltered oﬀ, washed, dried, and weighed.
(d) Titrimetry. When potassium [31] is determined by titrimetry, an interfering
inﬂuence of organic materials is prevented by treating the sample solution with
bromine water and activated charcoal. The solution is made alkaline and boiled to
remove ammonia. Then formaldehyde is added and cooled. To the weakly alkaline
medium is added a surplus of sodium tetraphenylborate solution in the form of an
aqueous standard volumetric solution of sodium tetraphenylborate, sodium hydroxide, and magnesium chloride hexahydrate, and the potassium ions are precipitated.
The solution is brought to boiling point and then cooled down to 20jC. The precipitate
is ﬁltered oﬀ and excess tetraphenylborate is backtitrated with cetyltrimethylammonium bromide solution. Thiazol yellow solution is used as indicator.

D. Summary
Several methods can be used to determine sodium carbonate and sodium hydrogen
carbonate in detergents. Most are based on the development of carbon dioxide by
decomposition of the sample with strong acid, followed by absorption in an alkaline medium, and quantiﬁcation by gravimetric, complexometric, and acidimetric
procedures.
For the quantiﬁcation of potassium carbonate, the potassium content is an
essential parameter that is determined by the standard atomic absorption or emissionbased techniques (AAS/ICP-OES); colorimetric or gravimetric procedures have no
practical importance.
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III. PHOSPHATES
A. Introduction
Sodium tri[poly]phosphate represents the prototype of the multifunctional builder
[2,3,32–36]. It is also designated as pentasodium triphosphate, or only as sodium triphosphate [37], and belongs to a number of phosphate species, from sodium orthophosphate to sodium pyrophosphate (also tetrasodium pyrophosphate or tetrasodium
diphosphate), from sodium tri[poly]phosphate to sodium tetra[poly]phosphate [38],
and higher units that ﬁnd or found application in detergents. Today, sodium orthophosphate is of practically no importance in household detergents [39].
In earlier days, sodium pyrophosphate was used in detergents [40–43] because of
its dispersing and emulsifying eﬀect and because it stabilized persalts, but it also caused
organic deposits on the fabrics [39]. It is used in other products such as toothpaste [44]
or washing-up liquids [3].
Sodium tri[poly]phosphate has a number of good properties [38,41,45,46]. In the
ﬁrst place, there is high complexation ability for calcium and magnesium ions
[1,2,33,34,41,45–53] as well as for heavy metals [34,45,46]. The hardness ions stemming
from tap water and from the soil have to be removed from the washing liquor in order
to prevent the formation of lime soap [49] and incrustations on ﬁbers [45,46], and
heating elements [54]. Softening leads also to an increase in the surfactant eﬀect
[34,42,45,46]; an increase in the wetting speed of surfactants [55] due to sodium
tri[poly]phosphate was also observed. It is also used as a source for alkalinity and has a
buﬀer eﬀect of the pH value in the washing liquor [47,53]. Due to its soil-carrying
ability [43,45,46] pigment soils are dispersed, [2,34,41,47] and thus soil redeposition
[55] is reduced. Sodium tri[poly]phosphate is supposed to achieve disintegration of soil
incrustation on ﬁbers [47] and improved soil separation [2]. All these eﬀects contribute
to washing properties [34,35,38,39,42,43,51,55–58]. It can act as carrier for other
detergent components [47]. However, care has to be taken that suﬃcient sodium
tri[poly]phosphate [35,40,59] is present in the washing liquor because too low a dosage
could lead to precipitation [49] of calcium pyrophosphate [2].
Apart from laundry detergents, sodium tri[poly]phosphate is also used in
washing-up powders and liquids [3,37], as well as in industrial and institutional
detergents and dishwashing agents.
Due to its versatility, tri[poly]phosphate has become considerably important
economically [36,47,60–62]. But the discussion about its eutrophication eﬀect
[1,2,33,34,36,47,63] has led, in many parts of the world, to the development and
introduction of phosphate substitutes [63].

B. Identification and Detection of Phosphates
The following test can give a hint as to the presence of phosphate. The sample is
dissolved in water, nitric acid is added to the sample, and this is boiled until the nitric
acid excess has evaporated. After neutralization with ammonium hydroxide solution,
ammonium molybdate is added and the solution is warmed to 60jC. If phosphate is
present, yellow ammonium phosphomolybdate [15,64] precipitates.
Commercial sodium tri[poly]phosphate often comprises two polymorphous
crystalline penta sodium triphosphate phases [65]; sometimes hexahydrate is also
found. Sodium pyrophosphate and sodium orthophosphate are normally also present
in small amounts, resulting from partial hydrolysis of the tri[poly]phosphate.
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XRD is an excellent tool for the speciﬁc identiﬁcation of sodium tri[poly]phosphate [8,9]. Before measurement, detergents in granular form should be milled or
ground to avoid orientation eﬀects. XRD on the crystal lattice of a chemical substance
shows a characteristic pattern of reﬂections. If a mixture of diﬀerent polymorphous
phases of tri[poly]phosphate is present, the reﬂection patterns of the individual crystal
phases are superimposed on each other. The reﬂection readings are assigned to deﬁned
substances by comparing them with reference diﬀraction patterns of corresponding
pure substances, or adjusting them to databases. For example, the PDF index of the
JCPDS contains the positions of the most intensive reﬂections of many substances
[9,10].
The two most intensive reﬂections of the phase 1 of sodium tri[poly]phosphate
(JCPDS registration no. 10-0179) [11] are the 1 1 1 reﬂection at 2H = 19.830j and the
1 1 3 reﬂection at an angle of 2H = 32.465j. Generally, powder diﬀraction data refer
to Cu-Ka radiation.
Phase 2 of sodium tri[poly]phosphate (JCPDS registration no. 11-0652) [11] is
comprised of the 2 0 2 reﬂection at 2H = 18.830j, the 1 1 1 reﬂection at 2H =
19.390j, the 3 1 3 reﬂection at 2H = 33.300j, the 1 1 5 reﬂection at 2H = 34.135j,
and the 3 1 3 reﬂection at an angle of 2H = 34.580j.
Sodium tri[poly]phosphate hexahydrate (Na5P3O106H2O; JCPDS registration
no. 10-0186) [11] shows four intensive reﬂections: the 0 1 0 reﬂection at 2H = 8.610j,
the 0 1 1 reﬂection at 2H = 14.010j [11], the 2 0 0 reﬂection at 2H = 18.125j, and the
0 2 2 reﬂection at an angle of 2H = 30.520j.
Sodium pyrophosphate (Na4P2O7; JCPDS registration no. 10-0187) [11] shows
four intensive reﬂections: the 2 0 1 reﬂection at 2H = 20.110j, the 0 0 4 reﬂection at
2H = 26.435j [11], the 2 0 4 reﬂection at 2H = 32.720j, and the 0 0 5 reﬂection at an
angle of 2H= 33.190j.
Special processes are used to investigate and make a qualitative analysis of the
residue that is insoluble in ethanol [13], which also yields a certain concentration of the
builder. If an internal standard is used, in addition, it is possible to make a certain
quantitative statement [65].

C. Quantitative Determination of Orthophosphate,
Total Phosphate, and Total Phosphorus
In detergents and cleaning agents, potential sources of phosphorus are sodium
tri[poly]phosphate, pyrophosphate, and orthophosphate, and also phosphonates
and, especially in acidic cleaners, phosphoric acid esters. The P analysis is split,
therefore, in daily routine in the determination of orthophosphate total inorganicbound phosphorous and the total P content (total phosphate) [66–68]. A special task is
the speciﬁc determination of the condensed phosphate species.
Orthophosphate can be determined without further special treatment. The
homogenized sample is dissolved in water; insoluble matter is removed by ﬁltration
through a membrane ﬁlter. In order to avoid hydrolysis of condensed phosphates, the
pH is adjusted to a value between 3 and 10. In this solution, the orthophosphate
content can be determined by a broad spectrum of methods described in the following
sections [66].
For determination of the total phosphate content, the condensed phosphate has
to be transformed into orthophosphates by acidic hydrolysis [13]. Routine procedure
is boiling in the presence of sulfuric acid [66,71] or heating on a steam bath [72,73]. In
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automated phosphate analyzers (e.g., autoanalyzer), the hydrolysis is performed
continuously online in reaction coils or tubes [67,68,74].
Interferences by high silicate content can be eliminated by acidifying, heating,
and ﬁltering oﬀ the precipitated silica [75]. Another method is to boil the sample
solution with hydrochloric acid and activated carbon, then to ﬁlter oﬀ the activated
carbon together with precipitated and adsorbed silicate [69]. This procedure eliminates
also surfactants and other absorbable components.
The determination of the total phosphorus content requires the oxidation of the
organic P-containing ingredients. This can be done by wet incinerating. For example,
sulfuric acid and nitric acid are added to the sample solution, which is then evaporated
and heated until white or brown fumes appear [66]. Nitric acid could be replaced by
sodium nitrate [76] or perchloric acid [69,77] as oxidizing agents. Also, the application
of a combination of nitric acid and hydrochloric or perchloric acid has been described
in the literature [78,87]. For safety reasons, samples should only be decomposed in
aqueous dilution.
The use of peroxodisulfate as oxidizing agent in a high-pressure vessel and
heating in a microwave oven are other possibilities [70]. A further oxidizing decomposition method is to dissolve the detergent sample in water and heat it together with a
potassium persulfate and sodium hydroxide solution [86] in an autoclave.
Alternatively, organic admixtures can be destroyed through melting with
sodium nitrate [91]. To hydrolyze the polyphosphates to orthophosphate, the cooled
melt is several times taken up by concentrated hydrochloric acid, boiled, and
evaporated, and, ﬁnally, the solution is ﬁltered. Interfering silicate can be removed
by adding hydroﬂuoric acid to the sample already containing sulfuric and nitric acid.
The silicates are transformed into the volatile SiF4, which is eliminated by fuming.
Among the numerous decomposition methods [79], also incinerating in a muﬄe
furnace with subsequent treatment of the residue with sulfuric acid and elimination
of carbon as well as silicate in the form of silica [80] by centrifugation, and fusion with
sodium hydroxide [81] have been described.

1. Determination by Optical Atomic Absorption
and Emission Spectrometry
(a) AES. AES [9,85] is an established method for the determination of a broad
spectrum of elements [27,28] and can also be used to determine phosphates (see
Scheme 3). Here, too, the methods are structured toward decomposition of the sample
and conversion of all phosphorus components into orthophosphate. Particle-free
watery sample solutions are always analyzed.
(b) ICP-OES. ICP-OES ﬁnds primarily application for trace element determination due to its excellent sensitivity, but it can also be applied for main
ingredients. In contrast to ICP, the technique has multielement capabilities, which
enables a very economical, parallel determination of a broad spectrum of elements.
Phosphorus is measured at 213.6 nm [86] or 214.3 nm [87]. The phosphate content is
calculated with the help of a calibration curve previously determined by means of
standard samples.
Kawauchi [88] published a method for a nonsolvent determination of a number
of ingredients in detergents, which include phosphate. Together with alkyl benzene
sulfonate, alkyl sulfate, silicate, zeolite, and sulfate, phosphate is precipitated with an
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SCHEME 3 Determination of total phosphorus content by atomic emission spectrometry.

aqueous solution of calcium chloride. In the autoclave, the precipitate is decomposed
in an aqueous nitric acid solution, and, in the resulting solution, the phosphate content
among others is determined by ICP-OES at 213.6 nm. In this approach, the detection
limit is 0.4% by weight in the product.
(c) Flame Emission Spectrometry. Flame emission spectrometry may also be used
for phosphorus analysis. HPO emission is measured at 526.2 nm and the phosphorus
content is determined by a calibration line [89]. Cations (sodium and others)
interfering at the measuring wavelength can be removed with the help of ion
exchange. If the green HPO emission at 528 nm is measured, the ion exchange step
during the sample preparation is not necessary [90].

2. Acidimetry
(a) Visual End-Point Determination. In the acidimetric phosphate, determination
of the sodium hydroxide consumption for the transformation of NaH2PO4 into
Na2HPO4 is measured:
NaH2 PO4 þ NaOH ! Na2 HPO4 þ H2 O
Problems can occur with other ingredients such as silicate or borates, which can
also consume alkali under the titration condition. Some metals such as iron,
aluminum, calcium, and magnesium [83] can also cause trouble by formation of
precipitates. These interfering substances have to be eliminated by appropriate
measures, which can be relatively labor-intensive [82–84]. The end points are indicated
by a mixed indicator consisting of methyl orange, phenolphthalein, thymol blue, and
methylene blue. The titration starts with a pH of 4.3 (indication by methyl orange),
which is adjusted with the help of sodium hydroxide solution. The alkali consumption
is measured until the solution inﬂects to blue at pH 8.8.
(b) Potentiometric Equivalence Point Indication. The equivalence point can also be
indicated potentiometrically with the help of a combined glass electrode. Longman
[98] published a procedure in which, after reaching the ﬁrst equivalence point, silver
nitrate is added and the released nitric acid is titrated:
NaH2 PO4 þ 3 AgNO3 ! Ag3 PO4 þ 2 HNO3
HNO3 þ NaOH ! NaNO3 þ H2 O
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The total phosphate content of the sample is calculated from the consumed
volume of sodium hydroxide solution as phosphorus pentaoxide. The method is not
interfered by silicate or borate. Heavy metals can interfere due to the formation of
insoluble precipitates.
Flow injection analysis (FIA) can also be used for phosphate determination [99].
Alexander published an FIA method for indirect determination. Phosphate is added to
an excess of calcium ions, which form insoluble calcium phosphate. The free calcium is
determined with a calcium ion-selective electrode. An aqueous borate buﬀered sample
solution is injected into the ﬂuid medium of a buﬀer solution comprising calcium
nitrate and disodium tetraborate buﬀer and pumped into a potentiometric ﬂow cell.
The cell is equipped with a calcium ion-selective electrode. The peak heights were
measured and evaluated by means of a calibration line obtained through a multiple
standard addition method.

3. Photometry
For the determination of orthophosphate, photometry ﬁnds widespread application in
routine analysis. The method is precise and relatively robust. Main coloring reagents
are molybdate and molybdate/vanadate.
(a) Molybdenum Blue Method. After reduction with hydrazine or other suited
reagents, orthophosphates form (with molybdate) a blue complex, which is measured
at 820–830 nm. The measurement is performed against a blank test and the total
phosphate content is calculated by means of a calibration curve. Condensed
phosphates have to be hydrolyzed if the total phosphate has to be determined; if
total P will be measured additionally, the organic phosphorus compounds have to be
oxidized (see Scheme 4). Silicate, borate, and other customary detergent and cleaning
agent ingredients are not supposed to interfere [71]. Instead of hydrazine, also an
aqueous solution of metol, sodium sulﬁte, or sodium bisulﬁte [100] may be used.
Photometric measurement can be carried out also at 720 nm wavelength.
The colorimetric phosphate determination can also be performed with an
autoanalyzer. The sample solution is ﬁrst mixed with sulfuric acid and polyphosphates
are hydrolyzed in a heated time-delay coil. In a next step, the solution is passed into a
dialysis unit and orthophosphate and sulfuric acid diﬀuse in a stream of distilled water
directed on the other side of the membrane. This solution then comes into contact with
an aqueous solution of hydrazine sulfate and ammonium molybdate sulfate solution.
After the resulting mixture has passed through a time-delay coil, it is then measured in
a ﬂowthrough photometer [67].
Because of the similarity of the absorption spectra of the silicate–molybdenum
heteropoly complex and the phosphate–molybdenum heteropoly complex, silicate
may cause interference in this photometric determination. On one hand, silicate could
be physically separated during sample preparation; on the other hand, the silicate
complex and the phosphate complex can be diﬀerentiated by time-dependent measurements because the silicate complex is formed more slowly than the phosphate complex.
By adding buﬀer solution with pH 5, silicate is partly removed from the sample
solution as silicic acid. Ammonium heptamolybdate tetrahydrate solution and
aqueous-reducing agent, made up of 1-amino-2-naphtol-4-sulphonic acid, sodium
sulﬁte, or sodium hydrogen sulﬁte, are added after washing with chloroform.
Absorbance at 650 nm is measured time-dependently and the readings are evaluated
[75].

SCHEME 4 Determination of orthophosphate, total phosphate and total phosphorus content by spectrophotometry.
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A low phosphate content (10–200 ppm), besides a lot of silicate, can be
determined by means of extraction in an organic solvent and colorimetric measurement of the extract. The phosphomolybdic acid can be extracted into a suited organic
solvent (e.g., benzene/isobutanol) and then reduced to molybdenum blue and measured [66,72,73,80].
For colorimetric determination of orthophosphate by means of an autoanalyzer
[67], the sample solution is mixed with an aqueous sodium sulfate solution and passed
into a dialysis unit. There the phosphate diﬀuses in a stream of aqueous solution of
sodium bisulﬁte, sodium sulﬁte, and 1-amino-2-naphtol-4-sulfonic acid directed on
the other side of the membrane. The resulting solution is mixed with a sulfuric acid
ammonium molybdate solution. The phosphomolybdic acid is reduced to molybdenum blue and, after the solution has passed through a time-delay coil, it is measured
colorimetrically.
(b) Molybdate/Vanadate Method. A second approach for colorimetric analysis is
the use of ammonium vanadate/molybdate as coloring reagent, which forms with
orthophosphate in strongly acidic solution (about 2.5 N HNO3) a characteristically
yellow-colored phosphate–vanadate–molybdate heteropoly acid complex [69,70,
77,81]. The absorption at 400–450 nm is measured against a blank solution.
This coloration method is also applied in autoanalyzer systems [74]. The
phosphate content is calculated by means of a calibration curve, which was generated
using potassium dihydrogen phosphate as standard. The detection limit for phosphorus-bearing compounds in detergents and cleaning agents should be 0.01% [70].
(c) Antimony Molybdate Method. A mixture of molybdate and antimony ions can
also be used for phosphate coloration. In acidic solution, an antimony–phosphorus
molybdate complex is formed, which yields an intensely colored complex that can be
used as the basis for photometric determination after reduction with ascorbic acid. The
orthophosphate-containing sample solution is adjusted to neutral pH [78] (pH values
3 and 10, respectively) [66] and then ascorbic acid and a sulfuric acid aqueous solution
of ammonium heptamolybdate tetrahydrate and potassium antimonyltartrate are
added [66,78]. Determination of absorption is carried out at 680, 700, and 880 nm,
respectively, against a blank solution.

4. Gravimetry
Orthophosphate can be precipitated as quinoline phosphomolybdate and determined
by gravimetry. For the precipitation process, an aliquot part of the sample solution is
added to an aqueous solution of nitric acid, citric acid, sodium molybdate dihydrate,
and quinoline [77,92], and perhaps acetone [92]; the precipitate sediments in the heat
and is then ﬁltered oﬀ, dried, and weighed. Silicic acid possibly present has to be
ﬁltered oﬀ before the precipitation.
To estimate the tri[poly]phosphate content, a detergent sample [93] is extracted
with 95% ethanol. The insoluble residue is dissolved in water and propanol; an
aqueous hydrochloric acid solution of carbonato bis(ethylenediamine) cobalt (III)
chloride is added; and the pH is adjusted with 1 M sodium hydroxide solution to 2.0–
2.1. After stirring, the precipitate is ﬁltered oﬀ, washed with ethanol, dried, and
weighed.
To determine the total phosphate content, glacial acetic acid and a solution of
magnesium chloride, ammonium chloride, and hydrochloric acid are added to a
hydrochloric acid sample solution, which is made alkaline with ammonium hydroxide

Analysis of Inorganic Detergent Builders

403

[91]. The precipitate is ﬁltered oﬀ, washed, carefully heated to red glow, and weighted
after cooling.

5. Ion Exchange Chromatography
Orthophosphate ions in detergents and cleaning agents can be separated from ions
such as chloride, sulfate, etc. by ion exchange chromatography at a low capacity anion
exchange column [94,96,97]. Detection is achieved by conductivity detection, or,
photometrically after coloration of the phosphate in a postcolumn reaction detector.
The basic applications of this technique were already demonstrated in Chapter 3,
Section IV.B.1 and shall therefore not be further discussed here.
Buldini et al. published a method, which describes the determination of the total
phosphorus content in shampoos, powder, and liquid detergents, as well as dishwashing detergents by means of ion exchange chromatography [95]. The organic
components in the analyte are degraded by oxidative photolysis, whereby hydrogen
peroxide is added to the sample solution and, in a warm environment, exposed to UV
light, and the resulting sample solution was analyzed with an IC instrument equipped
with an anion micromembrane suppressor for reduction of the basis conductivity of
the eluent and a conductivity detector. There is good agreement with the results from
alkaline decomposition by fusion and subsequent molybdenum blue method.

6. Voltammetry
The total phosphate content in detergents can be determined through static and ﬂow
injection voltammetry [101]. A detergent sample is dissolved in water and hydrolyzed
with sulfuric acid to form orthophosphate. An aliquot part of this sample solution is
injected into a ﬂow of eluent of 0.01 M sulfuric acid solution, which is pumped through
a ﬂow cell equipped with, among other things, a glassy carbon electrode. A ﬂow
injection signal is received at +0.15 V, which is then analyzed with the help of a
calibration curve.
Alternatively, total phosphate content can be determined via static voltammetry
[101]. The hydrolyzed sample solution is added to a mixture of ethanol and an aqueous
reagent solution of hydrochloric acid, sodium molybdate dihydrate, and tartaric acid.
A diﬀerential pulse voltammogram is recorded on a glassy carbon electrode and
analyzed by means of a calibration line based on the peak at +0.23 V.

7. X-Ray Fluorescence Spectrometry
The advantage of x-ray ﬂuorescence spectrometry over other analytical methods is
that several elements can be determined in a sample without chemical separation
because the elements diﬀer in their spectra [102–104]. Because the sample is generally
not completely covered by x-rays, but only on the surface, samples have to be designed
in such a way that they present a reproducible surface on a specimen [103]. Content can
be determined in the range of 0.1–100% [103].
For sample preparation, organic components are oxidized and the remaining
components are homogeneously distributed in a glass bead (see Scheme 5). The
process can be carried out gradually, whereby a sample of the detergent is heated in a
radiofrequency furnace unit with a mixture of sodium carbonate, sodium nitrate,
potassium nitrate, and strontium nitrate to 800jC. In a second step, the mixture is
agitated with dilithium tetraborate, and the sample is fused at 950jC and cast to a glass
bead [105]. It is also possible to mix sodium tetraborate with magnesium nitrate
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SCHEME 5 Determination of phosphorus content by x-ray ﬂuorescence spectrometry.

hexahydrate and sodium perborate, to cover this with a layer of sodium tetraborate
[106], to fuse at 1200jC, and to cast the fusion to a glass bead.
By fusing the sample with sodium tetraborate in the ratio of 1:15 and sodium
peroxide at 1300jC, it is possible to decompose by fusion in one step. The crucible is
swirled from time to time. The content is poured into a mould and hardens to form a
glass bead [107].
In another method, a detergent sample is dispersed in water and zeolite is ﬁltered
oﬀ; when an aqueous solution of calcium chloride dihydrate [108] is added, alkylbenzene sulfonate and alkyl sulfate precipitate out of the ﬁltrate as calcium salts [108]. The
ﬁlter containing the phosphate precipitate is dried and analyzed by x-ray ﬂuorescence.
To determine the total phosphorus content, the P-Ka line is measured with a
wavelength-dispersive x-ray ﬂuorescence spectrometer [107]. A chromium x-ray tube
[107] or a rhodium target [108] may be used. The analyzing crystal may be made of germanium [105,108] or pentaerythritol (PET) [107]. To analyze and evaluate the measurements on borate glass beads, the data of calibration samples are applied with sodium
orthophosphate [105], disodium hydrogen phosphate, or pentasodium tri[poly]phosphate to calibration plots [107], which are linear over a wide concentration range in
detergents and cleaning agents. In the ﬁlter method [108], diﬀerent quantities of sodium
tri[poly]phosphate solution are used to determine the calibration plot.

8. Conclusion
Spectrophotometry is an adaptable method for determining phosphate content in
detergents and cleaning agents. The sample preparation can be varied according to the
task whether or not the orthophosphate content, total phosphate content, or total
phosphorus content is to be determined. Determination is choosing by means of the
phosphate–molybdenum heteropoly complex, phosphate–vanadate–molybdenum
heteropoly complex, and phosphate–antimony molybdenum heteropoly complex.
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Particularly for determining low phosphate contents, it is possible to enrich the
complexes in an organic solvent solution and take photometric measurements.
Spectrophotometric determination needs little apparatus. On the other hand, sample
preparation and manipulation of analysis and reagent solutions sometimes cause
considerable expenditure.
AES with ICP is generally an established method for examining aqueous
solutions. Apart from the pretreatment, there is little cost in handling samples.
The essential sample preparation in x-ray ﬂuorescence spectrometry is the
manufacture of the specimen, which can be automated. X-ray ﬂuorescence spectrometry is suited, above all, for routine analysis of a greater number of samples that have
similar or comparable matrix. These advantages stand in contrast to a considerable
expense for the apparatus.
The total phosphate and phosphorus content is often stated as phosphorus
pentoxide (P2O5) because several types of phosphorus-containing species may be
present in detergents and cleaning agents.

D. Separation of Orthophosphate, Diphosphate,
and Polyphosphates
1. HPLC/IC
HPLC/IC using ion exchange columns as stationary phase is today the dominating
routine method for phosphate species determination. Detection is achieved by
conductivity measurement or, more speciﬁcally, by indirect UV (e.g., in a trimesatecontaining eluent), or by direct UV measurement after transformation of the
phosphates in a reaction detector into a suited derivatives [112,113]. The most speciﬁc
modiﬁcation is the on-line hydrolysis to orthophosphate, which is transformed on-line
into the UV-detectable speciﬁc yellow complex with molybdate/vanadate.
Orthophosphate, pyrophosphate, tri[poly]phosphate, and phosphonic acids can
also be detected by postcolumn derivatization with iron(III) nitrate [114]. Here nitric
acid is used as eluent. UV detection of the metal complexes occurs at a wavelength of
330 nm.
In a particular method for determining pyrophosphate in tartar control dentifrice [44], single-column ion chromatography is used, with nitric acid as eluent and an
inverse conductivity detection method.
A special phosphorus-speciﬁc detection system based on photometry is available
for determining polyphosphates and phosphonates in detergents [115]. A detergent
sample is dissolved in water, activated carbon is added, and the mixture is ﬁltered.
After separation, the polyphosphates are hydrolyzed and the phosphonates are
oxidized with nitric acid. Then an aqueous nitric acid solution of ammonium
heptamolybdate and sodium vanadate is added. The phosphate converts to yellow
phosphoro-vanadate molybdenum acid and is photometrically determined at 410 nm.

2. Open Column Ion Exchange Chromatography
The phosphate species can be separated in a semipreparative scale by open column ion
exchange chromatography using anion exchange resin [74,110,111] as stationary
phase. The chromatography is performed with 0.2–2 M potassium chloride solution
in gradient mode [110,111]. The eluent solutions are buﬀered with aqueous potassium
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acetate solution or sodium acetate solution and glacial acetic acid to pH 5 and 4.4,
respectively.
In the separated fractions, the phosphate concentrations are determined colorimetrically after acidic hydrolysis. Due to the chromatographic separation, metasilicate or carbonate [111] does not interfere here. Anionic surfactants are not eluted and
remain on the column even after regeneration. This can be avoided by previous
extractions of the sample with ethanol.

3. Paper Chromatography
Paper chromatography is one of the oldest methods used for separating phosphate
ions [1]. In the course of time, it has been supplemented by thin-layer chromatography
(TLC) and now by ion exchange chromatography.
Diﬀerent phosphate types in detergents and cleaning agents are identiﬁed by
paper chromatographic separation [116] using a mobile solvent of methanol, ammonium hydroxide, trichloroacetic acid, and acetic acid. The substances are colorized by
treatment with a solution of ammonium molybdate in nitric acid followed by
reduction.
A mobile phase comprising methanol, isopropanol, distilled water, ammonium
hydroxide, and trichloroacetic acid can also be used for separation [117]. The various
phosphates are visualized by dipping the paper in sequence into solutions of ferric
chloride in acetone and sulfosalicylic acid, in a mixture of absolute ethanol and
acetone, with each step followed by a drying step. The phosphates are compared to
standards and identiﬁed by their retention factor (Rf values) as colorless areas on a
reddish purple background.
To determine phosphate types quantitatively [116], the phosphate areas are cut
out, and the cellulose is oxidized with perchloric acid, ammonium molybdate solution,
and hydrazine sulfate solution added to the sample. The resulting blue complex is
measured photometrically at a wavelength of 820 nm against a blank solution.
In colorimetric determination according to the Soyenkoﬀ method [117], the
strips of a chromatogram are cut into small pieces, the condensed phosphates are
hydrolyzed by boiling in sulfuric acid, and the solution is drawn oﬀ by a pipette from
the precipitated cellulose. The solutions are mixed with aqueous solutions of ammonium bicarbonate, benzoic acid, succinic acid, gum arabic, nicotinic acid, and 2-pdimethyl aminostyryl quinoline ethosulfate, as well as ammonium molybdate and
sulfuric acid. Absorption of the solutions is determined at 520 nm against a blank
solution and the concentration is calculated by means of a calibration curve.

4. TLC
Glass plates coated with silica gel H can be used to identify orthophosphate,
pyrophosphate, and tri[poly]phosphate in industrial cleaners [118] by TLC. An
aqueous solution of methanol, ammonium hydroxide, and trichloroacetic acid is used
as mobile phase. Detection is achieved by spraying successively diluted ammonium
molybdate solution and hydrochloric acid stannous chloride solution on the developed plate followed by ﬁxing with a vinyl resin spray.
An alternative method is the identiﬁcation and determination of phosphates
with cellulose-covered plates [119] using a mixture of isopropanol, chloroacetic acid,
and ammonium hydroxide with the addition of methanol, dioxane, acetic acid, or
water as mobile phase. The substances are visualized by spraying on an ammonium
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molybdate solution. For quantitative determination, the spots are cut away, the
support material is removed, and the phosphate is determined photometrically by the
molybdenum blue method at 370 nm.

5.

31

P Nuclear Magnetic Resonance Spectroscopy

31

P nuclear magnetic resonance spectroscopy [120] is another method used for the
speciﬁc detection of phosphate and phosphonate species. A sample is dissolved in water,
and measured with phosphoric acid standard and deuterated water as lock substance
[121]. Orthophosphate, pyrophosphate, tri[poly]phosphate, and tri[meta]phosphate
can be identiﬁed speciﬁcally. In the spectrum, orthophosphate, pyrophosphate, and
tri[meta]phosphate form a singlet; the terminal phosphorus nucleus of tri[poly]phosphate forms a doublet; and the centrally located nucleus forms a triplet [121,122]. The
various phases of tri[poly]phosphate and tri[poly]phosphate hexahydrate can be
diﬀerentiated by means of 31P magic angle spinning NMR spectroscopy [122–125].

6. Capillary Isotachophoresis
Orthophosphate, pyrophosphate, and tri[poly]phosphate can be selectively determined by isotachophoresis [109] with a leading electrolyte made up of diluted hydrochloric acid, hydroxy-propyl-methyl cellulose, h-alanine, and a terminating electrolyte
of hexanoic acid. The ions pass through the electric current and can be detected by
conductivity detection. Standard solutions of potassium dihydrogen phosphate,
sodium pyrophosphate, and sodium tri[poly]phosphate are used for identiﬁcation
and quantiﬁcation.
However, this method has practically no relevance in routine analysis of
detergents due to the relatively ‘‘exotic’’ technique, which has gained access only to
a minority of laboratories.

7. Conclusion
Separation of the diﬀerent phosphate types by means of paper chromatography and
TLC and determination of the content by spectrophotometry require only little in the
way of apparatus and have been frequently used in the past. However, when handling
samples, the method proves to be expensive with regard to time and work.
Ion exchange chromatography is the current method of choice for separating
single and higher phosphates. It represents a good compromise between expenditure of
work and expenditure of apparatus.
31
P nuclear magnetic resonance spectroscopy is attractive because of the low
expenditure for sample preparation. It is possible to diﬀerentiate between the various
phosphorus-containing types by their chemical shift. To be able to do this, one does,
however, require a nuclear magnetic resonance spectrometer with a 31P-measuring head.

IV. SILICATES
A. Introduction
Silicates have been used for a long time [126–129] in various forms in detergents and
cleaning agents. The most important component is sodium silicate.
Water glasses are commercially available in solid (amorphous anhydrous
sodium silicate) [129] and liquid form [128,129]. Liquid types can be transformed into
water-soluble powders by spray drying [128,130–134] and granulated types are also
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available [133–136]. Due to their separable water content, they can be seen as hydrous
polysilicates [133,134,137] or hydrated water-soluble silicates [129]. They are vitreous,
without a regular crystal lattice, and x-ray- amorphous; therefore, they are also known
as amorphous silicates.
Because of these variations, no empirical formulae can be deﬁned. Instead, in the
case of sodium silicates, they are characterized by the ratio of SiO2 to Na2O. This is
also deﬁned as the module [3,33,126,129,137,138]. Here the molar ratio is calculated on
molar base, and the weight ratio is calculated on weight basis. For sodium water
glasses, molar ratios from about 1.6 to about 3.75 are usual [126]; for spray-dried
products, molar ratios are from about 2.0 to about 2.6.
Preferably in detergents, the contained type is water glass 2.0. Cogranulates of
amorphous silicates and sodium carbonate [56,130,131,139] are also important for
technical applications.
Sodium orthosilicate, sodium sesquisilicate, sodium metasilicate [2,33,128,140],
and sodium disilicate [129,137] belong to crystalline silicates. The crystalline sodium
silicates that contain even more silicon are of no industrial importance.
Among the other crystalline silicates are phyllosilicates (layered silicates) and
inosilicates, containing silicate chains. Among the better-known sodium layered
silicates are the diﬀerent phases of sodium disilicates. The alpha phase [140–145] is
of no economic importance as yet. Beta sodium disilicate [130,131,140–143,146–152] is
formed when amorphous hydrated sodium disilicate is heated by hydrothermal
treatment of water glass. Best known among sodium layered silicates is SKS-6R,
which mostly comprises the delta phase [2,36,60,130,131,142,153–163] of sodium
disilicate. The sodium potassium disilicates are known to have a crystalline DB-1
phase as detergent builder [164]. Sodium potassium alkaline earth disilicates form
crystalline phases with silicate chain structure and are described as inorganic ion
exchange material for use in detergent compositions. Their composition is according
to the formula xM2O  ySiO2  zMVO, whereby M represents sodium and/or potassium
and MV represents calcium and/or magnesium. Also, in the formula, y/x is 1.4–2.1, z/x
is 0.001–1.0, K/Na in M2O is 0–8.0, and Mg/Ca in MVO is 0–100 [2,165]. Another type
of model provides that in the formula, y/x is 0.5–2.0 and z/x is 0.005–1.0 [2,166].
Bentonites are also crystalline layered silicates [129]. However, their ion exchange capacity is less than that of comparable phyllosilicates. Therefore, they are not
used as builders.
Silicates are applied in liquid laundry detergents [44,128] and household laundry
detergent powders [128]. The latter may also contain sodium layered silicates.
Depending on the molar ratio, silicates are able to supply alkalinity in laundry
detergents. This helps to swell ﬁber and soil, and the soil is more easily removed
[33,128,129,138]. The buﬀer eﬀect of the silicate [134] neutralizes acidic soils [127]. Its
dispersing power makes soil deﬂocculating [134] and soil suspension [134] easier, and
results in less soil redeposition [127,137,138]. Silicate precipitate occurring during
water softening [48,127,134] is easily dispersed [137]. Silicates have a corrosioninhibiting eﬀect on metal [33,127,134,137,138]. Water glass and spray-dried amorphous sodium silicate are used as process auxiliaries [127]. The spray-dried detergent
particles are harder if water glass is added to the spray slurry in the spray tower process
[128], and the surfactant uptake of amorphous silicate powders is better than that of
metasilicate [137]. Besides this, they are easy and safe to handle [127] and favorable to
the environment [127].
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Layered disilicates, spray-dried amorphous silicates [167], and metasilicates are
used in industrial and institutional laundry supplies. In powdery household dishwashing agents, which may contain amorphous spray-dried sodium silicates and
layered disilicates, the compatibility of silicates with chlorine bleaching is an advantage and silicate also protects ﬁne China overglaze [127,137]. Silicate is also used in
liquid dishwashing detergents [3] and institutional and industrial dishwashing detergents [127].
Metal cleaning compounds may also contain silicates because they reduce
interfacial tension in oil–water systems [127]. Silicates are also used together with
emulsifying agents in metal cleaners [128].

B. Identification and Detection of Silicates
A simple qualitative test for silicates is heating the sample with calcium ﬂuoride and
concentrated sulfuric acid in a lead or platinum crucible. The resulting silicon
tetraﬂuoride is hydrolyzed on a dark ﬁlter paper. A white spot indicates the presence
of silicate [168]. In aqueous solutions, soluble silicates can be detected by the formation
of a yellow heteropoly acid [169] after addition of molybdate. Interference is caused by
the simultaneous presence of phosphate and hydrogen peroxide.
Another is the precipitation of glassy colloid precipitate, which does not dissolve
in water and adheres to the side of the beaker points in the presence of silicates [12]. For
this test, a detergent sample (zeolite free) is dissolved in as little water as possible and
heated with a small excess of nitric acid.
X-ray powder diﬀractometry [8,9] can be used to identify metasilicates and
phyllosilicates in detergent samples. However, the method is not suitable for testing
water glass and (x-ray amorphous) spray-dried sodium silicates. The diﬀractograms
can be assigned to chemical substances by comparing them with reference diﬀraction
patterns of corresponding pure substances or adjusting them to available databases,
such as the PDF index of the JCPDS [9,10].
Sodium metasilicate exists in anhydrous form [170] or also in several hydrate
forms [171,172]. It is frequently used in detergents in anhydrous form (as Na2SiO3) or
as pentahydrate (Na2SiO3  5H2O). In particular, anhydrous metasilicate shows an
intensive 1 1 0 reﬂection at an angle of 2H = 29.340j. Generally, powder diﬀraction
data refer to Cu-Ka radiation. Furthermore, x-ray powder diﬀraction data can be
found in the JCPDS PDF [11] under registration no. 16-0818. Sodium metasilicate
pentahydrate shows intensive reﬂections at 2H = 26.680j, 27.130j, and 28.170j.
Furthermore, x-ray powder diﬀraction data can be found in the JCPDS PDF [11]
under registration no. 19-1241.
From the characteristic reﬂections of beta phase sodium disilicate with phyllosilicate structure [141,142,173,174], the most intensive reﬂections are the 2 0 0
reﬂection at 2H = 14.855j, the 0 0 2 reﬂection at 2H = 22.590j, and the 0 2 0
reﬂection at an angle of 2H = 37.010j. Furthermore, x-ray powder diﬀraction data
can be found in the JCPDS PDF [11] under registration no. 29-1261.
From the characteristic reﬂections of delta phase sodium disilicate [142,153–
157], the most important reﬂections are the 2 1 0 reﬂection at 2H = 22.440j, the 0 2 1
reﬂection at 2H = 23.535j, and the 0 0 2 reﬂection at an angle of 2H = 37.080j.
Furthermore, x-ray powder diﬀraction data can be found in the JCPDS PDF [11]
under registration no. 22-1396.
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In special cases, if sodium layered disilicate is present beside amorphous sodium
silicate, x-ray powder diﬀractometry may be the only method for estimating the ratio
of both components. For this, a deﬁned amount of sodium layered disilicate is added
to the detergent sample and examined by x-ray powder diﬀraction. With the help of the
intensity of chosen reﬂections of pure phyllosilicate, the latter’s content in laundry
detergents can be estimated. The amorphous sodium silicate content, through known
or presumed molar ratio, results from the diﬀerence between the separately determined
total silicate content of the sample and the phyllosilicate content (J. Holz, personal
communication, 1995). If zeolite is also present it is possible to determine total silicate
content and total aluminum content of the sample. X-ray powder diﬀraction results in
an independent (estimated) phyllosilicate content. Total silicate content minus the
silicate content of zeolite minus the silicate content of the phyllosilicate gives the
silicate content, which corresponds to amorphous silicate (or water glass). From this,
the active content is calculated on the basis of a known or presumed molar ratio.
The empirical formula of the crystalline DB-1 phase of sodium disilicate is
Na1.8K0.2Si2O5. The XRD pattern diﬀers from that of the delta phase sodium disilicate particularly by a reﬂection at 2H = 22.804j [164]. The most important reﬂections in the XRD pattern of a sodium potassium alkaline earth disilicate phase are
at 2H = 21.920–22.482j and at 2H = 30.916–32.053j [165].
If silicate is to be expected in the detergent after a positive qualitative test but
there is no x-ray powder diﬀraction proof of zeolite, metasilicate, or other crystalline
silicates, this points to the presence of water glass or spray-dried amorphous silicate.
Because the composition of these silicates is very varied, only the balancing of all
contained silicon species and the total water balancing allow a deﬁnition of the type. If
metasilicate is suspected as the sole silicate source, this is especially the case in special
industrial cleaners. XRD will even give an indication of the hydrate form contained,
which enables a balancing based on a deﬁned empirical formula.
If it is obvious that water glass and/or amorphous sodium silicate is present
besides zeolite, the silicate content in the detergent is deﬁned by the diﬀerence between
the total silicate content and the silicate quantity, which corresponds to the zeolite
content. For example, the percentage of recovery for silicate from zeolite lies at over
99% [86] by determination through AES. As a rule, one may assume that zeolite A is the
zeolite form present. Examination by XRD gives clarity in case of doubt.
Finally, it must be borne in mind that laundry detergents, in particular, may
contain not only soluble silicates or sodium layered disilicates but also bentonites.

C. Determination Methods
1. Acidimetry
For acidimetric determination of silicate in detergents, sodium ﬂuoride is added to the
sample solution. The sodium hydroxide, liberated by formation of the complex
ﬂuorosilicate anion, is titrated with acid and methyl orange indicator [175]. The
method can be used for silicate contents above 3% and results in silicon dioxide
concentration.

2. Atomic Spectrometry
Atomic spectrometry [85] is widely used [27,28,102,176] for determining silicate in
aqueous solutions of detergents and cleaning agents. If silicate and also zeolite are
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present, the total silicate content has to be distributed between both species (see
Chapter 3, Section IV).
(a) Inductively Coupled Plasma Atomic Emission (ICP). To enable the element
determination by ICP, a particle-free solution of the sample has to be prepared. This
can be done by heating an aqueous sample solution, which contains potassium
peroxodisulfate and sodium hydroxide as decomposition reagents, in an autoclave
up to 110 jC until all ingredients are decomposed by oxidation and dissolved (about
1 h) for (see Scheme 6). The resulting solution is acidiﬁed with hydrochloric acid, and
silicon and other elements of interest are measured by ICP [86]. The detection limit lies
at 0.1% silicon by weight in the product. The total silicate content can be calculated by
using a calibration plot, which was determined by measuring standard commercial
silicon solutions.
Kawauchi [88] published procedures for the determination of silicates together
with alkylbenzene sulfonate, alkyl sulfate, zeolite, phosphate, and sulfate in detergents and cleaning agents. Phosphate, anionic surfactants, and zeolite are precipitated with an aqueous solution of calcium chloride. The ﬁltrate is decomposed with
an aqueous nitric acid solution in an autoclave for 60 min at 121jC; by means of
ICP-AES, the silicate content among others is determined at 212.412 nm wavelength
in the solution. Zeolite does not interfere as it has been separated during preparation
of the sample.
(b) AAS. The total silicate content in detergents and cleaning agents can also be
determined by AAS [177]. The silicates in aqueous sample dispersion are dissolved with
the help of hydroﬂuoric acid (see Scheme 7). This solution is sprayed by means of an
atomic absorption spectrometer equipped with a silicon hollow cathode lamp into a
nitrous oxide–acetylene ﬂame. The absorption is measured at a wavelength of 251.6
nm. The silicon content of the sample solution is calculated with the help of a
calibration curve, which has been determined by measuring calibration solutions. At
a silicate level of 5% in the detergent, the precision of the method lies at about 0.02%.
(c) X-Ray Fluorescence Spectrometry (see also Chapters 3 and 13). X-ray ﬂuorescence
spectrometry enables the determination of silicate directly in the homogenized sample in
the range of 0.1–100% [102–105,107]. The common sample preparation is the

SCHEME 6 Determination of silicate content by atomic emission spectrometry.
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SCHEME 7 Determination of silicate content by atomic absorption spectrometry.

decomposition in a borate melt and from which a glass bead or lens is formed, which is
analyzed in the XRF instrument.
Kawauchi [108] published a procedure for the rapid determination of soluble
silicate species in detergent samples in which an aliquot of aqueous sample solution is
taken up on a ﬁlter paper and dried, and the ﬁlter paper is then submitted to x-ray
ﬂuorescence measurement. Insoluble silicates are eliminated by ﬁltration of an
aqueous sample dispersion; alkylbenzene sulfonate, alkyl sulfate, and phosphates
are precipitated as insoluble Ca-salts and also ﬁltered oﬀ. The spectrometer Kawauchi
used is equipped with an x-ray tube with rhodium target and a pentaerythritolanalyzing crystal (PET) for measuring the Si-Ka line.

3. Gravimetry
Silicic acid is precipitated when the sodium silicate solution [178] is acidiﬁed with
strong mineral acid. This reaction can be used as a gravimetric method for silicate
determination.
A sample of zeolite-free laundry detergent is extracted with isopropanol [12] or
boiling ethanol (see Scheme 8) [179]. The insoluble residue is dissolved in water. An
aliquot is acidiﬁed with excess nitric acid evaporated to dryness; this process of
dispersing in diluted acid and evaporating to dryness is repeated several times with
hydrochloric acid [12,179,180]. The silicic acid residue is ﬁltered oﬀ, washed, calcined
at 900jC, weighed after cooling, and calculated as silica (SiO2).
Prior to the repeated acid treatment, it is possible to decompose the sample by
fusing with sodium carbonate [181]. A detergent sample is melted with sodium
carbonate [182]. The melt is cooled and taken up by water. Twice in succession,
hydrochloric acid is added and the solution is evaporated to dryness. The resulting
silicic acid is dehydrated by heating to 130jC. The precipitate is dispersed in hydrochloric acid and water, ﬁltered oﬀ, and washed. The ﬁlter and silicic acid are ashed and
weighed after cooling, and the total silicic acid content is calculated as SiO2. Borates
can be removed by evaporating the residue with hydrochloric acid and methanol to
dryness. This step is repeated six times. Borate is still present if the methanol fumes
when they burn with a green ﬂame [183].

4. Ion Exchange Chromatography
Silicate in liquid detergents can be determined by HPLC/IC using an ion exchanger
resin as stationary phase and sodium hydroxide and sodium benzoate as eluent.
Detection is achieved by inverse conductivity measurement [44].
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SCHEME 8 Determination of silicate content by gravimetry.

5. Spectrophotometry
The formation of yellow-colored heteropoly acid [169] with molybdate in acid solution
can be used for spectrophotometric determination of silicate. Interferences by hydrogen peroxide and phosphate are eliminated by reduction of the active oxygen and
addition of tartaric acid, citric acid, or oxalic acid [75].
To determine silicate [184] and metasilicate [13], respectively, in detergents and
cleaning agents in the presence of excess sodium tri[poly]phosphate, the alcoholinsoluble residue of the test sample is fused with soda [184] or a mixture of anhydrous
sodium carbonate and sodium nitrate [185]. The melt is quantitatively dissolved in
water (see Scheme 9) and the total silicate content is determined after acidiﬁcation and
coloration at 400 nm [184] and 420 nm, respectively, against a blank solution [185].
After preparation of a clear aqueous sample solution, silicate determination can
also be performed fully automated by an autoanalyzer [19].

6. Voltammetry
Voltammetry [101] can also be applied for silicate determination in detergents; the
measurement can be performed in static as well as in ﬂow mode. An aliquot part of an
aqueous sample solution is mixed with ethanol and aqueous solution of ammonium
molybdate and sulfuric acid. After 15 min, mannitol solution is added and the
measurement of a diﬀerential pulse voltammogram with a glassy carbon electrode is
performed. The readings are evaluated by means of a calibration plot, which is based
on the peak at +0.28 V. Alternatively, the sample solution can be injected into a ﬂow
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SCHEME 9 Determination of silicate content by spectrophotometry.

of eluent comprising 0.01 M sulfuric acid solution, which is pumped through the ﬂow
cell equipped with a glassy carbon electrode. The signal obtained at +0.15 V is
analyzed and evaluated.

7. Summary
In daily routine, the most powerful tool for silicate determination in detergents is x-ray
ﬂuorescence spectrometry (XFS), which enables a very fast analysis in all types of
matrices but requires a relatively expensive instrumentation. Widespread application
ﬁnds also ICP and AAS; these techniques require particle-free sample solutions, which
can be labor-intensive. The gravimetric analysis is very time-consuming but can be
performed with simple equipment and does not require highly skilled staﬀ. Photometry and voltammetry ﬁnd a more limited application, but which method is the best for
an individual laboratory depends on the conditions given and can only be decided on
by the performing analyst.

V. ZEOLITES
A. Introduction
Zeolite A was developed as a phosphate substitute [34,36,48,63,134,187–200] in the
wake of discussions about phosphates causing the eutrophication of stretches of
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water. The outstanding property of zeolite is that it softens tap water, the hardness of
ions being absorbed in the three-dimensional crystal lattice by ion exchange
[2,3,48,50,51,130,131,134,201–212]. At ﬁrst zeolite was used together with phosphate
[63,207,213,214]. Nowadays, because zeolite naturally does not self-disperse and
cannot activate any large amounts of alkali, it is generally bound into builder systems
comprising zeolite A, soda, polymeric polycarboxylates, and, possibly, citric acid
[32,130,131]. Thus, the desired builder and detergent properties are achieved
[34,36,56]. Besides this, the zeolite surface is supposed to act as adsorbent on oils,
dyes, particulate soils, etc. [126,127,188]. Textile greying [188] and transfer of colorants
[215] are also meant to be inhibited.
In the meantime, the use of zeolite A in detergents is of great economic
signiﬁcance [62,203].
Zeolite P diﬀers from zeolite A through a higher aluminum content. This causes a
diﬀerent crystal lattice [209,216] and a diﬀerent pore geometry [130,131]; the calcium
ions are bound more tightly [130,131]. The zeolite P particles are smaller [130,131],
whereby the uptake of liquid is increased [216]. At the same time, water mobility is less.
There are various terms for zeolite X [203,209,210]: zeolite Na–K X [217] for mixed
sodium potassium forms of zeolite X, zeolite LSX for a low silica faujasite [218], and
zeolite A-LSX for combinations with zeolite A [219]. The latter shows a very good
magnesium-binding capability and has a high surface area for absorbing large
quantities of liquid.

B. Identification of Zeolites
X-ray powder diﬀractometry is the standard tool for the identiﬁcation of zeolites
[8,9].The knowledge of the exact zeolite type is especially important here because the
quantiﬁcation is normally achieved on the basis of aluminum, whose concentration is
species-dependent.
Zeolite A, which has the empirical formula Na12[(AlO2)12(SiO2)12]27H2O
[209,210], stands out for good crystallinity, which manifests itself in intensive
reﬂections in the x-ray powder diﬀractogram. Of the reﬂections that are to be
measured [208,209,220], the most intensive are the 3 1 1 reﬂection at an angle of 2H
= 24.005j, the 3 2 1 reﬂection at 2H = 27.135j, the 4 1 0 reﬂection at 2H = 29.960j,
and the 3 3 2 reﬂection at an angle of 2H = 34.195j. Generally, powder diﬀraction
data refer to Cu-Ka radiation. Furthermore, x-ray powder diﬀraction data can be
found in the JCPDS PDF [11] under registration no. 38-0241.
The empirical formula of zeolite P is Na6[(AlO2)6(SiO2)10]15H2O [209]. Of the
characteristic reﬂections [209], the most intensive are the 1 0 1 and 1 1 0 reﬂections,
respectively, at an angle of 2H = 12.435j; the 2 1 1 and 1 1 2 reﬂections, respectively, at
2H = 21.600j; and the 3 0 1 and 3 1 0 reﬂections, respectively, at an angle of 2H =
28.120j. Furthermore, x-ray powder diﬀraction data can be found in the JCPDS PDF
[11] under registration no. 39-219. In the powder diﬀractogram, zeolite P shows
notably broader reﬂections [216]. In addition, the diﬀractograms diﬀer according to
the ratio of silicon to aluminum [221].
Zeolite X, with the empirical formula Na 86 [(AlO 2 ) 86 (SiO 2 ) 106 ]264H 2 O
[209,210], shows the 1 1 1 reﬂection at 2H = 6.11j [208]. Zeolite A-LSX [219], a
combination of zeolite X and zeolite A, shows four intensive reﬂections at 2H =
6.090j, 23.280j, 26.630j, and 30.920j. The so-called zeolite Na–K X [217] shows very
strong reﬂections at 2H = 23.29j, 24.99j, and 34.90j.
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C. Determination Methods
1. X-Ray Fluorescence Spectrometry (see also Chapters 3 and 13)
With the help of x-ray ﬂuorescence spectrometry and on the basis of aluminum as
marker element [102], zeolites can be determined in detergents in concentrations
V0.1% [103,104].
For the preparation of test samples, the common procedure is, as already
outlined before, fusion (see Scheme 10) [186] of the original homogenized detergent
or alcohol-insoluble matter in a borate glass melt, and formation of a glass lens or
bead, which is introduced into the instrument and measured. Isolation of the insoluble
zeolites from aqueous sample dispersion by ﬁltration and direct measurement on the
ﬁlter paper is also described but plays no signiﬁcant role in routine [106–108].

2. ICP-OES or AAS
ICP-OES [85] is also widely used for aluminum determination in detergents [27,28,
88,102] [176,186] (see Scheme 10). For the measurement, a particle-free solution has to
be generated (see Scheme 11). AAS is also applied for aluminum determination;
sample preparation and data evaluation are performed in the same way as already
outlined before.

3. Infrared Spectroscopy
The IR spectrum of zeolite A shows characteristic absorption bands at 560 and 980
cm1 [222,223]. By a standard addition procedure, the zeolite content can be
quantiﬁed by measuring the intensity of these bands [224]. Appropriate amounts of
0–50% zeolite are added to the detergent sample and the mixture is homogenized. The
IR spectrum is taken up in the region of 400–1500 cm1 and the band intensities at 560
and 990 cm1 are evaluated. From this, one calculates the detergent’s zeolite content.
Reproducibility is very good and the calculation error is F2%.

SCHEME 10 Determination of zeolite content via aluminum content by X-ray ﬂuorescence
spectrometry.
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SCHEME 11 Determination of zeolite content via aluminum content by atomic emission
spectrometry.

4. Ion Exchange Chromatography
The detergent and cleaning agent sample is boiled with diluted nitric acid [225] before
being separated by ion exchange chromatography. A porous microspheral strong
cation exchanger serves as stationary phase; an aqueous sulfuric acid and ammonium
sulfate solution is used as mobile phase. To the eluate, an aqueous solution of
pyrocatechol violet, 1,10-phenanthroline, and hydroxylammonium chloride (the last
two acting as masking reagents for copper and iron) is added as postcolumn reagent
and passed through a reaction coil. The extinction at 580 nm is measured in a ﬂow cell
and the readings are evaluated with the help of a calibration curve.

5. Summary
Zeolites in detergents are mostly quantiﬁed on the basis on the aluminum concentration, which is determined in daily routine primarily by XRF, ICP, or AAS. Other
methods such as photometry and IR spectroscopy may also be applied, but they are of
minor importance in a modern laboratory.
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7
Sequestrants and Chelating Agents
RÜDIGER SPILKER Sasol Germany GmbH, Marl, Germany
PETER HAAS BASF AG, Ludwigshafen, Germany

Aminopolycarboxylates, aminophosphonates, monomeric polycarboxylates, and
polymeric polycarboxylates ﬁnd broad application as sequestering and chelating
ingredients in modern detergent formulations (see Chapter 1, Section II.B). They
eliminate hardeners and/or heavy metal ions by complexation or ion exchange; in
combination with inorganic builders, they act as ion carriers and/or threshold agents
[1]. The alkali salts are not soluble in alcohol; therefore, if a direct determination is not
possible, the alcohol-insoluble matter (see Chapter 2, Section VII) is the appropriate
starting fraction for qualitative and quantitative analyses.

I. ANALYSIS OF MONOMERIC TYPES
A. Aminopolycarboxylates and Aminopolyphosphonates
1. Titrimetric Detection and Unspecific Quantification
Aminopolycarboxylates and aminophosphonates in detergent formulations can be
detected and unspeciﬁcally quantiﬁed by titration with copper (II) sulfate reagent in a
buﬀered solution (typically pH 4.65) (Tables 1 and 2). The equivalence point can be
indicated colorimetrically [2] using 1-(2-pyridylazo)-2-naphthol (PAN) as indicator,
which forms a wine-red complex with free copper (II) ions or potentiometrically with
the help of a copper-sensitive electrode [3,4]. If chelating agents are not contained, the
color formation or a signiﬁcant potential jump occurs immediately after addition of
the ﬁrst drops of titrant.

2. Identification by Thin-Layer Chromatography (TLC)
Pribil and Wesley [5] and Heinerth [6] published TLC methods for the identiﬁcation of
ethylenediaminetetraacetate (EDTA) and nitrilotriacetate (NTA) in detergents. However, a broadly applicable method, which allows a simple identiﬁcation of the whole
spectrum of modern chelating agents, is not yet available.
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TABLE 1 Common Types of Aminopolycarboxylates
Name

Structure

Nitrilotriacetic acid (NTA)

Ethylene diamine tetraacetic
acid (EDTA)
Diethylene triamine
pentaacetic acid (DTPA)

Hydroxyethylethylene diamine
triacetic acid (HEDTA)
Methylglycinediacetic
acid (MGDA)

Ethylene diamine disuccinic
acid (EDDS)
Iminodisuccinic acid (IDS)

3. Analysis by Nuclear Magnetic Resonance (NMR)
NMR spectroscopy enables a highly speciﬁc qualitative and, to some extent, quantitative determination of all common sequestering agents. Applied are 1H, 13C, and 31P
measurements. For a selection of species, the approximate chemical proton shifts and
the assignment of the signals to speciﬁc protons are listed in Table 3.
Obstacles to broad routine applications of this powerful technique are considerable costs due to the requirement for an expensive instrumentation and speciﬁc
know-how, which is normally available only in large specialized laboratories.

4. Identification and Quantification by High-Performance Liquid
Chromatography/Ion Chromatography (HPLC/IC)
In daily routine sequestrant analysis, HPLC/IC is the main workhorse. Krusche [7]
published an HPLC method, which demonstrates the identiﬁcation of nearly all
complexing agents in detergents by HPLC in a single run. In the complex detergent
matrix, a relatively speciﬁc detection of complexing species can be achieved by
postcolumn reaction with iron (III) ions. The resulting complex is measured then at
a wavelength between 310 and 330 nm [8].
Weiss [9] described a method for the analysis of aminopolycarboxylates, which is
suited also for the separation of aminopolyphosphonates. A typical chromatogram
and the corresponding parameters are depicted in Fig. 1.
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TABLE 2 Common Types of Aminopolyphosphonates
Name

Structure

1-Hydroxyethane-1,1diphosphonic acid (HEDP)

2-Phosphonobutane-1,2,4tricarboxylic acid (PBTC)

Triphosphonomethyl
amine (ATMP)
Tetra(phosphonomethyl)
ethylene diamine (EDTP)
Tetra(phosphonomethyl)
hexamethylene diamine
(HDTP)

A low-capacity anion exchanger is used as stationary phase here. The elution
power of the mobile phase nitric acid can be adapted to the speciﬁc task by variation of
the acid concentration (normally in a range between 0.03 and 0.05 mol/L). This system
proved very powerful for the separation of polyvalent anions in general [10–13].
Mahabir-Jagessar Tewari and Stroer-Bieze [14] published in 1997 an HPLC
method for polyaminophosphonate determination in detergents, which applies pulsed
amperometry for detection. A Dionex AG-11 column from Dionex (Sunnyvale, CA)
was used as stationary phase. For elution, a 10–200 mmol NaOH gradient (1 mL/min)
was applied. To prevent the formation of N-oxides, sulﬁte was added to the sample
solution. In order to enable a proper detection with AU electrodes, 0.6 M NaOH was
added in a postcolumn reactor, which raised the sodium hydroxide concentration to a
value >0.300 mmol/L.
Vaeth et al. [15] developed a postcolumn reaction detector, which enables a
speciﬁc determination of phosphorous compounds (Fig. 2).
The P-containing substances are transferred by hydrolysis and/or oxidation into
orthophosphate. After addition of molybdate/vanadate reagent, a yellow complex is
formed, which is measured at 410 nm. By measurement using the oxidation agent, both
the inorganic and organic-bound phosphorous ingredients can be detected, whereas
without the oxidation step, only the determination of inorganic phosphorous is
possible. The P-speciﬁc detection enables an unambiguous determination even in
complex matrices. Especially good results were achieved with EDTA and KClcontaining eluents; retention data for nearly all common commercial phosphonic
acids were described. A typical chromatogram of a phosphonic acid mixture and the
corresponding separation conditions are demonstrated in Fig. 3.
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TABLE 3 Approximate Chemical 1H NMR Proton Shifts and Assignments

Chelant

Proton
assignment

Approximate
chemical shifts
a (ppm) b (ppm)

c (ppm)

Conditions

NTA

3.5 (s)

EDTA

3.1 (s)

2.5 (s)

MGDA

3.1 (s)

1.2 (d)

EDDS

2.5 (d) 3.6 (d, d) 2.9 (m) Tetrasodium
salt in D2O
2.7 (d)

Citric acid

3.1 (d) 2.9 (d)

Trisodium salt
in D2O

2.7 (d) 2.5 (d)

Tetrasodium
salt in D2O

3.3 (q)

Trisodium salt
in D2O

Citric acid in
D2O
Trisodium salt
in D2O

ATMP

3.9 (d)
3.8 (d)

D2O, pH c 1
D2O, pH c 5

HEDP

1.7 (t)

D2O, pH c 1

EDTP

3.3 (d) 4.0 (d)
2.7 (d) 2.9 (d)

D2O, pH c 1
D2O/NaOD,
pH > 12

B. Monomeric Polycarboxylic Acids
Some nitrogen-free monomeric polycarboxylic acids show also good sequestering
abilities [1] (Table 4).
From this component group, so far, only citric acid ﬁnds widespread use in
universal household cleaners and acidic bath cleansers. The analysis of other types will
therefore not be further discussed here.
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FIG. 1 HPLC separation of aminopolycarboxylic acids—chromatogram and separation
conditions. 1 Nitriloacetate (NTA); 2 Ethylenediaminetetraacetate (EDTA); 3 Hydroxyethylethylenediaminetriacetate (HEDTA); 4 Diethylenetriaminepentaacetate (DTPA).

FIG. 2 P-speciﬁc HPLC detection system.
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FIG. 3 HPLC separation of aminopolyphosphonic acids—chromatogram and separation
conditions. 1 Hydroxyethandiphosphonate (HEDP); 2 Aminotrimethylene phosphonate
(ATMP); 3 Ethylenediaminetetramethylenephosphonate (EDMP); 4 Phosphonobutanetricarbonate (PBTC).

TABLE 4 Monomeric Polycarboxylic Acids with Sequestering Abilities
Citric acid

o-Carboxymethyltartronic acid

o-Carboxymethyloxysuccinic acid
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Citric acid or citrates are normally determined directly in the detergent without
preseparation measures. Main methods applied here are unspeciﬁc quantiﬁcation
titration with copper (II) sulfate solution as mentioned already before, highly speciﬁc
and precise determination by enzymatic assays, and analysis by HPLC. A spectroscopic identiﬁcation by NMR and/or infrared spectroscopy (IR) is also possible, but
requires labor prepuriﬁcation measures and is therefore not routinely performed.

1. Enzymatic Citrate Determination
Citrate can be catalytically split by the enzyme citrate lyase into oxaloacetate and
acetate [16]. The oxaloacetate reacts with NADH to form malate and NAD+, which is
quantiﬁed by ultraviolet (UV) measurement at 340 nm.
The highly speciﬁc and sensitive test is easily to perform. Ready-to-use test kits
can be purchased from appropriate providers [17]. The sample has to be diluted with
deionized water in such a way that the citrate concentration is in a range between 0.04
and 0.4 g/L. The pH is adjusted to 8; if necessary, the test sample solution is ﬁltered.
The reagents from the test kit are added to a small aliquot and the mixture is incubated
for 15 min. The extinction is measured then and the concentration is calculated with
the help of data from parallel measured calibration solutions.

2. Determination of Citrate by Liquid Chromatography (LC)
Citric acid determination by LC is a standard method; the corresponding application
notes can be found in the libraries of many manufacturers of LC columns and
equipment. A typical chromatogram and the corresponding separation conditions
for the determination of citrate and gluconate in a weakly alkaline household cleanser
are demonstrated in Fig. 4.
The separation, which was published by Weiss [18], was performed by ion exclusion chromatography. With the help of conductivity measurements in combination with a membrane suppressor, good detection sensitivity can be achieved, but in
most cases, also a UV detector is suﬃcient by using a wavelength of 210 or 215 nm.

FIG. 4 Determination of citrate in a cleaner by HPLC.
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II. POLYMERIC SEQUESTERING AGENTS
Homomeric and copolymeric polycarboxylates ﬁnd widespread use in detergent
powders as threshold agents, or in combination with inorganic builders such as
sodium aluminum silicates, etc. as ion carrier. Common types are listed in Table 5.

A. Analysis
1. Sample Preparation
For polymer analysis, the water-soluble matter has to be prepared from the alcoholinsoluble fraction (see Chapter 1, Section II.B). This operation serves to remove
zeolites and other insoluble matter, which would impede further analysis.

2. Identification
When appropriate reference spectra are available, IR and, in particular, 1H NMR
spectroscopy are valuable tools in detergent analysis because they allow for a rapid
screening of the composition. In the extracts, the more common ingredients are
easily identiﬁed, which is helpful for planning further steps of an analysis. Polycarboxylates are more diﬃcult to identify; there may be interferences, especially when the
alcohol-soluble matter has not been very carefully separated. Problems may also arise
when the polymer content of the sample is low. In these cases, it is advisable to isolate

TABLE 5 Common Polymeric Sequestering Agents
Polymer
Poly(acrylic acid) (PAA)

Poly(maleic acid) (PMA)

Poly(acrylic acid-co-maleic acid)
(PAA/PMA)

Poly(maleic acid-co-methyl
vinyl ether)

Structure
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the polymer ﬁrst. Then, one may record the spectrum again or apply diﬀerent
techniques in order to obtain the desired structural information. If the polymer type
is unknown, the spectra may give indications of its structure, but rarely allow for a
reliable identiﬁcation. In this case, an isolation of the polymer for further characterization is indispensable.
The 1H NMR spectrum of the water-soluble fraction of a heavy-duty detergent
powder containing citrate, some cellulose derivatives, and a poly(acrylic acid) (PAA)
salt is shown in Fig. 5. The two broad signals at around 1.4 ppm (methylene groups)
and 2.0 ppm (methine groups with neighboring methylene groups) are characteristical of poly(acrylic acid) salt. The presence of a copolymer of acrylic and maleic acid
is indicated by a third ‘‘hump,’’ which appears at about 2.4 ppm (methine groups
with neighboring methine groups), overlapping with the citrate signals. The chemical
shifts will vary when the pH value is changed, but the signal patterns remain nearly
the same.
Useful information can also be obtained by means of pyrolysis gas chromatography coupled to mass spectrometry (pyrolysis GC/MS) [19], especially when refer-

FIG. 5

1

H NMR spectrum of the water-soluble fraction of a heavy-duty detergent.
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ence data on the decomposition products of common raw materials are available. 13C
NMR and IR spectra, however, are not of great help as long as the polymer has
not been puriﬁed. They certainly are characteristical, but they are also very complex
and nearly impossible to interpret unambiguously when the sample is a mixture of
more or less unknown ingredients.

3. Isolation and Quantification
A summary of methods suitable to prepare small amounts of pure polycarboxylates
from water-soluble matter has been given by Krusche [20]. Before giving a brief
outline of the procedures and principles they are based on, it has to be noted that
only dialysis and ultraﬁltration can be generally applied. The other methods were
tested only with the more common polycarboxylates, namely, PAA and acrylic acid/
maleic acid copolymers (PAA/PMA). Nonetheless, they will likely work satisfactorily if the polarity of the polycarboxylate in question does not markedly diﬀer from
that of PAA, as is the case when it does contain neither strongly polar functional
groups nor a considerable fraction of hydrophobic residues. It is advisable to get a
general idea of the sample composition before deciding on the procedure to apply.
This is preferably accomplished by means of 1H NMR spectroscopy because the
spectrum is relatively easy to interpret and also often allows for identifying the type of
polycarboxylate present. Some spectroscopic technique is also needed to accompany
the clean-up procedures. There is no other means to conﬁrm the success of the
puriﬁcation step.
(a) Puriﬁcation by Dialysis or Ultraﬁltration. Dialysis and ultraﬁltration are based
exclusively on size exclusion and, therefore, are the most widely applicable of the
techniques discussed in this section. The experimental set-up basically consists of a cell
that is ﬁlled with a relatively concentrated sample solution and a porous membrane
(impermeable for high-molecular-weight components) that separates this cell from a
channel through which pure solvent is pumped at a constant low ﬂow rate. Ultraﬁltration is a further development of dialysis, which uses stacked membranes instead of a
single one.
Due to the permanent solvent ﬂow, concentration gradients across the membrane are kept up, which force sample components to diﬀuse into the recipient. The
polymers, however, are retained because they cannot pass through the membrane.
Consequently, the quality of the separation essentially depends on the mean pore size
of the membrane. Hui et al. [21] used a size exclusion limit of 2000 Da for retaining
polycarboxylates. For a proper choice, not only the mean molecular weight of the
polymer concerned but also its polydispersity have to be taken into account. In
general, these parameters will have to be estimated from worst-case assumptions
because the properties of the polymer to be isolated are not known in advance.
Both dialysis and ultraﬁltration easily allow for preparing some hundred milligrams of pure polymers, which is more than suﬃcient for a further detailed characterization. On the other hand, they are very time-consuming: the whole procedure can
take up to a few days. Another disadvantage is that the polycarboxylates cannot be
separated from other high-molecular-weight components. Carbohydrate derivatives
can be destroyed in advance by boiling the sample in 10% (wt/wt) hydrochloric acid
for about 2 h [22,23]. However, there may be other interferences present, which are
more diﬃcult to eliminate. In such cases, a further clean-up by extraction or size
exclusion chromatography (SEC) may be necessary.
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(b) Preparation by Size Exclusion Chromatography. This method has been described in detail by Krusche et al. [24]. The water-soluble fraction is ﬁrst separated on a
short analytical column with an upper size exclusion limit of 40,000 Da [as speciﬁed
by calibration with a series of poly(ethylene glycol) standards] using a phosphatecontaining mixture of methanol and water as the mobile phase. Under these conditions, polycarboxylates are totally excluded from the pores of the stationary phase
and, therefore, elute as a sharp peak at the lower exclusion volume (Fig. 6).
This fraction is collected and transferred to a preparative column packed with
a Sephadex stationary phase from Acros (Geel, Belgium), where it is separated from
phosphate and the remaining interferences in an aqueous mobile phase with a low
KBr content. The polymer fraction collected from this column is very pure: the
polycarboxylate content of the sample is obtained from the dry mass, after correction for KBr originating from the mobile phase.
The method allows for easily preparing fairly large amounts of pure polycarboxylates and is less time-consuming than dialysis. Separation on the ﬁrst column is
very fast: it only takes a couple of minutes, which makes it helpful for quickly conﬁrming whether a polycarboxylate is present in a sample or not. If the identity of
the polymer is already known and an appropriate reference standard is available, it
can also be used for direct quantiﬁcation. However, this should be restricted to samples with largely known composition because there are a few possible interferences

FIG. 6 SEC chromatogram of a polymeric polycarboxylate.
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that are not easily recognized. When the separation is monitored simultaneously by
UV absorbance (k = 205 nm) and refractive index (RI) detection, the risk of a
misinterpretation is minimized but by no means eliminated.
The mobile phase used with the ﬁrst column is tailored for separation from other
polymers: its methanol content is low enough to dissolve polycarboxylates, but too
high for more polar polymers, such as enzymes or cellulose derivatives, to dissolve to
an extent large enough to seriously inﬂuence the analysis. Some dye transfer inhibitors
easily dissolve in the mobile phase, too, but are somewhat retained on the stationary
phase under the conditions applied. This selectivity, however, may impose problems
when a polymer is concerned, whose polarity markedly diﬀers from that of PAA or
PAA/PMA, ranging from low recovery (due to restricted solubility in the mobile
phase) to a loss of resolution. Unfortunately, the separation is diﬃcult to optimize
because the chromatographic behavior of polyelectrolytes is not easily predicted:
overall retention is governed by sorption, ion exchange, ion exclusion, and size
exclusion mechanisms, and all these sensitively depend on the composition of the
mobile phase [25–27].
(c) Extraction of Free Polymeric Acids and Clean-Up by Ion Exchange. Free polycarboxylic acids are soluble in ethanol and, therefore, can be easily separated from
other ingredients by extraction. To obtain the free acids, the water-soluble matter is
dried and then extracted with dilute ethanolic hydrochloric acid and dried again. This
extract is relatively clean: apart from the free polycarboxylic acid, low-molecularweight organic acids, and traces of inorganic salts, it may only contain dye transfer
inhibitors. Other polymers do not interfere because they are not soluble in ethanol. For
clean-up, the extract is passed in ethanolic solution through appropriately conditioned
cation and anion exchange columns. Under these conditions, the polycarboxylic acid
is excluded from the pores of the resin and appears in the nonretained fraction [20],
whereas all other components are retained. Due to strong interactions with the resin
that usually consists of a cross-linked polystyrene, the dye transfer inhibitors may even
become irreversibly adsorbed. The ﬂuate is collected, dried, and weighed out to give
the polycarboxylate content of the initial sample.
This method is fast and selective, but the extraction is diﬃcult to perform and
requires some experimental skill. Moreover, its high selectivity may become an
obstacle when polycarboxylates with additional hydrophobic or strongly polar
functional groups are present: the former may not pass the ion exchange columns
without retention, whereas the latter may not be soluble in ethanol.

4. Further Characterization
Apart from its structure (i.e., the chemical identity of the monomers), mean molecular weight and (when there are diﬀerent monomers) weight fraction have to be known
to unambiguously identify the type of polycarboxylate. Additionally, some physicochemical and functional properties such as charge density and calcium-binding
performance may have to be determined. A treatment of these techniques is outside
the scope of this volume. Polyelectrolyte titration [28,29], which may be used for
measuring charge densities, has to be mentioned here because it can also be used
for quantiﬁcation when no other polymers are present and the salt content of the
sample is suﬃciently low, although this is generally not the case with detergent samples. A summary of methods for determining functional properties can be found in
Ref. 30.
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(a) Structural Identiﬁcation. Pyrolysis GC/MS is the method of choice for structural analysis of polycarboxylates. Above a certain temperature, carbon–carbon
bonds in the polymer backbone are cleaved and characteristical decomposition
products are formed [20,31]. After cryotrapping on the head of a capillary column,
these are separated by GC and identiﬁed by means of mass spectrometry. In order
to prevent decarboxylation, which would result in much less characteristical pyrolysis products, free polycarboxylic acids and their salts have to be esteriﬁed ﬁrst. This
can be accomplished either on-line, by adding a methylation reagent to the sample
to be pyrolyzed, or oﬀ-line, by reaction with HCl/methanol or BF3/n-butanol [20].
The oﬀ-line procedure may be preferable when mean molecular weights have to be
determined as well. Appropriate reaction conditions can be found in textbooks on
organic chemistry.
The 13C NMR and IR spectra of polycarboxylates are very characteristical, but
due to their complexity, they are diﬃcult to interpret when no additional structural
information is available. When appropriate reference spectra of commercial raw
materials are available, however, the comparison always allows an unequivocal
identiﬁcation [30].
(b) Monomer Ratios. Monomer ratios can be determined by either 1H NMR or IR.
The feasibility of the analysis depends on whether one of these spectra displays at least
one characteristic signal for every monomer. As an example, the 1H NMR spectrum of
a PAA/PMA copolymer shows separate signals for the maleic acid and acrylic acid
methine protons. The molar ratio is obtained by simply calculating the integral ratio.
This measurement has to be carried out on a puriﬁed polymer in order to minimize
interferences, but there is still a signiﬁcant overlap of the polymer-related signals
themselves. Therefore, the precision of the method is rather low. However, it is still
suﬃcient to unambiguously identify the raw materials because there are only a few
distinctly diﬀerent compositions of each copolymer commercially available.
A somewhat more inventive method for determining the monomer ratio of PAA/
PMA copolymers has been described by Krusche [20]. A small amount of the
polycarboxylate is mixed with a few drops of concentrated hydrochloric acid and
heated for 2 h at 160 jC. Thereby, neighboring carboxyl groups are converted into
anhydrides and can be distinguished from remaining carboxylic acid groups by means
of IR. The molar ratio of maleic and acrylic acid is obtained from the signal intensities,
after calibration with mixtures of PAA and PMA.
13
C NMR spectra almost never meet the abovementioned requirement. For a
quantitative analysis, however, they are of limited use: signal intensities strongly depend on the chemical environment of the 13C nuclei, which makes a quantitative evaluation very diﬃcult.
(c) Mean Molecular Weights. The most widely used technique for determining the
molecular weight distribution of polycarboxylates is SEC. Both separations in aqueous and organic mobile phases have been described in the literature. In common
SEC practice, separations in organic mobile phases are preferred because of their
superior reproducibility. However, to make them soluble in typical organic SEC solvents, the polycarboxylates have to be esteriﬁed, which will increase their mean
molecular weight.
For molecular weight calibration commercially available pullulan standards are
mainly used.
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If absolute values only are obtained, SEC has to be coupled to a low-angle lightscattering detector.
The absolute average mean molecular weight can also be determined by means of
membrane osmometry [32].
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8
Analysis of Bleaching Agents
and Bleaching Accelerators
MARTINA HIRSCHEN Clariant GmbH, Frankfurt, Germany

I. BLEACHING SYSTEMS IN DETERGENTS
The introduction of hypochlorite bleach in the early 19th century was a great progress
compared to the lawn bleach. However, overdosage of this reactive compound can
result to ﬁber damage. The development of cotton fabrics and high-quality coloring
lead in the beginning of the 20th century to the search for gentler bleaching agents. The
result was sodium perborate, which was ﬁrst used in 1907 as bleach component in
household products. Since then, perborate is the preferred bleaching agent in most of
the European countries. In America and Asia, the hypochlorite bleach is still dominant
because of diﬀerent washing conditions, e.g., lower temperatures and shorter wash
cycles. Bleaching systems are nowadays commonly used in laundry detergents, stain
removers, automatic dishwashing detergents, toilet cleansers, and denture cleansers.
Liquid, water-based detergents for household use, with exception of disinfectants, do
usually not contain bleaching systems. Bleaching systems can be expected in liquid
detergents for industrial and institutional use.
In Western Europe, more than 90% of all bleaching systems are activated oxygen
bleaches. Heavy-duty detergent powders except for color versions usually contain
bleaching systems based on an inorganic persalt such as sodium perborate tetrahydrate, sodium perborate monohydrate, or sodium percarbonate in combination with a
bleach activator (Table 1).
Perborate is only an eﬀective bleaching agent at temperatures above 90jC. The
development of bleach activators in the 1970s signiﬁcantly reduced the temperature at
which perborate is eﬀective. Mixtures of perborate and activator react at temperatures
between 40jC and 60jC. These activators are mainly reactive esters, anhydrides, or
diamides that react with hydrogen peroxide to release organic peracids. Only the
following compounds have gained importance as activators [1–5].
Tetraacetylethylenediamine (TAED) (Fig. 1). This compound is now the only
signiﬁcant peroxide activator in use throughout Europe, mainly because of its good
bleach performance, chemical stability, good ecological properties, and a compatibility with most other detergent ingredients [1,2]. The peracetic acid formed by the
439
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TABLE 1 Typical Compositions of the Bleach System of Powder Formulations in Western
Europe

Heavy duty powder
regular
Heavy duty powder
compact
Heavy duty detergent
tablets
Stain remover without
activation system
Stain remover with
activation system
Automatic dishwashing
powder
Automatic dishwashing
tablets
Denture cleanser

% PB*1

% PB*4

% PC

% else

% TAED

—

5–20

—

—

1–4

10–15

8–20

10–20

—

2–6

12–14

—

10–20

—

2–6

—

—

40–100

—

—

—

—

25–60

—

5–15

3–10

—

—

—

1–3

9–12

—

—

—

1–3

10–30

—

—

20–40
KMPS

1–3

PB*1: perborate monohydrate; PB*4: perborate tetrahydrate; PC: percarbonate; KMPS: potassium
monopersulfate.

reaction with perborate or percarbonate is characterized by excellent reactivity for
hydrophilic soil and is particularly suitable for removing tea, red wine, or fruit stains
[6].
Nonanoyloxybenzenesulfonate (NOBS) (Fig. 2). This perborate accelerator is
particularly suitable for use at low washing temperatures and detergent concentrations. It gives a superior bleach performance over TAED at low temperatures,
although equivalence is reached at temperatures above 40jC [1]. Nonanoyloxybenzenesulfonate has become accepted as a bleach precursor in the United States and
Japan in the last decade. The spectrum of the pernonanoic acid formed from NOBS is
chieﬂy aimed at hydrophobic problem soils. Oil- and grease-containing stains are very
eﬀectively removed [2,6].

FIG. 1 N,N,NV,NV-tetraacetylethylenediamine (TAED).
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FIG. 2 Nonanoyloxybenzenesulfonate (NOBS).

Nitriles (Fig. 3) can be regarded as bleach activators without a leaving group. A
highly reactive peroxyimidic acid is formed by the addition of hydrogen peroxide to
the triple bond of the nitrile. Like the peroxycarboxylic acids, they transfer an oxygen
atom to the soil during the bleaching process [6].
Pentaacetylglucose (PAG) (Fig. 4). Manufacturing and potential storage problems prevented commercial exploitation [1].
Tetraacetylglycoluril (TAGU) (Fig. 5). This is an eﬀective bleaching agent, but
cost and possible biodegradation problems have prevented its wider commercial
exploitation [1].
Diacetyldioxohexahydrotriazine (DADHT) (Fig. 6). For reasons similar to
TAGU, this compound also has not been widely developed [1].
Today the development is going to the use of metal complexes as bleach
catalysts. Bleach activators can be thought of as oxygen transfer agents, transferring
the active oxygen from peroxide to the stain via a peracid. Usually, not more than two
molar equivalents of active oxygen can be transferred by each bleach activator
molecule, which is why these activators are used at around the 5% level. A catalytic
oxygen transfer agent can be expected to be eﬀective at much lower levels and to oﬀer
potential cost performance beneﬁts. Early catalysts were based on free metal ions such
as cobalt, manganese, and iron. However, the presence of uncomplexed metal ions
usually leads to unproductive decomposition of hydrogen peroxide. Therefore metal
ions were ﬁrst formulated in combination with standard sequestering agents and later
complexed with ligand systems [4].
A crucial breakthrough in terms of bleaching activity came with manganese
complexes with triazacylononane ligands (MnTACN) (Fig. 7). These were ﬁrst used in
European detergents in 1994 but had to been withdrawn from the market because of
their color- and ﬁber-damaging action [7]. At present, MnTACN is solely used in
dishwasher detergents.

A. Reaction Mechanisms
Dissolved in aqueous medium, sodium perborate is hydrolyzed, producing hydrogen
peroxide and sodium borate (Fig. 8). Sodium percarbonate dissolves to release

FIG. 3 Nitriles.
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FIG. 4 Pentaacetylglucose (PAG).

hydrogen peroxide. Since all laundry waters are alkaline, hydrogen peroxide dissociates to generate the perhydroxyl anion OOH [4]. To achieve good bleaching results
with nonactivated persalt bleach, pH 11–12 and temperatures above 80jC are
necessary [3].
The mechanism of the so-called activated bleaching system is complex and
includes at least two reaction steps [3]. In the ﬁrst step, the perhydroxyl anion reacts
with the ester or amide binding of the activator and forms an organic peracid (Fig. 9).
This perhydrolysis is at pH 10–11 nearly independent of the temperature and is
ﬁnished within a few minutes at 25jC. The second step is the formation of active
oxygen, which is yet not completely understood.

II. STABILITY OF BLEACHING AGENTS
Humidity and heavy-metal ions catalyze the decomposition of bleaching agents.
Sodium perborate, which is a true persalt, has the advantage of being inherently more
stable than sodium percarbonate, which is an adduct of hydrogen peroxide and
sodium carbonate. To achieve a satisfactory shelf life, sodium percarbonate requires
more protection in granular form than sodium perborate. On the other hand, it has the
advantage of releasing its hydrogen peroxide as fast as sodium perborate monohydrate
[4]. Bleach activators may undergo hydrolysis. Additionally, the released peracid may
hydrolyze to its carboxylic analog and may also decompose through a free radical.
Therefore an eﬀective activator must react preferentially with the perhydroxyl anion to
release a stable peracid and in addition must not form signiﬁcant quantities of diacyl
peroxide [4].

FIG. 5 Tetraacetylglycoluril (TAGU).
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FIG. 6 Diacetyldioxohexahydrotriazine (DADHT).

III. GENERAL
Samples should be kept in a refrigerator (liquid samples) or in a freezer (powder
samples) to slow down decomposition processes of the bleach system. Powder samples
should be divided with a sample divider into homogenous portions. Before analyzing
the bleach system, the sample should be ground or milled. It is important to analyze the
sample immediately after grinding or milling because the bleach system is sensitive to
decomposition after the coating is destroyed. Already 1 h after grinding or milling,
signiﬁcant amounts of the persalt and the activator could be disintegrated.
A qualitative test can be applied to check whether a sample contains bleach:
A test sample portion is dissolved or diluted in water. A spatula-tipfull potassium
iodide is added. This solution is acidiﬁed with 20% sulfuric acid. The appearance of a
brown color indicates the presence of bleach. For better visualization, starch indicator
can be added. In that case, a blue color indicates the presence of bleach.
Figure 10 shows the systematic analytical identiﬁcation and determination of the
bleach system in a typical European laundry detergent or automatic dishwashing
detergent.
Figure 11 shows the systematic analytical identiﬁcation and determination of the
bleach system in liquid detergent and cleanser formulations.

IV. ANALYSIS OF PERSALTS
A. Perborate and Percarbonate
1. Structure
Sodium perborate may be considered as a solid form of hydrogen peroxide, because
when it is dissolved in water, it dissociates into sodium metaborate and free hydrogen
peroxide. There are two hydrated forms of sodium perborate, the mono- and the
tetrahydrate. The generally accepted structural formulas of both are shown in Fig. 12

FIG. 7 MnTACN.
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FIG. 8 Reaction mechanism of perborate.

[1,8]. The tetrahydrate contains theoretically 10.4% active oxygen and the monohydrate 16.0% active oxygen. The active oxygen contents of commercially available
products are at least 10.0% for the tetrahydrate and 15.3% for the monohydrate [9,10].
Sodium percarbonate is an addition compound of hydrogen peroxide and
sodium carbonate, having the formula Na2CO31.5 H2O2. In solution, it yields a
minimum of 13.5% active oxygen [11].

2. Application Fields
Sodium perborate tetrahydrate is usually formulated in conventional heavy-duty
detergent powders and automatic dishwashing powders. Sodium perborate monohydrate, which dissolves considerably faster than sodium perborate tetrahydrate, and
sodium percarbonate are widely used in compact heavy-duty detergent powders, in
heavy-duty detergent tablets, and in automatic dishwashing tablets. Further ﬁelds of
application are powder formulations with bleaching eﬀect, e.g., stain removers, toilet
cleansers, and denture cleansers.

3. Identification and Quantification
The content of active oxygen is usually determined with titrimetric methods and
calculated as sodium perborate tetrahydrate and monohydrate, respectively. The
diﬀerentiation between tetrahydrate and monohydrate can be done with the help of
their diﬀerent solubilities. Perborate monohydrate dissolves nearly quantitatively
within 2 min at 10jC while perborate tetrahydrate remains nearly totally undissolved
under these conditions. The active oxygen, which is titrated after 2 min of stirring at
10jC, corresponds to perborate monohydrate. The active oxygen after stirring at 20–
25jC represents the total sum of perborate monohydrate and perborate tetrahydrate.
To diﬀerentiate between perborate and percarbonate, qualitative boron detection can be carried out. In a porcelain dish, approximately 1 g of the sample is

FIG. 9 Reaction mechanism of perhydrolysis.

FIG. 10 Systematic chemical analysis of powder samples. 1: Identiﬁcation can also be done with H-NMR spectrum of ethanol extract.

FIG. 11 Systematic chemical analysis of liquid samples. 1: Identiﬁcation can also be done with H-NMR spectrum of ethanol extract.
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FIG. 12 Sodium perborate.

moistened with sulfuric acid (c = 18 mol/L). After the addition of methanol, the
solution is ignited with the help of a Bunsen burner. A green ﬂame indicates the
presence of boron [12,13].
Procedure: Titration of active oxygen with potassium permanganate [12–15].
The method can be applied in the presence of up to 1% of ethylene diamine
tetraacetate (EDTA) or similar sequestering agents. Bismuth nitrate forms complexes
with the sequestering agents and manganese sulfate acts as catalyst. The method is not
applicable when other substances, which react with permanganate are present.
Reaction mechanism of permanganate titration:
þ
2þ
5 H2 O2 þ 2 MnO
þ 5 O2 z þ 8 H2 O
4 þ 6 H ! 2 Mn

Reagents: Bismuth- and manganese-salt containing sulfuric acid: dissolve 2 g
Bi(NO3)3  5 H2O and 4 g MnSO4  H2O in 1 L of 5 mol/L H2SO4, 0.02 mol/L (0.1 n)
KMnO4 standard volumetric solution.
Dissolve 10 g sample in 1 L, 35–40jC warm water and stir vigorously for 3 min.
Add 50 mL of the bismuth- and manganese-salt containing sulfuric acid into a 500-mL
Erlenmeyer ﬂask and titrate with the potassium permanganate standard volumetric
solution until a slightly pink color remains. Add 100.0 mL of the sample solution and
titrate with the potassium permanganate standard volumetric solution until the pink
color remains for at least 15 sec. In the case that the end point is not sharp, the titration
should be repeated in the presence of 1 g aluminum sulfate-18-hydrate. The content of
active oxygen is calculated according to the following formula:
wðactive oxygenÞ ¼

V  c  16  2:5  10  100 V  c  40
¼
m  1000
m

where V is the volume of potassium permanganate standard volumetric solution in
mL, c is the concentration of potassium permanganate standard volumetric solution in
mol/L, 16 is the molecular weight of active oxygen in g/mol, 2.5 is the stoichiometric
factor, 10 is the aliquot factor, and m is the sample weight in grams.
Procedure: Iodometric titration of active oxygen [12,13,15].
Because of the lower redox potential of iodine/iodide, this method can be applied
in the presence of sequestering agents such as EDTA or similar agents.
Reaction mechanism of iodometric titration:
H 2 O 2 þ 2 I þ 2 H þ ! I2 þ 2 H 2 O
I2 þ 2 Na2 S2 O3 ! 2 NaI þ Na2 S4 O6
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Reagents: Ammonium molybdate, 0.1 mol/L sodium thiosulfate standard
volumetric solution, potassium iodide, 20% sulfuric acid, starch indicator (add 1 g
starch to 100 mL boiling water and boil for a few minutes, let cool to room
temperature).
Dissolve 10 g sample in 1 L, 35–40jC warm water and stir vigorously for 3 min.
Take a 100-mL aliquot and add 1 spatula-tipfull ammonium molybdate. Add 25 mL of
20% sulfuric acid and 1 g potassium iodide. Let the solution stand in the dark for 5 min
and subsequently titrate with 0.1 mol/L sodium thiosulfate standard volumetric
solution until the brown color of the solution starts to fade. Add approximately 1
mL starch indicator and continue the titration until the blue color disappears. The
content of active oxygen is calculated according to the following formula:
wðactive oxygenÞ ¼

V  c  16  0:5  10  100 V  c  8
¼
m  1000
m

where V is the volume of sodium thiosulfate standard volumetric solution in mL, c
is the concentration of sodium thiosulfate standard volumetric solution in mol/L, 16
is the molecular weight of active oxygen in g/mol, 0.5 is the stoichiometric factor, 10 is
the aliquot factor, and m is the sample weight in grams.
Procedure: Cerimetric titration of active oxygen [12,16].
Reaction mechanism of the cerimetric titration:
2 Ce4þ þ H2 O2 ! 2 Ce3þ þ O2 z þ 2 Hþ
Reagents: 0.1 mol/L cerium(IV) sulfate standard volumetric solution in 0.05
mol/L sulfuric acid, 5% sulfuric acid, cracked ice, and Ferroin indicator solution.
Dissolve 10 g sample in 1 L, 35–40jC warm water, and stir vigorously for 3 min.
Take a 100-mL aliquot and transfer it in an Erlenmeyer ﬂask, which contains 150 mL
of 5% sulfuric acid and suﬃcient cracked ice to maintain a temperature of 0jC to
10jC. Add three drops Ferroin indicator solution. Titrate with 0.1 mol/L cerium(IV)
sulfate standard volumetric solution to the disappearance of the salmon color of the
indicator. The content of active oxygen is calculated according to the following
formula:
wðactive oxygenÞ ¼

V  c  16  0:5  10  100 V  c  8
¼
m  1000
m

where V is the volume of cerium(IV) sulfate standard volumetric solution in mL, c is the
concentration of cerium(IV) sulfate standard volumetric solution in mol/L, 16 is the molecular weight of active oxygen in g/mol, 0.5 is the stoichiometric factor, 10 is the
aliquot factor, and m is the sample weight in grams.

B. Other Persalts
1. CaroatR
Caroat is a triple salt consisting of potassium monopersulfate (KHSO5), potassium
hydrogen sulfate (KHSO4), and potassium sulfate (K2SO4). The content of active
oxygen is at least 4.5% [17]. The oxidation strength of potassium monopersulfate is
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similar to potassium permanganate. Important application ﬁelds of CaroatR are in
denture cleansers. Usually, these products contain a combination of CaroatR and
sodium perborate monohydrate. CaroatR is also used in acid toilet cleansers.
Because of the high oxidation potential, titration with potassium permanganate
is not possible. CaroatR can be iodometrically titrated in sulfuric acid solution. To
diﬀerentiate between CaroatR and perborate in a mixture, an additional titration of
the sample with potassium permanganate, where only the perborate is titrated, can be
carried out [17].

V. ANALYSIS OF BLEACH ACTIVATORS
A. N,N,N V,N V-Tetraacetylethylenediamine (TAED)
1. Structure and Reaction Mechanism
The leading bleach activator in European laundry for the last 20 years has been TAED
(Fig. 13).
The hydrogen peroxide from the dissolution of the persalt (perborate and
percarbonate, respectively) and the TAED rapidly reacts to form peracetic acid and
diacetylethylenediamine (DiAED). This reaction step is called perhydrolysis and takes
place at the initial pH of the wash liquor of about pH 10–11 (Fig. 9). The mechanism of
the formation of the active oxygen is yet not completely understood. Optimized bleach
results are gained at pH 8–10 and at temperatures above 50 ˚ C.

2. Application Fields
In Western Europe, TAED is at present the sole bleach activator that is incorporated
in laundry detergents and automatic dishwashing detergents for household use.
Further ﬁelds of application are bleach boosters, especially stain removers, laundry
detergents for special purposes, e.g., for curtains, toilet cleansers, and denture
cleansers.

3. Identification and Quantification
There are numerous methods to determine the TAED content of detergent samples. It
has to be noticed that TAED decomposes into diacetylethylenediamine (DiAED)
during ethanol extraction of powder formulations. Therefore the identiﬁcation and
quantiﬁcation has to be carefully performed in the original sample. Tetraacetylethylenediamine is poorly soluble in water. It is rapidly soluble in organic solvents, e.g.,

FIG. 13 N,N,NV,NV-tetraacetylethylenediamine (TAED).
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FIG. 14 Thin-layer chromatogram of a mixture of bleach activators.

FIG. 15

1

H-NMR spectrum of TAED in CDCl3.
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acetonitrile, acetone, ethyl acetate, methylene chloride, or chloroform. Identiﬁcation
of the bleach activator in detergent samples can be done with thin layer chromatography (TLC). 1H-NMR and IR spectrum of the ethanol extract of a detergent powder
give useful information on the presence of TAED. Quantitative determination of
TAED in detergent samples can be done via titration of the released peracetic acid,
HPLC, or gas chromatography.
Procedure: Identiﬁcation of tetraacetylethylenediamine and other bleach activators with TLC.
Reagents: Acetonitrile, chloroform, methanol, silica gel 60 plate.
Weigh approximately 3 g of the detergent sample in a 100-mL measuring ﬂask
and make to volume with acetonitrile. Treat the solution for at least 10 min in an
ultrasonic bath and allow the undissolved particles to settle. Take the clear supernatant and apply 10 lL on a silica gel 60 plate. Apply solutions of reference substances in
the concentration of 1 mg/mL. Develop the plate 10 cm with the eluent chloroform/
methanol/water = 90:10:1 (v/v/v) and let it subsequently dry under a fume hood.
Detect the bleach activators under UV light (200 nm). The method is applicable to
TAED and its hydrolysis products triacetylethylenediamine (TriAED) and diacetylethylenediamine (DiAED) as well as to the activators nonanoyloxybenzenesulfonate
(NOBS), diacetyldioxohexahydrotriazine (DADHT), and tetraacetylglycoluril
(TAGU) (Fig. 14).
Procedure: Identiﬁcation of TAED with 1H-NMR spectrum and infrared
spectrum.
Typical 1H-NMR and IR spectra of TAED are shown in Figs. 15 and 16. It has
to be noted that after ethanol extraction of a powder detergent TAED has undergone
hydrolysis to diacetylethylenediamine (DiAED). A typical 1H-NMR spectrum of an
ethanol extract of a heavy-duty detergent tablet that contains TAED is shown in
Fig. 17.
Procedure: Titrimetric determination of TAED content.
In aqueous solution at pH 10–11, TAED quantitatively reacts into peracetic acid
within 15–20 min at 20 ˚ C. At 20 ˚ C and when heavy metals are absent, the formed
peracetic acid is stable for at least 1 h. The peracetic acid can be iodometrically titrated

FIG. 16 Infrared spectrum of TAED.
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FIG. 17

1

H-NMR spectrum of the ethanol extract of a heavy-duty detergent tablet.

in slightly acid solution. The reaction of hydrogen peroxide formed from perborate is
usually negligible under the given conditions.
Reaction mechanism:
TAED þ 2 HOO ! 2 CH3 COOO þ DiAED
2 CH3 COOO þ 4 I þ 4 Hþ ! 2 CH3 COO þ 2 I2 þ 2 H2 O
2 I2 þ 4 Na2 S2 O3 ! 4 NaI þ 2 Na2 S4 O6
Reagents: Ammonium molybdate, 0.01 mol/L sodium thiosulfate standard
volumetric solution, potassium iodide solution (10 g potassium iodide in 100 mL
water), starch indicator (add 1 g starch to 100 mL boiling water and boil for a few
minutes, let cool to room temperature), acetic acid (approximately 20% v/v in water),
crushed ice.
Into a 2000-mL beaker, 1-L water at 20jC is added. Five to ten grams of the
ground powder sample are added into the water under stirring. The solution is stirred
for 15 min. After the undissolved particles have settled, a 50-mL aliquot is taken and
transferred into an Erlenmeyer ﬂask, which contains 150 g crushed ice and 5 mL acetic
acid. Subsequently, 5 mL potassium iodide solution is added and the speedy titration
with 0.01 mol/L thiosulfate standard volumetric solution is started. When the color of
the solution has changed into pale yellow, 1–2 mL starch indicator is added. The
titration is continued until the blue color disappears. The reappearance of the blue
color after a few minutes is because of the reaction of hydrogen peroxide. The titration
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is repeated until two following titrations give the same result. The TAED content is
calculated according to the following formula:
wðTAEDÞ ¼

V  c  20  228  0:25  100
m  1000

where V is the volume of sodium thiosulfate standard volumetric solution in mL, c is
the concentration of sodium thiosulfate standard volumetric solution in mol/L, 228 is
the molecular weight of TAED in g/mol, 0.25 is the stoichiometric factor, 20 is the
aliquot factor, and m is the sample weight in grams.
Procedure: Alternative titration method [18].
The following method is based on the fact that in acid solution, no reaction of
TAED and hydrogen peroxide takes place and that, therefore, a longer stirring time
can be applied to dissolve the poorly water-soluble TAED completely. After dissolution of the TAED, the solution is adjusted to an alkaline pH to form the peracetic acid
followed by destroying the excess hydrogen peroxide with catalase and subsequent
iodometric titration of the peracetic acid.
Reagents: 0.1 mol/L sodium thiosulfate standard volumetric solution, potassium
iodide solution (20 g potassium iodide in 100 mL water), starch indicator (add 1 g
starch to 100 mL boiling water and boil for a few minutes, let cool to room
temperature), 20% phosphoric acid, 10% sulfuric acid, 1 mol/L sodium hydroxide
solution, catalase (enzyme from bovine liver, solution with approximately 200,000 EU
per milliliter).
A preliminary test is carried out to determine the quantity of phosphoric acid to
maintain a stable pH 3.5–4.5 of the solution of 10 g detergent sample. Ten grams of
detergent sample is then weighed and dissolved in 80 mL water containing enough
phosphoric acid to maintain the pH between 3.5 and 4.5. The solution is stirred for 30
min, quantitatively transferred into a 1-L measuring ﬂask, diluted to the mark with
water, and stirred. Two hundred milliliters of the solution is pipetted under stirring
and transferred into a 600-mL beaker. pH is adjusted to pH 10.5 with 1 mol/L sodium
hydroxide solution. The solution is exactly stirred for 4 min (stopwatch control). Then,
20 mL of a 0.2% catalase solution are added and the solution is again stirred exactly
for 4 min (stopwatch control). Subsequently, 20 mL sulfuric acid and 20 mL potassium
iodide solution are added. The solution is titrated with 0.1 mol/L sodium thiosulfate
standard volumetric solution, using starch indicator. The ﬁrst disappearance of the
blue color indicates the end point. The TAED content is calculated according to the
following formula:
wðTAEDÞ ¼

V  c  5  228  0:25  100
m  1000

where V is the volume of sodium thiosulfate standard volumetric solution in mL, c is
the concentration of sodium thiosulfate standard volumetric solution in mol/L, 228 is
the molecular weight of TAED in g/mol, 0.25 is the stoichiometric factor, 5 is the
aliquot factor, and m is the sample weight in grams.
Procedure: Liquid chromatographic determination of TAED content [19].
Reagents: Acetone, acetonitrile, 25% ammonium hydroxide solution, TAED
reference substance. Eluent: 200 mL acetonitrile and 0.7 mL ammonium hydroxide
(25%) are added in a 1-L measuring ﬂask, which is subsequently ﬁlled to the mark with
water.
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Ten grams of the freshly ground sample are immediately weighed into a 100-mL
measuring ﬂask and ﬁlled to the mark with acetone. The solution is stirred for 10 min
on a magnetic stirrer. After a settling time of 30 min, 5 mL of this solution is pipetted
into a 500-mL measuring ﬂask and ﬁlled to the mark with distilled water. This solution
is analyzed under the following HPLC conditions: 12-min isocratic elution on a RP-18
column (250  4 mm ID, 10 Am) with a ﬂow of 1 mL/min, UV detection at 215 nm, 25
AL injection volume. The retention time of TAED is approximately 8.5 min under the
given conditions. The possible hydrolysis and perhydrolysis products TriAED and
DiAED, are eluted earlier and can be identiﬁed with the help of appropriate reference
substances.
Procedure: Gas chromatographic determination of TAED content.
Reagents: Acetonitrile, TAED reference substance, methyl stearate, internal
standard solution (approximately 1.3 g methyl stearate in 500 mL acetonitrile).
Approximately 1 g of the ground sample is immediately weighed into a 25-mL
measuring ﬂask and 20 mL internal standard solution are added. The ﬂask is treated in
an ultrasonic bath for 30 min. Afterwards, the solution is ﬁltered through a 0.45-Am
membrane ﬁlter and 1 AL is injected into the gas chromatograph with the following
chromatographic conditions. Stationary phase: 95% dimethyl-/5% diphenyl polysiloxane, 30 m  0.32 mm ID, 0.25-Am ﬁlm thickness; injector (split 1:50): 250jC,
detector (FID): 300jC, carrier gas: helium (3 mL/min); oven: 150jC, with 10jC/min to
220jC, with 15jC/min to 300jC, hold 5 min. The retention time of TAED is
approximately 4 min and that of the internal standard is approximately 8 min under
the given conditions (Fig. 18). The hydrolysis product TriAED can be determined with
the same GC method while DiAED elutes with tailing because of its basic character.

FIG. 18 Gas chromatogram of TAED.
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FIG. 19 Nonanoyloxybenzenesulfonate.

B. Nonanoyloxybenzenesulfonate (NOBS)
1. Structure and Reaction Mechanism
The perhydrolysis of NOBS (Fig. 19) comprises the formation of pernonanoic acid
and hydroxybenzenesulfonate (Fig. 20). An important side reaction is the nucleophilic
attack of the formed pernonanoic acid anion to a yet unreacted NOBS molecule. This
produces di-n-nonanoyl peroxide, which is a second active bleach agent and can provide impressive bleaching beneﬁts on diﬀerent stain types than pernonanoic acid [20].

2. Application Fields
At present, NOBS is used as bleach activator in laundry detergents in America and
Japan. Because of the structure of the pernonanoic acid, it is aimed mainly for
removing hydrophobic soils such as oil- and grease-containing stains.

3. Identification and Quantification
Nonanoyloxybenzenesulfonate hydrolyzes to nonanoic acid sodium salt and hydroxybenzenesulfonate in alkaline solution. Therefore the identiﬁcation and quantiﬁcation
has to be carefully carried out in the original sample.
Nonanoyloxybenzenesulfonate is soluble in water and alcohol. Identiﬁcation of
the bleach activator in detergent samples can be done with thin layer chromatography.
The method is the same as described for the identiﬁcation of TAED.
Identiﬁcation of NOBS in an ethanol extract of a powder detergent is also
possible. It has to be noticed that during ethanol extraction, NOBS may partly or
completely hydrolyze into hydroxybenzenesulfonate sodium salt and nonanoic acid
sodium salt. Typical 1H-NMR spectra of NOBS and the hydrolysis product hydroxybenzenesulfonate are shown in Figs. 21 and 22.
Procedure: Liquid chromatographic determination of NOBS content.

FIG. 20 Perhydrolysis of NOBS.
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FIG. 21

1

FIG. 22

1

H-NMR spectrum of NOBS in D2O.

H-NMR spectrum of hydroxybenzenesulfonate sodium salt in D2O.
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Reagents: 0.5 mol/L sulfuric acid, acetonitrile, ammonium dihydrogen phosphate;
eluent A: 0.005 mol/L ammonium dihydrogen phosphate in water/acetonitrile = 95/5 v/v;
eluent B: water/acetonitrile = 5/95 v/v. One hundred ﬁfty milliliters of 0.5 mol/L
sulfuric acid are placed into a 200-mL measuring ﬂask. Four grams of the ground
detergent are slowly added under stirring. The ﬂask is ﬁlled to the mark with 0.5 mol/L
sulfuric acid. The solution is ﬁltered through a 0.45-Am membrane ﬁlter and 25 AL are
chromatographically analyzed on a RP-18 column (250  4.6 mm ID, 5 Am) with
gradient elution at a ﬂow rate of 1.5 mL/min. Gradient: 0 min 0% B, 10 min 35% B, 20
min 100% B, 30 min 100% B, 32 min 0% B, 40 min 0% B. Detection is done with an UV
detector at 260 nm. The retention time of NOBS is approximately 28 min under the
given conditions (Fig. 23).

C. Phthalimidoperoxycaproic Acid (PAP)
1. Structure and Reaction Mechanism
Preformed peracids can be delivered to a laundry solution without the use of a bleach
activator. They are potentially more weight eﬃcient than bleach activators, are
immediately available for bleaching, and, in theory, require no peroxide source [4].
The peroxide group, which is part of the molecule, is the active agent for the bleaching
eﬀect. The main problems of organic peracids are storage stability and safe handling.
One of these bleaching agents, which has gained minor commercial importance, is
phthalimidoperoxycaproic acid (PAP) (Fig. 24).

FIG. 23 HPLC chromatogram of NOBS.
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FIG. 24 Phthalimidoperoxycaproic acid (PAP).

2. Application Fields
Phthalimidoperoxycaproic acid can be incorporated in heavy-duty powder and in
aqueous weakly acidic high-density liquid formulations. It is active between pH 4 and
10 with an optimum at pH 8–10. The optimum stability is given at pH 3–6. The main
advantage of PAP compared to the conventional activated bleach system is its activity
in the temperature range from 20jC to 40jC [21]. At present, only formulations on
Italian market are expected to contain PAP.

3. Identification and Quantification
At pH > 10, PAP hydrolyzes into phthalimidocaproic acid (PAP) and hydrogen
peroxide. Another possible reaction is the opening of the ring to phthaloylamino
percaproic acid. Therefore the identiﬁcation and quantiﬁcation has to be carefully
carried out in the original sample. Phthalimidoperoxycaproic is not soluble in water
above pH 7. It is soluble in alcohols, ethers, esters, and chlorinated hydrocarbons.
Quantitative determination in detergent samples can be done with titration
according to the following reaction mechanism:
R  COOO þ 2 I þ 2 Hþ ! R  COO þ I2 þ H2 O
I2 þ 2 Na2 S2 O3 ! 2 I þ Na2 S4 O6
Procedure: Iodometric titration of PAP content.
Reagents: Methylene chloride, glacial acetic acid, 20% potassium iodide solution in water (dissolve 20 g potassium iodide in 100 mL water), starch indicator (dissolve 1 g starch in 100 mL boiling water and let cool to room temperature), 0.1 mol/L
sodium thiosulfate standard volumetric solution, nitrogen.
Forty milliliters of methylene chloride and 60 mL glacial acetic acid are added
into a iodine ﬂask and sparged with nitrogen. An appropriate amount of sample is
added into the ﬂask, which is stoppered immediately and is dissolved under swirling.
Twenty milliliters of potassium iodide solution are added under maintaining a
nitrogen stream over the solution. The ﬂask is stoppered and allowed to stand in the
dark for 10 min. After diluting the solution with 100 mL deaerated distilled water, 1
mL starch solution is added and the solution is titrated with 0.1 mol/L sodium
thiosulfate standard volumetric solution until the blue color disappears. The PAP
content is calculated according to the following formula:
wðTAEDÞ ¼

V  c  277  0:5  100
m  1000

where V is the volume of sodium thiosulfate standard volumetric solution in mL, c is
the concentration of sodium thiosulfate standard volumetric solution in mol/L, 277 is
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the molecular weight of PAP in g/mol, 0.5 is the stoichiometric factor, and m is the
sample weight in grams.

D. Others
Other bleach activators with minor relevance are alkanoyloxybenzenesulfonates with
diﬀerent C chains than NOBS, e.g., lauroyloxybenzenesulfonate (LOBS), for which
the same methods as for NOBS can be applied, or pentaacetylglucose (PAG).
A gas chromatographic method for the determination of a- and h-PAG in
detergent formulations is described [22].
Procedure: 10 g detergent powder are weighed into a 250-mL beaker, 100 mL
ethyl acetate are added, and the sample solution is stirred 15–20 min on a magnetic
stirrer at nearly 40jC. After settling of the undissolved particles, a 50-mL aliquot is
taken and analyzed with gas chromatography after addition of internal standard.
Stationary phase: 0.05–0.1 Am neopentylglycol succinate (NPGS) liquid phase in a
15 m  0.3 mm ID glass column; injector (split 1:100–1:200): 250jC, detector (FID):
250jC, carrier gas: hydrogen (3 mL/min), oven: 200–205jC isotherm.
A liquid chromatographic method for the determination of TAED and PAG in
heavy-duty detergents is described as well [23].
Procedure: Sample preparation for samples containing PAG: 5 g homogenized
detergent powder are weighed in a 250-mL beaker. After addition of 50 mL ethyl
acetate, the sample solution is stirred for 10 min at 30–40jC. A 1-mL aliquot is taken
after settling of the undissolved particles and evaporated to dryness under a slow steam
of nitrogen. The residue is dissolved in 5 mL HPLC eluent and injected into the HPLC
instrument.
Sample preparation for samples containing TAED is similar to that described
for PAG with following exceptions: The extraction is done with 100 mL ethyl acetate;
the residue after evaporation is dissolved in 10 mL HPLC eluent; and this solution is
diluted 1:25 with HPLC eluent.
HPLC conditions: eluent: water/acetonitrile = 50:50 to 65:53 (isocratically)
depending on column performance, pH 4, adjusted with phosphoric acid; ﬂow rate
1 mL/min; injection volume: 20 AL; detector: UV, 214 nm.

E. Nitriles
Nitriles are a relatively new class of bleach activators (Fig. 25).
Nitriles can be regarded as bleach activators without a leaving group. A highly
reactive peroxyimidic acid is formed by addition of hydrogen peroxide to the triple
bond of the nitrile (Fig. 26). Like the peroxycarboxylic acids, they transfer an oxygen
atom to the soil during the bleaching process [6,24]. Open-chain nitrile quats are an
interesting class of volume-eﬃcient, low-temperature bleach activators. Other nitrile

FIG. 25 Nitriles.
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FIG. 26 Perhydrolyis of nitriles.

derivatives are not suitable for use in detergents either because of inadequate bleaching
performance, color-damaging properties, or toxicological properties [6].
Because the use of these bleach activators is up to now very limited, no speciﬁc
analytical methods are available. Titration methods for the determination of the
released active oxygen can be applied. It has to be noticed that the stability of the
formed peroxyimidic acid is very low because of its high reactivity. An extrapolation of
the function of peroxyimidic acid concentration versus time back to zero time is
necessary. Ion chromatography with conductivity detection may be applicable too.

VI. ANALYSIS OF BLEACH CATALYSTS
A. Structure
Metal complexes, which are highly eﬀective even in the ppm range, are called bleach
catalysts. Only MnTACN (Fig. 7) is used at present.

B. Application Fields
At present, the metal complexes are only used in automatic dishwashing detergents
because of their high potential of ﬁber damage.

C. Identification and Quantification
There is no direct identiﬁcation method available. The absence of a bleach activator in
a modern automatic dishwashing detergent gives a hint for the presence of a bleach
catalyst. Because no other sources of manganese are contained in such formulations, a
quantitative analysis of the bleach catalyst can be done by determining manganese in
the ppm range via atomic absorption spectrometry or inductively coupled plasma
mass spectrometry.

VII. OTHER BLEACHING AGENTS
A. Hydrogen Peroxide
Hydrogen peroxide has been used for many years in numerous products as well as in
technical and chemical processes. The main ﬁeld of application is cellulose and paper
bleaching followed by chemical industry [25]. Until 1997, no aqueous liquid detergent
formulation on the market contained hydrogen peroxide. This situation changed in
1997 with the introduction of liquid bleach boosters containing hydrogen peroxide.
Stabilization of hydrogen peroxide in these products is achieved by an acidic pH,
which is known to slow down peroxide decomposition. Stabilization of hydrogen
peroxide in alkaline detergent formulation can be achieved through careful seques-
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tration methods and choice of surfactants and hydrotrope systems [4]. The bleaching
mechanism of hydrogen peroxide is still under discussion. There is general acceptance
that it acts by destructively oxidizing the colored organic molecules involved [26]. One
view today is that the active bleaching species is the perhydroxyl anion, which acts via
the ionic mechanism of nucleophilic attack on electrophilic centers, such as alkene
groups [4].
The main application ﬁelds for hydrogen peroxide in detergents are liquid
formulations, e.g., disinfectant cleaners, toilet cleansers, and pretreatment laundry
products. The reduced eﬃcacy at lower temperatures is one signiﬁcant disadvantage of
hydrogen peroxide for the use in today’s laundry applications.
The reaction of hydrogen peroxide with dichromate to the deep-blue-colored
chromium(VI) peroxide can be used as qualitative test [12]:
In a test tube, a diluted solution of potassium dichromate is acidiﬁed with
sulfuric acid and covered with a layer of diethyl ether. After cooling, the solution in ice
water the test sample solution is carefully poured along the wall of the test tube, which
is hold at an angle, into the potassium dichromate solution. A deep blue ring at the
phase interface indicates the presence of hydrogen peroxide. The blue color can be
extracted into the diethyl ether phase.
The quantitative determination of hydrogen peroxide can be done titrimetrically
in the same way as described for perborate and percarbonate (see Section IV.A.3). The
molecular weight used for calculation is 34 g/mol.

B. Sodium Hypochlorite
In America and Asia, sodium hypochlorite is the dominating bleaching agent in
laundry detergent products. Other ﬁelds of application are disinfectant cleaners and
toilet cleansers. Sodium hypochlorite is used in alkaline liquid products. Acidiﬁcation
of the formulations leads to the release of chlorine. The quantitative determination can
be done via iodometric titration of the active chlorine as described in Section IV.A.3
with the modiﬁcation that ﬁrst the potassium iodide and subsequently the sulfuric acid
is added [13]. This succession of reagent addition avoids losses of activity because of
the release of chlorine. The molecular weight used for calculation is 35.5 g/mol for
active chlorine and 74.5 g/mol for sodium hypochlorite, respectively.
Reaction mechanism:
NaOCl þ 2 I þ 2 Hþ ! Cl þ I2 þ H2 O
I2 þ 2 Na2 S2 O3 ! 2 NaI þ Na2 S4 O6

C. Isocyanurates and Cyanuric Acid
The sodium salts of dichloroisocyanuric acid and trichloroisocyanuric acid are used as
disinfectants in toilet bowl cleansers and as algaecides, fungicides, and bacteriostats in
swimming pools because of their capacity to convert into cyanuric acid and hypochlorite in solution [13,27]. The titrimetric determination of chlorocyanurics in toilet
bowl cleansers can be done in the same way as described for hypochlorite [13]. Highperformance liquid chromatographic methods for the determination of cyanuric acid
in swimming pool waters using phenyl columns and porous graphitic carbon are
described [27].
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VIII. DETERMINATION OF PEROXYCARBOXYLIC ACIDS IN THE
PRESENCE OF HYDROGEN PEROXIDE
As bleach activators have found their way into detergents, the need for analytical
methods capable of monitoring peroxycarboxylic acids in the presence of a large excess
of hydrogen peroxide has emerged. The levels to be detected are in the low millimolar
range and occur in the rather complex matrix of detergent solution, comprising
surfactants, builders, enzymes, and various other components.
Peracetic acetic acid is a widely used disinfectant in the food and beverage
industry and a bleaching agent for textile and paper. Peracetic acid is produced by
reacting acetic acid and hydrogen peroxide in the presence of sulfuric acid as catalyst
[28]. Therefore peracetic acid solutions always contain signiﬁcant amounts of hydrogen peroxide as a residue or equilibrium concentration.

A. Titrimetric Methods
For the determination of peroxycarboxylic acid in the presence of hydrogen peroxide,
a two-step titration method can be used. First, the hydrogen peroxide is consumed by
addition of cerium(IV) sulfate solution and the peracetic acid is titrated iodometrically
[16]. This titration is carried out in strongly acidic solution in which the hydrogen
peroxide and peroxycarboxylic acid tend to come to equilibrium, so that there is the
possibility of the composition of the solution changing during the determination [29].
An alternative method therefore utilizes the much greater reactivity of iodide with
peroxycarboxylic acids than with hydrogen peroxide [29].
Procedure: Cerimetric titration of hydrogen peroxide followed by iodometric
titration of peroxycarboxylic acid [16].
Reagents: 0.1 mol/L cerium(IV) sulfate standard volumetric solution in 0.05
mol/L sulfuric acid, 10% potassium iodide solution in water, 0.1 mol/L sodium
thiosulfate standard volumetric solution, Ferroin indicator, starch indicator, 5%
sulfuric acid.
The sample of peroxycarboxylic acid is accurately weighed and placed in a 500mL Erlenmeyer ﬂask containing 150 mL of 5% sulfuric acid and suﬃcient cracked ice
to maintain a temperature of 0–10jC. Three drops of Ferroin indicator are added and
the ﬂask contents are titrated with 0.1 mol/L cerium(IV) sulfate standard volumetric
solution to the disappearance of the salmon color of the indicator. Ten milliliters of the
potassium iodide solution are then added and the liberated iodine is titrated with 0.1
mol/L sodium thiosulfate standard volumetric solution. Starch indicator is added near
the end point and the titration is continued until the blue color disappears.
Calculations are done according to the following formulas:
wðhydrogen peroxideÞ ¼

V1  c1  34  0:5  100
m  1000

wðperoxycarboxylic acidÞ ¼

V2  c2  M  0:5  100
m  1000

where V1 is the volume of cerium(IV) sulfate standard volumetric solution in mL, c1 is
the concentration of cerium(IV) sulfate standard volumetric solution in mol/L, 34 is

Bleaching Agents and Bleaching Accelerators

463

the molecular weight of hydrogen peroxide in g/mol, 0.5 is the stoichiometric factor,
V2 is the volume of sodium thiosulfate standard volumetric solution in mL, c2 is the
concentration of sodium thiosulfate standard volumetric solution in mol/L, M is the
molecular weight of the peroxycarboxylic acid in g/mol, and m is the sample weight in
grams.
Procedure: Iodometric titration of peroxycarboxylic acid and hydrogen peroxide
[29].
The liberated iodine is titrated with sodium thiosulfate standard volumetric
solution over a period of several minutes and the linear graph of standard volumetric
solution consumption versus time is extrapolated back to zero time to give a value,
corrected for the slow reaction of hydrogen peroxide, which corresponds to the
peroxycarboxylic acid.
Reagents: 0.1 mol/L sodium thiosulfate standard volumetric solution, 0.1 mol/L
acetic acid, 15% potassium iodide solution in water, starch indicator, ammonium
molybdate solution (dissolve 100 g molybdic anhydride in a mixture of 400 mL water
and 80 mL concentrated ammonia solution and add this solution slowly and under
stirring to a mixture of 400 mL concentrated nitric acid and 600 mL water. The
solution is stored in a warm place for several days and then the sediment is removed by
decantation).
One hundred milliliters of acetic acid are placed in a wide-necked 500-mL conical
ﬂask provided with a mechanical stirrer and a thermometer and immersed in an icewater bath. When the temperature has fallen to 5jC, an accurately weighed sample
amount is added. Ten milliliters of potassium iodide solution is added and a stopwatch
started at the same moment. The liberated iodine is titrated with sodium thiosulfate
standard volumetric solution in the presence of starch indicator until the blue color
disappears. When the blue color returns, the titration is continued dropwise until 2 min
have elapsed from the addition of the potassium iodide solution. The volume (V1) and
the stopwatch reading (t1) when the blue color returns next are noted. The titration is
continued as before for further 3 or 4 min and then a second volume reading (V2) and
the corresponding stopwatch reading (t2) are taken. Subsequently, three drops of
ammonium molybdate solution are added and the titration is continued to an end
point that remains stable for 1 min (volume V3).
The corrected volume (V0) at zero time is calculated according to the following
formula:
V0 ¼ V1 

t1 ðV2  V1 Þ
ðt2  t1 Þ

The peroxycarboxylic acid content and the hydrogen peroxide content are calculated
according to the following formulas:
wðperoxycarboxylic acidÞ ¼

wðhydrogen peroxideÞ ¼

V0  c  M  0:5  100
m  1000

ðV3  V0 Þ  c  34  0:5  100
m  1000

where V0 and V3 is the volume of sodium thiosulfate standard volumetric solution in
mL, c is the concentration of the sodium thiosulfate standard volumetric solution in
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g/mol, M is the molecular weight of the peroxycarboxylic acid in g/mol, 34 is the
molecular weight of hydrogen peroxide in g/mol, 0.5 is the stoichiometric factor, and m
is the sample weight in grams.

B. Gas–Liquid Chromatographic Methods
A gas–liquid chromatographic method, based on the diﬀerent rate of oxidation of
methyl p-tolyl sulﬁde (MTS) by peroxycarboxylic acids and hydrogen peroxide in
aqueous acidic media, has been used to determine peroxycarboxylic acid concentrations in the presence of up to 100-fold excess of hydrogen peroxide [30]. It was found
that this method did not work properly in alkaline media [31]. Therefore the oxidation
of sulfoxide to sulfone was utilized. In alkaline media, this reaction proceeds through a
nucleophilic attack of the oxidant on the sulfoxide. Accordingly, anionic species are
expected to be more reactive than neutral species. Therefore peroxycarboxylic acids
are much better oxidants of sulfoxides in alkaline media than hydrogen peroxide. The
produced sulfone can be determined by gas–liquid chromatography [31].
Procedure: Reaction of peroxycarboxylic acid with methyl p-tolyl sulﬁde (MTS)
and gas–liquid chromatographic determination [30].
Reagents: Methyl p-tolyl sulﬁde (MTS), octadecane (internal standard), saturated aqueous sodium hydrogen carbonate solution, sodium metabisulﬁte, sodium
chloride, chloroform.
Methyl p-tolyl sulﬁde is reacted with a mixture of peroxycarboxylic acid and
hydrogen peroxide for 5–10 min at room temperature. The reaction is then quenched
by addition, in order, of crushed ice, saturated aqueous sodium hydrogen carbonate
solution, sodium metabisulﬁte, sodium chloride, and chloroform. The resulting
mixture is well shaken and the organic layer separated and analyzed by gas–liquid
chromatography for the residual sulﬁde and the sulfoxide formed. For the GLC
analysis, a 0.5 m  2 mm I.D. glass column packed with 3% FFAP on ChromosorbR
W AW DMCS (80–100 mesh) is used at an oven temperature of 70jC for 2 min with a
temperature gradient of 20jC min1 to 180jC, remaining at 180jC for 3 min, an
injector temperature of 190jC, a detector temperature of 190jC (ﬂame-ionization
detector), and nitrogen as carrier gas at a pressure of 12 psi at 70jC. Under these
conditions, the retention time of MTS is 4.5 min, while that of the corresponding
sulfoxide (MTSO) is 8.1 min. Octadecane (5.8 min retention time) is used as internal
standard.
Procedure: Reaction of peroxycarboxylic acid with methyl phenyl sulfoxide
(MPSO) and gas–liquid chromatographic determination [31].
Reagents: Methyl phenyl sulfoxide (MPSO), p-chlorophenyl methyl sulfone
(internal standard, prepared by oxidation of the parent sulﬁde with m-chloroperbenzoic acid and puriﬁed by standard procedures); reagent solution: 0.800 g MPSO and
0.100 g p-chlorophenyl methyl sulfone in 50 mL water/ethanol (3:1), 0.1 mol/L sodium
hydroxide solution, sodium metabisulﬁte, sodium chloride, chloroform.
In a 100-mL measuring ﬂask, known volumes of 0.1 mol/L sodium hydroxide
solution, sample solution, and reagent solution are mixed in this order, so that the
excess of reagent solution is at least sixfold and the pH of the solution is maintained at
12 F 0.1. The ﬂask is ﬁlled to the mark with water at room temperature. After 45 min, a
2-mL aliquot is taken and the reaction is quenched by addition, in this order, of
crushed ice, sodium metabisulﬁte (in excess), sodium chloride (up to saturation), and 4
mL chloroform. The resulting mixture is shaken well and the organic layer separated
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and analyzed by gas–liquid chromatography for the sulfone formed. For the GLC
analysis, a 0.5 m  2 mm I.D. glass column packed with 3% FFAP on ChromosorbR
W AW DMCS (80–100 mesh) is used at an oven temperature of 120jC for 3 min with a
temperature gradient of 10jC min1 to 190jC, remaining at 190jC for 1 min, an
injector temperature of 200jC, a detector temperature of 240jC (ﬂame-ionization
detector), and nitrogen as carrier gas at a pressure of 13 psi at 120jC.

C. Spectrophotometric Methods
Procedure: Spectrophotometric determination of peroxycarboxylic acids after reaction with iodide [32].
This spectrophotometric method allows the determination of peroxycarboxylic
acids in the presence of up to a 1000-fold excess of hydrogen peroxide. It involves
extrapolation of the absorbance change, because of the initial rate of the reaction
between hydrogen peroxide and iodide, back to zero time to give a value that
corresponds to the iodine formed from the reaction of the peroxyacetic acid with
iodide. The method has been used to monitor the formation of peracetic acid during
the perhydrolysis of p-nitrophenyl acetate.
Reagents: Potassium iodide (recrystallized from distilled water); solution A: 6.6
g/L potassium iodide and 2 g/L sodium hydroxide; solution B: 20 g/L potassium
hydrogen phthalate. Instrument: Diode array spectrophotometer ﬁtted with a 290-nm
UV cutoﬀ ﬁlter and thermostated cell holder at 25jC.
A 0.1-mL aliquot of the sample solution is added to a 1-cm quartz cuvette
containing 1 mL of solution A and 1 mL of solution B and the timer of the
spectrophotometer is started simultaneously. The cuvette is quickly stoppered and
shaken and the liberated iodine is measured at kmax. = 325 nm for 0.1 s every 1.0 s for a
total of 5 s. The absorbance at zero time is calculated by regression analysis, assuming
a linear relationship between absorbance and time. The concentration of peracetic acid
is calculated from the absorbance at zero time using an apparent molar absorptivity of
24,100 L mol1 cm1. The interval between starting the timer and taking the ﬁrst
absorbance reading is about 12 s. For peracid samples containing no hydrogen
peroxide, the slope of a graph of absorbance versus time is zero. This shows that the
reaction between the peracid and iodide is complete before the ﬁrst absorbance
measurement is made. It is essential to use the 290-nm cutoﬀ ﬁlter with the diode
array spectrophotometer; otherwise, UV radiation causes photooxidation of the
iodide and a signiﬁcant increase in absorbance with time. An apparent molar
absorptivity of 24,100 L mol1 cm1 at 352 nm is obtained for the iodide liberated
by peracid samples of known concentration, and with no hydrogen peroxide.
Procedure: Spectrophotometric determination of peroxycarboxylic acid after
reaction with 2,2V-azino-bis(3-ethylbenzothiazoline)-6-sulfonate (ABTS) [33].
2,2V-Azino-bis(3-ethylbenzothiazoline)-6-sulfonate is selectively oxidized by
peroxycarboxylic acids to an intensely green radical cation in the presence of hydrogen
peroxide (Fig. 27). Photometric detection of the product can be performed in four
characteristic regions in the range of 405–815 nm.
Reagents: Peroxyacetic acid with known content of peroxyacetic acid and
hydrogen peroxide, 2,2V-azino-bis(3-ethylbenzothiazoline)-6-sulfonate (ABTS),
ABTS reagent solution (0.5 g/L in deionized water), 1 mol/L acetic acid, potassium
iodide solution (20 mg/L in deionized water).
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FIG. 27 Oxidation reaction of ABTS.

Standard solutions and samples are prepared on a microplate as follows. After
dilution of peracetic acid stock solutions to a concentration range from 1 to 100 Amol/L
in deionized water, 50 AL of the sample solution are mixed with 50 AL tap water.
Subsequently, 50 AL acetic acid (1 mol/L) and 50 AL potassium iodide solution are
added. The rapid oxidation reaction is started by simultaneously addition of 50 AL
ABTS reagent solution and is observed photometrically at 405 nm.
Photometric determination of real samples: A 20-AL aliquot of the sample is
transferred into a 10-mL measuring ﬂask. Two milliliters of acetic acid (1 mol/L), 0.5
mL potassium iodide solution (100 mg/L in double-distilled water), and 1 mL ABTS
reagent solution (1 g/L in doubly distilled water) are added. The ﬂask is ﬁlled to the
mark with double-distilled water. After 10 min, the absorptivity at 405 nm is recorded.
The molar absorptivity using a 1-cm quartz cuvette was determined as e = 3.16 F 0.02
 104 L mol1 cm1. The linear range of the determination reaches from 2.5 Amol/L to
10 mmol/L peroxyacetic acid.
The reaction is considerably accelerated in the presence of iodide. A concentration of 20 mg/L potassium iodide proved to be advantageous in achieving a rapid and
quantitative reaction. The pH was found to be optimal in the range of pH 3–4, and can
be obtained by the addition of 1 mol/L acetic acid. The reaction could be stopped by
the addition of sodium hydroxide. Although a shift to a yellow color and a reduction of
the absorption at the detection wavelength occurred, the reaction could still monitored
at 405 nm. The application of this procedure with a cuvette photometer resulted in an
optimum sodium hydroxide concentration of 0.2 mol/L. Under these conditions, a
constant and linear calibration in the concentration range from 66 Amol/L to 100
mmol/L was obtained for a period of at least 30 min.

D. Liquid Chromatographic Methods
The described liquid chromatographic methods are based on either the diﬀerent
reaction rates of percarboxylic acids and hydrogen peroxide and the subsequent
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determination of the reaction products [28,34,35], postcolumn derivatization [36], or
direct separation on a HPLC column with electrochemical detection [37].
Procedure: Liquid chromatographic determination of peracetic acid after reaction with methyl p-tolyl sulﬁde (MTS) [28,34].
For the chromatographic determination of peracetic acid in the presence of
hydrogen peroxide, the selective oxidation of methyl p-tolyl sulﬁde (MTS) to the
corresponding sulfoxide (MTSO) can be utilized. The reagent and the reaction product
are separated on a reversed-phase column. To improve the long-term stability of the
sulfoxide solution, hydrogen peroxide is decomposed catalytically by manganese
dioxide [28]. External calibration is performed using the stable and commercially
available MTSO.
Reagents: Acetonitrile, methanol, methyl p-tolyl sulﬁde (MTS), MTS reagent
solution (10 mmol/L MTS in methanol), methyl p-tolyl sulfoxide (MTSO) reference
substance, and manganese dioxide.
One milliliter of sample (containing 10–2000 ppm peracetic acid) is mixed with 2
mL MTS reagent solution in a 10-mL measuring ﬂask and ﬁlled to the mark with a
mixture of water/methanol [a total content of 80% (v/v) water was found to be
advantageous]. A 100-mg amount of manganese dioxide is added to each 10-mL
sample exactly 1 min after the addition of the MTS reagent solution. Before analysis,
centrifugation at 3000 rpm is performed for 15 min. After centrifugation, the samples
are directly injected into the HPLC instrument and analyzed on a RP-18 column (50 
4.6 mm ID, 3 Am, pore size 120 Å) using isocratic elution with acetonitrile/water
(40:60, v/v) at a ﬂow rate of 2 mL/min. Detection is done with an UV detector at 230
nm. The retention time of the reaction product MTSO is approximately 0.4 min and
that of the excess reagent MTS is approximately 0.8 min under the given conditions
[28]. Alternatively, the following HPLC conditions can be applied: RP-18 column (250
 4.6 mm ID) and isocratic elution with methanol/water (75:25, v/v). The retention
time of MTSO is approximately 3 min and that of the excess reagent MTS is
approximately 9 min [34].
Procedure: Simultaneous liquid chromatographic determination of peracetic
acid and hydrogen peroxide after reaction with methyl p-tolyl sulﬁde (MTS) and
triphenylphosphine (TPP) [35,38].
Peracetic acid reacts in acid media with methyl p-tolyl sulﬁde (MTS) to the
corresponding sulfoxide (MTSO) [35]. Triphenylphosphine (TPP) is used for the
subsequent determination of hydrogen peroxide. The reagents and their oxides are
separated by HPLC on a reversed-phase column.
Reagents: Acetonitrile, methyl p-tolyl sulﬁde (MTS), MTS reagent solution (20
mmol/L MTS in acetonitrile), methyl p-tolyl sulfoxide (MTSO) reference substance,
triphenylphosphine (TPP), TPP reagent solution (10 mmol/L TPP in acetonitrile), and
triphenylphosphine oxide (TPPO) reference substance.
To 100 AL sample solution (containing peracetic acid concentrations from 2.5
 105 to 1.0  102 mol/L and hydrogen peroxide concentrations from 7.5  105
to 3  103 mol/L), 100 AL MTS reagent solution and 300 AL deionized water are
added. After a reaction time of 10 min, 400 AL acetonitrile and 100 AL TPP reagent
solution are added. The sample solution is stored in the dark for 30 min. Subsequently, the sample is analyzed by HPLC using a RP-8 column (70  3 mm ID, 5 Am,
pore size 100 Å) and gradient elution with acetonitrile (eluent A)/water (eluent B) at a
ﬂow rate of 1 mL/min. Gradient: 0 min 60% B, 3 min 60% B, 3:10 min 0% B, 4 min
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0% B, 4:10 min 60% B, 6 min 60% B. Detection is done with an UV detector at
225 nm. The retention times of the reaction products MTSO and TPPO are approximately 1 and 2.6 min, respectively. The retention times of the excess reagents
MTS and TPP are approximately 3.4 and 4.4 min, respectively, under the given
conditions [35].
The following procedure describes the simultaneous determination of peracetic
acid and hydrogen peroxide in laundry detergent solutions [38].
Reagents: Acetonitrile, 0.2 mol/L acetic acid, 0.1 mol/L acetate buﬀer pH 5,
methyl p-tolyl sulﬁde (MTS), MTS reagent solution (20 mmol/L MTS in acetonitrile),
methyl p-tolyl sulfoxide (MTSO), triphenylphosphine (TPP), TPP reagent solution (10
mmol/L TPP in acetonitrile), and triphenylphosphine oxide (TPPO).
The following derivatization procedure is applicable for the analysis of samples
with peracetic acid concentrations from 0.1 to 15 mmol and hydrogen peroxide
concentrations from 0.2 to 10 mmol at pH 2–6. Ten grams of the laundry detergent
are dissolved in 1 L water at 30jC. Five hundred microliters of the sample solution are
added to a mixture of 500 AL of acetic acid and 500 AL MTS reagent solution. After a
reaction time of 10 min, 1000 AL TPP reagent solution are added. The solution is left to
react for 15 min in the dark. Turbid solutions have to be centrifuged (3 min at 10,000
rpm). Afterward, 100 AL of the reaction solution are diluted with 1000 AL acetonitrile/
0.1 mol/L acetate buﬀer pH 5 (50:50, v/v). Five microliters of this solution are injected
into the HPLC instrument. Chromatographic determination is done on a RP-8 column
(250  3 mm ID, 5 Am, pore size 100 Å) with an acetonitrile (eluent A)/water (eluent B)
gradient at a ﬂow rate of 1 mL/min. Gradient: 0 min 42% B, 1 min 42% B, 2 min 31%
B, 2:10 min 0% B, 4 min 0% B, 4:10 min 42% B, 6:30 min 42% B. The retention times
of the reaction products MTSO and TPPO are approximately 2 and 3 min, respectively. The retention times of the excess reagents MTS and TPP are approximately 3.5
and 4.3 min, respectively, under the given conditions. Acetate elutes nearly unretained
at 1.5 min [38].
Procedure: Liquid chromatographic determination of peroxycarboxylic acids
with postcolumn derivatization [36].
The liquid chromatographic method uses postcolumn derivatization for the
simultaneous determination of aliphatic peroxycarboxylic acids with diﬀerent chain
lengths. After chromatographic separation on a reversed-phase column, the peroxycarboxylic acids react with 2,2V-azino-bis(3-ethylbenzothiazoline)-6-sulfonate
(ABTS) and are detected with an UV/VIS detector at 415 nm.
Reagents: Acetonitrile, acetic acid, tetrahydrofuran, 2,2V-azino-bis(3-ethylbenzothiazoline)-6-sulfonate (ABTS), potassium iodide; eluent A: acetonitrile; eluent B:
water + 2% acetic acid + 1% tetrahydrofuran; ABTS reagent solution: 6 mL acetic
acid, 2 mg potassium iodide, and 50 mg ABTS in 300 mL water (the solution should be
stored in a refrigerator at 4jC and under protection from light).
Solutions of 10–250 Amol/L peroxyacetic acid and 10–500 Amol/L C3–C12
peroxycarboxylic acids, respectively, are prepared by dilution with acetonitrile/water
(50:50, v/v). Five microliters of this solutions are injected into the HLPC instrument
and analyzed on a RP-18 column (125  4 mm ID, 5 Am) using gradient elution at a
ﬂow rate of 1.4 mL/min. Gradient: 0 min 75% B, 4 min 0% B, 6:30 min 0% B, 7 min
75% B, 12 min 75% B. For the postcolumn derivatization, the ABTS reagent solution
with 0.3 mL/min is mixed with the HPLC eﬄuent using a 1 AL turbo mixing chamber.
A 10-m knitted Teﬂon capillary with 0.3-mm diameter and an internal volume of
approximately 0.7 mL is integrated in an oven and heated at 110jC. An additional 1-m
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knitted capillary is used as heat exchanger before entering the UV/VIS detector.
Detection is performed at 415 nm. Under these conditions, hydrogen peroxide is eluted
in the dead volume. The retention times for the peroxycarboxylic acids ranges from
approximately 1.5 min for peroxyacetic acid up to approximately 8 min for peroxydodecanoic acid. To investigate the formation of peroxyacetic acid in a laundry
detergent solution, 1 g of the detergent powder is dissolved in 100 mL water at 20jC
using a magnetic stirrer. After 15 min, a sample of 50 AL is diluted with 1000 AL of 0.1
mol/L acetic acid. The diluted solution is centrifuged for 5 min at 10,000 rpm. Five
microliters of the centrifuged solution are injected into the HPLC instrument.
Procedure: Liquid chromatographic determination of various peroxycarboxylic
acids in washing liquors with amperometric detection [37].
The method allows the selective and sensitive detection of various peroxycarboxylic acids. Detection limits in the range of 0.1–0.6 Amol/L and the linear ranges of
at least 0.05–5 mmol/L are obtained. The method can be used to monitor the release of
peroxycarboxylic acids in detergent solutions during a simulated washing cycle. As
gradient elution is poorly compatible with electrochemical detection, diﬀerent mobile
phases are applied for the detection of various peroxycarboxylic acids.
Reagents: 100 mmol/L phosphate buﬀer (adjusted to pH 6) with 5 mmol/L
sodium chloride as eluent for the determination of peracetic acid and 15 mmol/L
phosphate buﬀer (adjusted to pH 6)/methanol (30:70, v/v) with 5 mmol/L sodium
chloride as eluent for the determination of long-chain peroxycarboxylic acids.
Detergent solutions (dosed according to the manufacturer, e. g. 5 g/L for
European detergents and 1.2 g/L for American detergents) are ﬁltered through a
0.45-Am disposable ﬁlter before injection. Solutions of the reference compounds are
injected directly. The separation is done on a RP-18 (10Am) reversed-phase column
(250  4.6 mm I.D) with a RP-18 (10 mm) guard column at a ﬂow rate of 1.5 mL/min.
The amperometric detector is equipped with a platinum-working electrode and a Ag/
AgCl reference electrode. A potential of 0.27 V versus the reference electrode is
suitable for the detection of both peroxycarboxylic acids and hydrogen peroxide.
Hydrogen peroxide has no retention in a reversed-phase chromatographic system and
is eluted in the front of the chromatogram. However, as the bleaching agents are the
only compounds giving detector response in a typical detergent matrix, the area of the
signal in front of the chromatogram was found to be applicable as a rough indicator of
the hydrogen peroxide level in a sample, provided the concentration was in the range
1–10 mmol. The retention time for peroxyacetic acid is approximately 3 min. The retention times for the longer chain peroxycarboxylic acids are approximately 3 min for
peroxyoctanoic acid, approximately 4 min for peroxynonanoic acid, approximately 5
min for peroxydecanoic acid, and approximately 10 min for peroxydodecanoic acid.

E. Electroanalysis
Recently, a method for simultaneous electroanalysis of peracetic acid and hydrogen
peroxide has been published [39]. Using a gold electrode in acidic media (pH 4.7), welldeﬁned two cathodic peaks for the reduction of peracetic acid and hydrogen peroxide
in cyclic voltammetry and also the two limiting currents in hydrodynamic voltammetry were observed. The calibration curves obtained for the reduction of both peracetic
acid and hydrogen peroxide and for the oxidation of hydrogen peroxide allowed to
electroanalyze simultaneously and selectively peracetic acid and hydrogen peroxide
when both species coexist over a wide range of concentrations.
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Analysis of Detergent Enzymes
KARL-HEINZ MAURER and MATTHIAS GABLERy Henkel KGaA,
Düsseldorf, Germany

I. INTRODUCTION
The analysis of enzymes in detergents is based on the standard methodology of protein
identiﬁcation and enzyme activity determination. This type of analysis seems relatively
easy since the number of relevant candidates is limited, especially when compared to
number and type of proteases found intracellular or extracellular of single and wellknown microorganisms like, for example, Bacillus subtilis. The task sometimes
becomes tedious and complicated due to the fact that qualitative and quantitative
determinations have to be performed in a complex matrix, consisting of substances
that are, to a signiﬁcant degree, able to interact with enzyme activity and stability.
In this chapter, we will focus on the analytical questions dealing with the
situation of laundry and automatic dish wash detergents from premium brands to
standard products. The ranking of products is relevant since the amount and the
number of enzyme activities are essential in diﬀerentiating between product classes.
The chapter also is dedicated to analytical methods needed for the determination of
enzymes in products of unknown composition as well as in products of known
composition but unknown activity content. Such analysis is, for example, needed
after speciﬁc treatments like storage under accelerated conditions.
Enzyme determination is an important task in the context of exposure analysis in
an occupational safety setting like in detergent production. Since these aspects of
detergent enzyme analysis have been described in detail elsewhere [1,2], this chapter
does not describe the methods needed for this purpose.

II. PERFORMANCE OF ENZYMES IN DETERGENTS
The use of enzymes in detergents was ﬁrst described in 1906 by the experiments of
Roehm using the proteolytic enzyme trypsin for detergents. Today, we know that
trypsin is a protease with a strictly limited performance on removal of proteinaceous
stains. Thus it was not surprising that the success of proteases in detergents depended
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on the availability of the ﬁrst enzymes from bacterial sources. These bacterial
proteases became available in the 1960s. Subtilisins are produced by Bacillus species,
the name originating from B. subtilis to which species the production was ﬁrst
allocated. Today, we are aware that enzymes belonging to the class of subtilases are
seen in almost all classes of organisms. In bacteria, the enzyme is produced extracellular at a loss, leading to a situation where the enzyme has to act on an unknown
variety of proteins in an unknown and variable environment. Thus subtilisins carry
some inherent features of stability relevant for applications in detergents where
insoluble protein stains need to be degraded hydrolytically to soluble peptides in
presence of surfactants, bleaching system, and complexing agents. Due to their origin,
chemical interaction, oxidation, aging, and various kind of pretreatment before the
washing process, proteins can become completely resistant to a basic detergent. Thus
subtilisin proteases soon made their way into laundry detergents; furthermore, their
eﬀect cannot be replaced by other ingredients. The eﬃcient removal of grass, blood,
and egg stains cannot be achieved without them. Until today, all relevant detergent
proteases consist of variants of the classical subtilisins either found in nature or
generated by various methods of site-speciﬁc, random, or evolutionary approach.
Amylases degrade starch to form dextrins and oligosaccharides. Amylases are
also formed as extracellular enzymes by bacillus species with some of them showing
extreme stability features. They have been ﬁrst applied in application ﬁelds like textile
treatment, where they are used to remove starch in the desizing step. Based on the
increasing use of starch in food and on synergistic eﬀects with proteases, amylases
ﬁnally made their way into liquid and powdered detergents. The combination of
proteases and amylases turned out to be absolutely essential when low alkaline dish
wash detergents were developed in the early 1990s.
Later, it turned out that amylases have an antiredeposition eﬀect on pigment
stains [3], similar to the eﬀect already described for cellulases. All relevant detergent
amylases so far are deriving from bacillus species and show some substantial degree of
sequence homology as well as similarity with respect to analytical approaches
(Purastark, TermamylR). A major improvement for amylase performance in detergent formulations containing high concentrations of active oxygen sources was found
with the introduction of protein-engineered amylases with increased oxidation
stability (DuramylR, Purastar OxAmk).
In laundry detergents, additional standard enzyme nowadays are cellulases.
Cellulases as multifunctional enzymes show a variety of eﬀects. The ﬁrst cellulases
were applied in 1986 by Kao Corp. based on their ability of pigment removal from
cellulosic ﬁbers [4]. These enzymes (KACk) were produced from a Bacillus species
and were selected for their nondegrading eﬀect on such ﬁbers [5–8]. Cellulase systems
from fungi such as Trichoderma sp. and Humicola sp. were known to be able to fully
degrade cellulose ﬁbers under neutral pH conditions. They have been used in textile
treatment ﬁrst. Their use in detergents had to overcome the problem of ﬁber damage
and of pH requirements. Complete fungal cellulase systems from Humicola ﬁnally
succeeded in the market under the trade name CelluzymeR based on their performance
in pilling removal and color clariﬁcation [9]. Various cloned monocomponent
endoglucanases from bacterial (Puradaxk) [10] and fungal origin (CarezymeR [11]
and EndolaseR) are used at present due to their performance either for ﬁber eﬀects like
antipilling, color revival, and avoidance of ﬁber damage or in antiredeposition and
pigment removal.
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Lipases became available for detergents only after production by recombinant
production strains (1988) [12–14]. The ﬁrst lipolytic enzyme to be introduced in
detergents was LipolaseR in Lion’s detergent Hi-Top in Japan. The ability of lipases
to hydrolyze triglycerides and esters from food, cosmetics, and sebum to carboxylic
acids and glycerol was appreciated in laundry detergents for removal of fat and
cosmetical stains like sebum or lipstick. From the beginning, it has become evident
that lipases showed best eﬀects after several application cycles. Lipases are used from
fungal (Humicola insolens or Humicola lanuginosa) as well as bacterial sources
(Pseudomonas pseudoalkaligenes).
Apart from proteases, amylases, cellulases, and lipases, a number of other
enzyme classes (like peroxidases, laccases, oxidases, hemicellulases) are described in
patent literature, but seldom made it to real-life products like, e.g., mannanases. Some
of them are performing well in specialized products for industrial and institutional
cleaning, by which well-known and deﬁned contaminants have to be removed from
hard surfaces and membranes.

III. PRINCIPLES OF ENZYME ANALYSIS
Enzyme analysis is based on the turnover of substrates under optimal conditions with
respect to substrate concentration, buﬀer (pH), temperature, time range, and concentration of cofactors or cosubstrates in order to determine the initial rate of turnover by
following the disappearance of substrate or the appearance of a product in a way that
is accessible to analytical tools like photometers, ﬂuorimeter, pH meter, viscosimeter,
radiometer, etc.
For the determination of enzymes in a complex matrix like a detergent, the
analytical approach always has to take into account that the matrix might interfere
with the enzyme itself, but also with analytical parameters or with the analytical device
used. Therefore the conditions normally have to be adjusted to the matrix by
eliminating factors inﬂuencing the enzyme activity like removal of active oxygen with
reducing agents like sodium sulﬁte. The interference with analytical parameters
normally cannot always be avoided; therefore the inﬂuence of the matrix on enzyme
activity assays has to be determined, although detergent enzymes are selected for their
ability to be active in the presence of surfactants, complexing agents, bleach, and
proteases, to name some of the critical factors in a detergent matrix.
The process of evaluating the qualitative and quantitative enzymatic composition of a detergent is described in Fig. 1.

IV. QUALITATIVE ANALYSIS OF ENZYME CLASSES
AND TYPES
A. Principles of Qualitative Enzyme Analysis
In many cases, a quantitative enzyme analysis can only be performed when the exact
type of an enzyme variant is known since the speciﬁc activity in an activity assay can be
quite diﬀerent and does not normally relate to enzyme performance. Thus the
identiﬁcation of the enzyme type or variant is needed in order to correlate activity
with dosage or concentration of a speciﬁc enzyme type.
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FIG. 1 Process of enzyme analysis in detergents.

In order to perform such an identiﬁcation, the proteins as part of a detergent
formulation have to be isolated. In powder formulation, this can be achieved by
manual selection or physical separation methods depending on the type of product. In
liquid formulations, the protein fraction can be isolated, e.g., by nondenaturing
precipitation methods like ethanol precipitation.
Using such an isolated protein, the enzyme classes are identiﬁed by qualitative
assays that are valid for all members of a class and can be performed ideally fast and
simple. Normally, such assays are performed in homogenous solution or in solutions
that are solidiﬁed using agar. The presence of a certain enzyme class is indicated by
turnover of substrates that lead to color or solubility changes (e.g., clearing of turbid
backgrounds).
Variants within an enzyme class have to be identiﬁed afterward by protein
chemical separation techniques that are relevant to the often minimal diﬀerences in the
diﬀerent enzyme variants.
In diﬃcult cases, such an approach might lead ﬁnally to the sequencing of the
complete or partial protein or to application of immunologic methods.

Analysis of Detergent Enzymes

475

B. Amylases
Amylase, in principle, can be detected by using PhadebasR tablets or similar products using insoluble, dyed, cross-linked starch, with the dyes becoming soluble after
amylolytic degradation of the cross-linked polymer to soluble dextrins. Phadebas
tablets can also be dispersed in a soft agar overlay on electrophoresis gels, where
after a 30-min incubation period at 40jC, the active amylase bands are all stained
in blue.
So far, the major amylases used in detergents all derive from Bacillus licheniformis amylase, which is a naturally thermostable enzyme. Variants have been
developed with improved oxidation stability (DuramylR, Purastar OxAmk), showing
improved performance when compared to the parental amylase especially in automatic dish wash detergents. They can be identiﬁed by their property to resist to an
incubation in buﬀers containing hydrogen peroxide, perborate, or percarbonate in the
same way that oxidation stable proteases are detected [15].

C. Cellulases
Cellulases represent the highest degree of variety among the detergent enzymes. These
enzymes are available from H. insolens, Trichoderma species, Thielavia species,
Melanocarpus species, and various Bacillus species as full fungal enzyme system as
well as cloned endo-1,4-h-glucanases from fungi or bacteria. The term cellulases in
the following chapters will be used for the activity of endo-1,4-h-glucanases or complete fungal enzyme mixtures, where the endo-1,4-h-glucanases represent the active
principle. Cellulases are made visible by using activity staining methods based on
CMC Congo Red or CMC Trypan Blue. These stains can be used on electrophoresis
gels as well as on agar plates, where the enzyme solution is pipetted into wells and
forms circular clearing zones around the well after incubation (8–24 h). By these
methods, the presence of cellulases can be detected in liquid detergents as well as in
solutions from enzyme granulates isolated from the detergent. Solution made from
powder detergents can end up in false positives when the detergent contains bleach
system. Thus the quantitative destruction represents a crucial point in identifying the
presence of cellulases.
The Congo Red and Trypan Blue methods are well-known and established
methods in analytical biochemistry [16,17]. This method is based on noncovalent dyeglucan complexes. Thus the method can also be applied to the analysis of other hglucanases by adapting the right h-glucan. For qualitative analysis of cellulases in
detergents, this method showed superior performance due to their robustness versus
other detergent components.
The analysis of cellulolytic enzymes by using dyes that are covalently linked to
insoluble cellulose substrates has also been described and represents an established
method [18,19]. The use of such substrates is handicapped due to the bleeding of the
dyes from the substrates and by interaction with the bleach systems, when present. The
methods are frequently used for analysis of enzyme activities separated by electrophoresis methods. Another qualitative analysis on electrophoretically separated
cellulases is based on the turnover of 5-bromoindoxyl-h-D-cellobioside, which is
hydrolyzed to 5-bromoindoxyl that reacts with added Fast Red by azo coupling
[20]. The detection of cellulases by decrease in viscosity of carboxymethylcellulose
solutions is not extremely suitable as a qualitative detection method due to interference
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with detergent components. Such an approach might be done when a control sample
is denatured for its enzyme activity, e.g., by heat treatment.
The qualitative detection of cellulases is usually followed by polyacrylamide gel
electrophoresis (PAGE) under native or denaturing conditions and a detection of
cellulase activity either by one of the above-described activity assays on gel or by
Western blotting and identiﬁcation by antibody detection. The cloned, monocomponent enzymes can be relatively easily identiﬁed by their molecular weight, as determined under the denaturing conditions of an SDS PAGE. In cases of diﬃculties in
protein detection on the gel due to the high dilution of the enzyme in the sample, they
still can be identiﬁed by antibody detection.

D. Lipases
The presence of lipases can be seen after incubation of the enzyme fraction with
p-nitrophenyl laurat or p-nitrophenyl palmitate by appearance of the yellow color of
p-nitrophenol [21,22]. The enzyme assay is extremely sensitive and must be controlled
for false positives by background activity from Humicola or by autolysis of the
substrate. On electrophoresis gels, the enzyme can be stained using naphthyl esters,
e.g., alpha-naphthyl acetate, and Fast Red [23,24].
Detergent lipases all derive from H. insolens (LipolaseR) and from P. pseudoalkaligenes (Lipomaxk) and are produced by recombinant production strains. In the
meantime, a number of variants are known from the H. insolens protein, sold under
trade names like LipoprimeR and LipexR.

E. Proteases
A vast array of methods has been described that can be used as a general detection of
protease activity [25]. The use of suc-AAPF-p-nitroanilide as a substrate has become
increasingly popular over the last years [26,27]. The presence of protease can also be
shown on electrophoresis gels by blotting the enzyme from the gel to exposed and
developed x-ray ﬁlm, where the gelatin carrier is removed after proteolytical degradation [28].
So far, all detergent proteases are members of the subtilisin family of serine
proteases [29,30]. The three-dimensional structure within this family is almost
identical as well as the size. Thus the diﬀerences between the diﬀerent enzyme variants
are related to relatively small variations in amino acid sequence based on natural
variation or on protein engineering eﬀorts [31]. These variations can lead to small
diﬀerences in isoelectric points visible in isoelectric focusing or in migration velocity in
native polyacrylamide gel electrophoresis or in capillary electrophoresis [32]. In cases
where these diﬀerences cannot be used for identiﬁcation, a peptide mapping approach
or a full sequencing approach will ﬁnally solve the problem [33].
Variants where the methionine residue in position 222 (positions according to
subtilisin BPNV) has been replaced by an oxidation stable amino acid residue, thus
leading to increased storage and oxidation stability, can be identiﬁed by a simple assay
on oxidation stability in boric acid buﬀer using hydrogen peroxide [15]. The principle
of identiﬁcation of the protease type is shown as a ﬂow chart in Fig. 2.
In the ﬁeld of proteases, the number of relevant molecules is steadily increasing
due to new methods applied to generate new molecules and to growing importance of
products for niche markets. In addition, there are an increasing number of products
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FIG. 2 Process of enzyme identiﬁcation with protease-containing products.

that are not available in the open market because they are exclusively produced for
captive use or for a speciﬁc customer. Some of the most relevant protease products at
present can be listed as AlcalaseR, EsperaseR, SavinaseR, EverlaseR, OvozymeR,
KannaseR (Novozymes), Purafectk, Purafect OxPk, Purafect variants like FN4,
BPNV variant FNA (Genencor), KAP 16 (Kao Corp.), and BLAP variants (Henkel).
In principle, they can all be diﬀerentiated by a combination of electrophoretic mobility
(native PAGE, isoelectric focusing), Western blotting, and substrate speciﬁcity with
deﬁned low molecular weight substrates. Examples for isoelectric focusing and native
PAGE of proteases are shown in Figs. 3 and 4. Since the majority of these products can
be described as high alkaline subtilisin serine proteases, the Western blotting analysis
based on antibody reaction with monoclonal or polyclonal antibodies has, at present,
limited importance. The method for Western blotting analysis has been described in
detail in Ref. 34.

V. QUANTITATIVE ANALYSIS OF ENZYMES
A. Amylase
Amylases belong to the carbohydrolase enzymes same as cellulases and hemicellulases.
They hydrolyze carbohydrates, in this case starch, into a variety of low molecularweight end products. The types of amylases are classiﬁed as a-amylase, h-amylase,
glucoamylase, and debranching enzymes, like pullulanases [35–37].
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FIG. 3 Isoelectric focusing gel of proteases. PhastR Gel, pH 3–9, activity staining on exposed
and developed x-ray ﬁlm, with products containing Alcalasek and a BPNV variant after
isolation of the proteases by ethanol precipitation. The application of the samples is made in
the neutral pH in the middle of the gel.

In detergents, only a-amylases (EC 3.2.1.1) are used, which are endoactive
enzymes that randomly catalyze the hydrolysis of internal a 1–4 glucosidic bonds of a
1–4-linked glucose polymers such as starch [38,39]. These enzymes produce dextrins or
oligosaccharides, which can be further hydrolyzed to a mixture of glucose, maltose,
and short-chain oligosaccharides. The composition of these mixtures diﬀers with the
speciﬁc enzyme used since a-amylases of diﬀerent biological origin show diﬀerent
substrate aﬃnities and activity parameters [39,40]. This has to be considered when
samples of diﬀerent a-amylases are analyzed. In contrast to the analysis of cellulases,
no side reactions, for example, from h-amylases, have to be considered since only
a-amylases are used in detergents.
a-Amylase activities are assayed by measuring their reaction with a substrate
under deﬁned test conditions of incubation time and temperature, buﬀer (pH), and
calcium concentration to stabilize the enzyme [41]. Several of the applied methods
were developed ﬁrst for clinical diagnostics to measure a-amylase activity in urine or
blood serum. When choosing a method for measurement of a-amylase activity, the
following factors have to be considered: time, simplicity, cost, speciﬁcity, sensitivity,
and reliability [37]. Usually, not all of these criteria can be met when choosing a
method, but attempts are made to meet as many of them as possible.

1. Colorimetric Methods
(a) Dyed Substrate. There are substrates available that are based on cross-linked
or otherwise insoluble starch that is covalently linked to dyes. Such product are
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FIG. 4 Native PAGE of proteases. PhastR native Gel, pH 8, 8–25% acrylamide, run in the
PhastR system using a reversed polarity electrode, activity staining on exposed and developed
x-ray ﬁlm, with products containing BLAP S, BPNV, and Savinasek. The application of the
samples is made at the area of the Kathode at the bottom of the gel.

available from Pharmacia Upjohn under the trademark PhadebasR or from
Megazyme under the trademark Amylazymek (Azo-cross-linked amylose). By
photometric measurement of the soluble dyes (based on soluble dextrin-dye
products) under deﬁned conditions, the quantitative determination can be achieved
with almost no disturbing eﬀects from other detergent components. When analyzing
powder detergents, it is generally recommended to dissolve the product in sodium
sulﬁte solution in order to destroy the bleach that is potentially present. The major
limitation of the method is based on the short range of linearity of absorbance vs.
enzyme concentration.
(b) Release of Reducing Sugars. Assays that are based on the release of reducing
sugars from starch determine the increase of reducing sugar ends on fragments formed
by the action of a-amylase [35]. Measurement of reducing sugars as an indication of aamylase activity is not a relevant and reliable method, however, unless h-amylase can
be inactivated or neglected under the assay conditions. The dinitrosalicylic acid
method is based on the reaction of alkaline 3,5-dinitro-salicylic acid (DNS) with the
reducing hemiacetal groups in starch by a-amylase [42]. The amount of nitro
aminosalicylic acid formed is measured colorimetrically and corresponds to the
amount of reducing sugars formed and thus to enzyme activity [43]. The DNS assay
has the advantage of being a quick and simple method [44], but the Ca2+ ions used to
stabilize the enzyme can interfere with the assay [38].
The color development followed in this method depends on the chain length of
the dextrin. When equimolar amounts of sugar are compared with respect to their
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optical signal development, diﬀerent absorbance levels are observed. This can even be
seen by comparison of glucose with maltose or cellobiose. The Nelson’s test [45], a
method based on alkaline copper reduction, gives a better measurement of the true
reducing-end groups.
(c) Chromogenic Substrates. The use of chromogenic substrates resulting in
photometrically relevant color changes after hydrolysis has also been described. The
most relevant example is the substrate p-nitrophenyl maltoheptaoside or derivatives
[46]. The assay can be purchased as a test kit from Abbott (Quick Startk Amylase,
Abbott Laboratories, Illinois). The method is based on primary cleavage of a
terminally benzylidene-blocked and -derivatized maltoheptaoside by amylase,
followed by secondary cleavage of the resulting unblocked fragment using aglucosidase and glucoamylase. As a consequence, the chromophore, e.g., pnitrophenol, is released and determined photometrically. The method is quite useful
for amylase preparations, but has some limitations for amylase determination in
detergents, especially when proteases are present.

B. Cellulase
Cellulase is often described as a complex of enzymes containing endo-1,4-h-glucanase
(EC 3.2.1.4) and cellobiohydrolases 1 and 2 (exo-1,4-h-glucanase) (EC 3.2.1.91) in
combination with h-glucosidase (EC 3.2.1.21) [47] that can convert cellulose to simple
sugars by enzymatic hydrolysis. Endo-h-1,4-glucanase cleaves the cellulose chain
randomly in the cellulose ﬁber, while cellobiohydrolases remove cellobiose units either
from the reducing or the nonreducing end of the cellulose chain. h-Glucosidase
catalyzes the hydrolysis of cellobiose to glucose. It also acts on short-chain cellooligosaccharides to release glucose [48]. Cellulase activity is diﬃcult to be determined
analytically because of the complex nature of both the enzymes and substrates.
Apparent speciﬁc enzyme activities change with types and concentrations of enzyme
and substrate [44].
Primarily, diﬀerent endo-1,4-h-glucanases are used in laundry detergents because of eﬀects like color revival, antipilling, and antigraying. Endoglucanases can be
used both as cloned, single component product or as part of a complete fungal cellulase
system. Diﬀerent endoglucanase preparations show diﬀerent performance proﬁles
with respect to antigraying pigment removal, antipilling, and color revival eﬀects.
Based on the diﬀerent products in the market, the eﬀects can be perfectly balanced.
Quantitative analysis of endoglucanase or cellulase mixtures can represent a problem,
even when well-known, currently used enzymes are mixed. The diﬃculties are based on
the extreme diﬀerences in the turnover of the diﬀerent substrates, observed with
diﬀerent cellulase preparations. This is particularly the case when the substrates used
are not well-deﬁned or when the corresponding reaction products are themselves
substrates of the same and other cellulolytic enzymes.
Thus the analysis of a given cellulase in a mixture of cellulolytic enzymes is
diﬃcult and requires a range of diﬀerent deﬁned substrates and information on the
substrate speciﬁcities of the diﬀerent cellulases used.
The measurement of cellulases in detergent matrices containing bleach is another
critical aspect since the interaction of bleach with the cellulase as well as with the assay
ingredients has to be excluded to the highest extent possible. The solution of bleach
containing detergent in a buﬀer inactivating the bleach (e.g., by sodium sulﬁte) is an
absolute requirement, but will not exclude all possible interactions.
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Usually, endo-1,4-h-glucanases are tested using carboxymethylcellulose,
hydroxyethylcellulose, or cello-oligosaccharides as substrates by measurement of
reducing sugars released or the decrease in viscosity [49].
In the following part, the advantages and disadvantages of several endo-1,4-hglucanase assays used in detergent analytics will be discussed.

1. Release of Reducing Sugars
There are four common methods for determining reducing sugar concentration. These
are copper reduction [50], dinitrosalicylic acid [51], ferricyanide, and iodometric [52].
Only the ﬁrst two are relevant to the analytics of detergents. Ferricyanide and
iodometric are not suitable due to their interference in the analysis of polysaccharide
[45].
The dinitrosalicylic acid method, which has been the method of choice recently
[47], is based on the reaction of alkaline 3,5-dinitro-salicylic acid (DNS) with reducing
sugars [42]. Absorbance at 575 nm is proportional to the content of reducing sugar.
In the Nelson test (copper reduction), the amount of Cu2+ reduced to Cu+ is
directly proportional to the amount of reducing sugar in the sample analyzed [45]. This
method is considered superior to the use of ferricyanide because ferric ion is less
speciﬁc in its reaction with sugar than copper.
On an equimolar basis, Nelson’s test gives a better measurement of reducing-end
group concentration than the DNS method. Glucose and cellobiose have almost the
same absorbance at 540 nm with Nelson’s reagent, while the absorbance of cellobiose
with DNS at 575 nm is higher than that of glucose. The diﬀerence between these
absorbances increases at lower wavelengths. Mandels et al. [47] reported that
compared to glucose as a standard, values for cellobiose will be about 15% decreased
and values for xylose will be about 15% increased on a weight basis. Citrate does not
aﬀect the sensitivity of the DNS reagent, but does aﬀect the Nelson’s test even at
concentrations of 0.005 M. The DNS assay has the advantage of being a quicker and
simpler method [44].

2. Decrease in Viscosity
The soluble modiﬁed cellulose derivative, carboxymethylcellulose (CMC), is widely
used for the assay of cellulase activity. This substrate is speciﬁc for endo-1,4-hglucanases. Since only endoglucanase activity is relevant for the performance in
detergents and based on the facts that puriﬁed exocellulases (cellobiohydrolases) have
little or no performance [53], and no apparent synergism between exocellulases and the
endoglucanases is observed [54], the determination of CMCase activity is the correct
tool for measuring relevant cellulase activity.
Activity on CMC can be determined by measuring either the increase in reducing
sugars or the decrease in viscosity. The decrease in viscosity has the beneﬁt of being
robust, but suﬀers from being tedious and resistant to automatization.

C. Lipase Analysis
Lipases hydrolyze esters or speciﬁcally triglycerides resulting in free fatty acids and an
alcohol component, in case of triglycerides glycerol. For quantitative determination,
the increase in free fatty acids can be followed by titration methods, e.g., using a pHstat. Chromogenic substrates like p-nitrophenyl laurat or p-nitrophenyl palmitate lead
to the appearance of the yellow color of the alcohol component p-nitrophenol
after hydrolysis, and ﬁnally, resoruﬁn-labeled alcohol components could be used
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for ﬂuorescence detection, instead of the photometric detection of the p-nitrophenol.
In all cases, it is necessary to measure against a standard preparation of the relevant
lipase.

1. pH Titration
The action of lipases on esters like olive oil or tributyrin results in the release of fatty
acids and glycerol. The titration of free fatty acids is the traditional and robust method
for lipase determination [55–57]. Typical substrates for hydrolysis are tributyrin and
olive oil. The dispersion of the substrate emulsion is normally achieved by usage of
added surfactants, gummi arabicum, and pretreatment by soniﬁcation or mechanical
shearing. Limitations of this method are seen, when the enzyme solution is strongly
buﬀered and thus limits the sensitivity of the titration method.

2. Chromogenic Substrates
In this case, the easiest way is the use of chromogenic or ﬂuorigenic substrates as
alcohol components that lead to a photometric or ﬂuorimetric detectable product [58].
The use of p-nitrophenyl-labeled alcohols is quite widespread, although most of these
substrates are not very stable and prone to nonenzymatic hydrolysis. Thus the
preparation of the substrate solution has critical importance and must be done with
extreme care. The reaction must constantly be controlled for nonenzymatic cleavage.
Due to the sensitivity of the method, esterolytic side activities in other enzyme
preparations could also lead to signals in the reaction.
The detection with resoruﬁn-labeled substrates (1,2-O-dilauryl-rac-glycero-3glutaric acid 6V-methylresoruﬁn ester) must be controlled for quenching activities or
ﬂuorescence eﬀects by detergent components like optical brighteners when used
ﬂuorimetrically.

D. Protease Analysis
Determination of protease activity can be achieved following diﬀerent routes. The
proteolytical degradation of proteins like hemoglobin and casein is the traditional way
of measuring proteolytic activity [59]. The activity in this case is determined by the
amount of peptides that become soluble in trichloroacetic acid or in perchloric acid,
either by absorption at 280 nm in alkaline solution or by a protein determination
method. All these methods are of medium sensitivity and cannot easily be transferred
into an automated version since the separation step to remove the insoluble fraction
cannot easily be automated.
The major problem for detergent proteases is the fact that detergent ingredients
can disturb the assay. The assay is a traditional standard assay for a number of enzyme
producers, but is preferably used for activity determination of enzyme preparations.

1. Dimethyl Casein
The activity in detergents is classically determined by using derivatized proteins such
as dimethylated casein with subsequent determination of free amino groups generated
by protease action [60,61]. These methods became quite popular within the detergent
industry because of their increased sensitivity and their potential for automatization
[62]. Automated versions have been published for ﬂow injection analysis as well as for
centrifugation analysis systems (e.g., Cobas Fara).
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2. Chromogenic Substrates
The suc-AAPF-pNA substrate described above [26] has the beneﬁt of being a versatile
substrate that can be used in single determinations for protease determination as well
in high-throughput approaches in microtiter plates or ﬂow injection analysis. The
method can also be used for quantitative determination of proteases, when the type of
protease used is known and available as a standard. The method has become a
standard due to its versatility and ﬂexibility. The limitations are based on the
substantial diﬀerences in turnover and aﬃnity of the diﬀerent subtilisins in the market.
The knowledge of kinetic data of the relevant enzyme or the availability of a standard
is thus a strict requirement of a quantitative determination.

3. Fluorigenic Substrates
Whereas BODIPY-FL-Casein substrates sold as EnzChek Protease Assay Kit by
MoBiTec are seen as an increasing valuable tool for analysis of enzyme preparations,
they are not recommended to the analysis of detergents. The reason is the negative
interaction of a high number of potential detergent ingredients.
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Determination of Optical
Brighteners in Laundry
Detergents
GERD W. HEINEMANN and GERHARD MERKLE Ciba
Spezialitätenchemie Grenzach GmbH, Grenzach-Wyhlen, Germany

I. INTRODUCTION
A. Definition: Optical Brighteners
Optical brighteners or also ﬂuorescent whitening agents (FWA) compensate for the
yellow tint of ﬁbers by adding blue ﬂuorescence to the light reﬂected by the fabric. Thus
in contrast to bluing agents, FWAs do not only reduce the yellow appearance but also
increase the brightness of a fabric. Fluorescent whitening agents have become part of
laundry detergent formulations because, ﬁrst, they enhance the appearance of fabrics
by exhausting during laundry processes and, second, they improve the appearance of
the detergent powder itself. Fluorescent whitening agents have been successfully used
for many decades not only in laundry detergents but also in other laundry products
such as bleaches, rinse-conditioners, or whiteness boosters.

B. Types and Properties of Optical Brighteners in Laundry
Detergents
There are only few detergent ingredients that exhaust from the wash bath onto the
fabric, FWAs are one of them. Diﬀerent chemical structures have been identiﬁed for
preferred exhaustion onto certain ﬁbers. Figures 1–3 illustrate the chemical structures
of FWAs that are of current commercial relevance in the detergent industry. The FWA
shown in Fig. 1 and the di- and some of the tetra-sulfonic acid brighteners shown in
Fig. 2 have aﬃnity to cotton, whereas the chemical structures shown in Fig. 3a and b
are known for whitening of synthetic ﬁbers and wool. These products are of minor
importance and mainly used in niche products. The major volume of FWAs used in the
laundry detergent market exhibit aﬃnity to cotton. The most important FWAs having
aﬃnity to cotton may be divided into two chemical structure groups. They contain
either a distyrylbiphenyl (DSBP) unit as shown in Fig. 1 or they derived from
diaminostilbene (DAS) and contain two sulfonate groups as shown in the basis
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FIG. 1 DSBP-type FWA.

structure of Fig. 2. Further criteria for the selection of a FWA are obtained from the
washing habits, detergent formulations, and environmental considerations.
The chemical factors that determine the exhaustion of a FWA onto a ﬁber are its
solubility and the laundry conditions such as the wash temperature. Fluorescent
whitening agents such as the DSBP in Fig. 1 and the DAS-type of structure no. 5 in Fig.
2 show good performance in cold and as well in warm wash applications, whereas the
other DAS-based types of Fig. 2 perform preferably at high wash temperatures.
The selection of FWAs for liquid detergents is determined by the compatibility
with the detergent formulation itself. The FWA shown in Fig. 1 is preferred in laundry
liquids because of its good solubility. Various FWAs from the DAS type are also
incorporated depending on the solubility in the speciﬁc formulation.

FIG. 2 Structures of diaminostilbene (DAS) brighteners.
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FIG. 3 Brighteners for synthetic ﬁbers and wool.

Laundry detergents may be applied before the washing process on a small area of
the fabric as prespotters or stain removers. Thus a concentrated dispersion or solution
of FWA is loaded on the fabric, which may cause an area with higher FWA
concentration than the surrounding fabric. A very low risk of spotting is obtained
with FWA structure shown in Fig. 1, which can be explained by good solubility and the
kinetics of FWA absorption.
The sensitivity toward chemical degradation by bleaching agents is another
criteria to diﬀerentiate the various FWAs. Chemical degradation may even occur
during the wash procedure. This is especially the case if the FWA is exposed to
hypochloride or peroxides. In general, because of their chemical structure elements,
the DAS-type FWAs are more susceptible toward chemical attacks than the DSBPtype FWA. Furthermore, some of the reaction products of the DAS-type FWAs may
be yellow in color. Therefore a better whiteness performance is achieved with the
DSBP-type FWA, because of the risk of the creation of yellow dyestuﬀ by dye
transfer.
Not only does the washing process itself have an impact on the performance of
the FWA during the laundry process, but also the drying procedure. Because FWAs
work by absorption of UV radiation, it is conceivable that exposure to sunlight
provides the possibility for photochemical reactions. Indeed, it has been established
that the FWA exhibit diﬀerent light fastness. The DSBP-type FWA exhibits improved
light fastness compared to most DAS-type FWAs and therefore this structure is the
preferred FWA in areas with outdoor drying.
Within the last decade, data have been collected that describe the environmental
behavior of FWAs. It has been found that in aqueous environment the DSBP-type
FWA is fully degradable after light exposure, which initiates the decomposition. Thus
the DSBP-type FWA is recommended for environmentally safe detergents.
Fluorescent whitening agents are commercially oﬀered as powders, granules,
dispersions, and transparent solutions. In spray tower processes, they are quite often
added to the detergent slurry before spray drying. This enables a very homogeneous
distribution of the FWA within the detergent powder. The spraying of FWA solutions
in post-addition treatment increases the ﬂexibility of production processes and also
enables a homogenous distribution of the FWA. Dry mixing of FWA with detergent
powder enables convenient and ﬂexible manufacturing of detergent powder. However,
dry blending implies a risk for separation during transportation and storage if particle
size and density are not adjusted in the composition. For analysis of FWA in dryblended detergent powders, a proper sample size must be assured to obtain a
representative analytical result.
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FIG. 4 Pigments used as colorants in detergents. (a) Pigments Blue 15/Pigment Blue 15:3, CI
74160 (Pigment Blue 15:3 is a more stable crystal modiﬁcation of Pigment Blue 15 of the same
chemical structure at room temperature). (b) Pigment Green7, CI 74260. (c) Pigment Violet 19,
CI 73900. (d) Pigment Violet 23, CI 51319. (e) Pigment Red 5, CI 12490. (f) Pigment Yellow 1,
CI 11680.
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C. Brightening Colors in Detergents
The content of coloring matters in detergents is much below 0.1 %. Usually, colors are
applied that do not stain the ﬁbers. Liquid detergents and softener contain concentrations of colorants within a range from 2 to 50 ppm whereas powders contain up to
0.1% of it.
In most cases, pigments are used in powders and tablets (Fig. 4), whereas watersoluble anionic dyes (sulfonic acids) are applied in liquid detergents (Fig. 5).
Historically, the spectrum of chemical structures is widely ranged. Pigments, as
given in Fig. 4, are preferred to prevent dye transfer; however, they may lead to color
strains on the ﬁbers. The solubility of these pigments, even of the phthalocyanines
(Fig. 4a), is low. They are only soluble in concentrated sulfuric acid and only accessible
by high-performance liquid chromatography (HPLC) after extraction and chlorsulfonation as their di-, tri-, or tetra-sulfonates. Because of the low concentration,
large volumes of detergents have to be extracted. The determination of low volumes of
such pigments can easily be performed by infrared spectroscopy preferably with
attenuated total reﬂectance (ATR).

FIG. 5 Anionic water-soluble dyes preferably used in liquid detergents: (a) Acid Blue 80, CI
61585. (b) Acid Blue 9, CI 42090. (c) Acid Blue 3, CI 42051. (d) Acid Violet 48, (no color
index). (e) Acid Red 18, CI 16255. (f) Acid Red 52, CI 45100. (g) Acid Yellow 17, CI 18965. (h)
Acid Yellow 23, CI 19140.
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FIG. 5 Continued.

Some pigments, e.g., Pigment Blue 29 (color index (CI) 77007), a polysulﬁdealuminum-silicate of unknown structure, is absolutely insoluble.
The producers are more and more interested in much more brilliant (ethoxylated) colorants. Such so-called ‘‘liquid dyes’’ are liquid at room temperature [1].

II. THE CHEMISTRY OF OPTICAL BRIGHTENERS
A. Chemical Properties of Optical Brighteners
Most brighteners used in laundry detergents contain a minimum of one sulfonate
group. Therefore the sodium salts are water-soluble or soluble in mixtures of water and
acetonitrile, methanol, or ethanol. Free acids are soluble in dimethyl sulfoxide
(DMSO). Brighteners can be precipitated using strong inorganic acids at high
concentrations. In laundry detergent, the content of brighteners is usually low (about
0.1% of weight). Because of this low concentration, extraction from detergent is
critical and can be performed only by using special, time-consuming techniques
(Section III.C). The substituents of the brightener are of slightly to low polarity and
determine the polarity and solubility of the molecule. Especially substituents containing hydroxyl groups (ethanol- or diethanol amino-) and morpholine groups lead to
somewhat better soluble brighteners, whereas phenyl or alkyl amino groups reduce
their water solubility.
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B. Fluorescence, the Effect of Optical Brighteners
The brightening of the fabrics washed with detergents containing brighteners is
aﬀected by the ﬂuorescence of the brightener. The optimum excitation of a brightener
molecule takes place in the UV range around 350 nm with emission around 420 nm,
corresponding to a blue light. The blue ﬂuorescence light gives the impression of a
bright white. The center of excitation is the stilbenic double bond or the a–h double
bond in coumarin ring systems. For HPLC analysis, the ﬂuorescence properties of the
molecules allow detection of low concentrations even in the presence of a strong UV
absorbing matrix.

C. Problem due to Isomerization
Photoisomerization will occur in solutions of DAS- and DSBP-type FWAs, by the
stilbenic double bond. At lower concentrations in aqueous solution, a faster cis–trans
isomerization will take place, depending on the energy of light, its penetration depth
into the solution, and the ratio of the kinetic stability of the two diﬀerent isomeric
structures [2–4].
A consequence of this process may be a separation into two signals in the liquid
chromatogram and a strong reduction of ﬂuorescence deriving from the ﬂuorescence
inactive cis-isomer (E to Z form) [5]. Therefore precautions have to be made to prevent
from isomerization. Amber glassware should be used and/or the prevention of
daylight. Preferably, the sample is prepared in a yellow-lighted laboratory without
daylight.

III. METHODS OF DETERMINATION
A. Precautions for Analysis
As described before, it is strongly recommended to use amber glassware. An
alternative are wrap ﬂasks and additional equipment used for extraction with
aluminum foil or other light-protecting material. Preferably, analysis should take
place in an interior room with artiﬁcial yellow light. To reduce the degradation of the
FWA in the detergent by, e.g., peroxides, after dissolution samples have to be analyzed
immediately. This problem may only occur if powder detergents are analyzed. Most
liquid detergents do not contain bleaching agents.

B. Analysis of Brightening Colors
The analysis of the dyes does not diﬀer much from that of detergent containing
sulfonic groups. The used methods are equivalent but degradation is much less a
problem.
The dyes used in liquid detergents are also used in cosmetics and household
cleaners. In addition, some of them are used as food dyes. As these dyes have been
known decades ago, many analytical HPLC methods have been validated and
approved by the FDA. Some of these methods are issued by the United States
Pharmacopeia (USP) organization [6].
In general, most of the water-soluble dyes can be analyzed by ion-pair chromatography (Fig. 6), using tetra-butyl ammonium bromide or hydrogen sulfate in a
mobile phase of acetonitrile or methanol and water as described for brighteners [7].
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FIG. 6 Chromatogram of Acid Red 18, CI 16255 (Fig. 2e) on LiChrospher (Merck) 100 RP
18; 5 Am; 125  4 mm i.d. Solvent A: 95% water, 5% buﬀer pH 9 + 1.0 g/L tetra-butyl
ammonium hydrogen sulfate (TBAHS). Solvent B: acetonitrile + 1 g/L TBAHS. Gradient:
t = 0 min, 100% A; t = 30 min, 30% A/70% B; t = 35 min, 100% B. Detection at 506 nm
using a diode array detector.

Analysis can also be performed on strong anion-exchange resin column with a
gradient elution system using 0.01 M Na borate and 0.2 M Na perchlorate, and a UV
detector [8].

C. Sample Preparation Techniques
The applicable preparation techniques have to be carefully adjusted to the low stability
of the optical brighteners against bleaching agents, found in the detergent powders.
Also, the preparation technique of choice depends on whether you want to quantify or
only identify the FWA in the detergent.
For identiﬁcation, you can use a very small volume of detergent. Degradation
plays only a minor role. Because of the relative inhomogeneity of powder detergents, a
larger volume of detergent has to be used for quantitative analysis.
For a quantitative analysis of a powder detergent, it is preferable to use a sample
splitter to insure a good homogenous subsample. Approximately 50 g subsample out
of the total sample (at minimum 1 kg) has to be homogenized in a mortar. After
homogenization, an analytical subsample (see below) has to be dissolved and rapidly
analyzed to prevent it from degradation. If detergent pats are to be analyzed, crush and
powder at a minimum of two pats. Typically, two pats are used in a laundry process.
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For analysis, out of the homogenized sample use an analytical subsample of
about 500 mg dissolved in 500 mL of a mixture of water and acetonitrile (90:10 v/v).
For quantitative analysis, omit ﬁltration due to losses of brightener during ﬁltration.
The disadvantage of the injection of unﬁltered solution into the HPLC system may be
an increase of the backpressure on the column, but this can be overcome by regularly
changing the ﬁlter at the column head. For this purpose, most supplier oﬀer repair kits
for columns. Alternatively, use precolumns.
Extraction processes [9] of FWAs from detergents have many drawbacks because
of the rapid isomerization of the molecules on the one hand and the degradation of the
FWA on the other. The extraction from the solid powder detergent has the disadvantage of an incomplete quantitative assay because encapsulated material cannot be
extracted very easily.
For the qualitative identiﬁcation of unknown brighteners, if HPLC-MS coupling
is not available, additional NMR spectroscopy is needed instead. Therefore larger
amounts of detergent are necessary. The powder is extracted with an appropriate
solvent such as acetonitrile by Soxhlet extraction or conventional by using a suspension in acetonitrile, methanol, or dimethyl sulfoxide and an ultrasonic bath. The
sodium salt of tetra-sulfonic acid brighteners is better soluble in methanol than in
acetonitrile. Dimethyl sulfoxide is to be preferred for the free acids with the drawback
of its high boiling point, which may lead to persistent residues in the puriﬁed
brightener.
For the FWA identiﬁcation process, about 200–500 g of the detergent
corresponding to 200–500 mg of brightener is required. After extraction with the
solvent in a second step, the evaporated residue of the extract has to be dissolved in a
small volume of water, ﬁltered if necessary through a glass ﬁber ﬁlter, and strongly
acidiﬁed with hydrochloric acid to obtain a solution with a pH below 1. A slow
precipitation of the free acid form of the brightener will take place. To improve the
precipitation of the FWA, the addition of sodium chloride in small portions up to a
nearly saturated solution is advised and depends on the solubility of the brightener.
The precipitated brightener has to be decanted from the solution and only washed with
a small volume of 1/2-saturated sodium chloride solution. The salt can be removed by
dialysis using a membrane with a molecular weight cutoﬀ (MWCO) of 800–1000 Da
(Fig. 7). After evaporation of the water, the brightener in its free acid form can
preferably be dissolved in deuterated dimethyl sulfoxide for NMR-spectroscopy (see
Section III.F). In D2O, the free acid is soluble in low concentrations only. For this
reason, it is advisable to add sodium hydroxide to the precipitate to obtain the sodium
salt of the brightener before the dialysis. Care must be taken if NaOH is used. Too high
pH will damage the membrane.

D. Detection Methods
For detection, the analyst has three detection opportunities:



UV detection preferable with a diode array detector,
ﬂuorescence detection, and
 mass detection.
Other detection systems, such as light scattering detection or refractive index detection, are not advisable because of their restriction in the mobile phase composition, their poor concentration sensitivity, and unspeciﬁc chemical information.
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FIG. 7 Extraction system with molecular porous regenerated cellulose (pore size 800–100 Da)
in a 100-times larger water bath.

The UV detection is the most popular detection method [10] because of their
widespread and uncomplicated use in HPLC analysis. But the quality of information is
low if no diode array detector (DAD) is used. Typically, brighteners are analyzed at
350–360 nm. To diﬀerentiate between brighteners of equivalent retention time, a
spectra from 220 to 400 nm is advantageous (Fig. 8). Other substances, e.g., UV
absorber, may lead to misinterpretations of results (Fig. 9a) whereas the equipment
with a ﬂuorescence detector inline with a UV detector improves the validity of the
analytical ﬁnding (Fig. 9b).
A ﬂuorescence detector as a stand-alone detection system has its drawbacks as
well. Only its use in combination with an UV-DAD detector improves the quality of
the analytical result. Otherwise, you will loose the spectral information (Fig. 8).
Usually, the excitation wavelength is set at 350 nm, while the emission wavelength is set
between 410 and 430 nm [11]. With peak picking performed by stop-ﬂow at the HPLC
system, an exact determination of both wavelengths can be performed to improve the
sensitivity of the detection system. To reduce the inﬂuence of scattered light, the signalto-noise ratio can be improved with a cutoﬀ ﬁlter at about 400 nm removing oﬀ all light
below this wavelength. The quantitative determination of brighteners by ﬂuorescence
detection is critical because of the fact that the Z-form of the DAS FWAs and the EZor ZZ-form of the DSBP brightener are ﬂuorescence inactive. A stable and reproducible ratio of the diﬀerent isomers at photostationary conditions can be performed with
a postcolumn UV irradiation apparatus as described by Poiger et al. [12].
Coupled techniques such as HPLC-MS have become more and more popular
within the last decade. The advantage of this method is that fairly rapid information on
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FIG. 8 Ultraviolet spectra of the three brighteners 1, 2, and 5 (cf. Fig. 2) extracted from the
DAD proﬁle.

the structure of brighteners are obtained, even if systems with MS–MS coupling are
used [13]. Stilbene and biphenyl stilbene derivatives are eﬀectively ionized in the
negative-ion mode. Multiple-charged ions are generated, depending on the number of
sulfonate groups in the molecule. Oxazole, pyrazoline, and coumarin derivatives are
preferably ionized in the positive-ion mode, generating protonated ions, sodium
adducts, and protonated or sodium adduct dimers or trimers. In most cases, sample
clean-up procedures can be avoided. Drawbacks of this technique are the limited
variability of mobile phase (Section III.E) and the lower sensitivity. For the same
reason as described before, the combination with a UV detector is advised.

E. Analytical Separation Techniques
Today the most common separation technique is high-performance liquid chromatography (HPLC) [14–16] with a reversed-phase stationary phase and an aqueous
mobile phase mixture containing methanol, acetonitrile, or sometimes low volumes of
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FIG. 9 (a) HPLC with diode array detection. (b) HPLC with ﬂuorescence detection. (For
structures, see Fig. 2.)

isopropanol and an ion-pair reagent. Tetra-alkyl ammonium bromide or hydrogen
sulfate is the reagent of choice. One of the most used ion pair reagents is tetra-butyl
ammonium bromide or the hydrogen sulfate salt, respectively. The alkyl chain length
of the ion-pair reagent steers the retention time of the analyte interacting with their
lipophilic side chains. With a long chain (C8 to C12) alkyl ammonium ion-pair
reagent, the separation of fast-eluting more polar components can be optimized
toward stronger retention. The elution time can be reduced and the sensitivity of more
lipophilic brighteners can be improved by using stationary phases with shorter alkyl
siloxane functionalities such as C-2 or C-8 columns instead of octadecylsiloxane (C18) containing phases. In HPLC-MS, the use of quaternary alkyl ammonium ion-pair
reagents is not applicable. They lead to strong background noise and contamination of
the transfer system. In LC-MS, ammonium acetate is to be used as a weak ion-pair
reagent. Optionally, mono- to tri-alkyl ammonium acetates instead of the ammonium
acetate can be used to inﬂuence sensitivity and elution in LC-MS analysis. However,
because of the higher molecular mass of the alkyl amines, interferences may occur in
mass detection.
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FIG. 10 1H-NMR of the brightener 5 (cf. Fig. 2) in (a) D2O and (b) DMSO-d6 (Bruker DPX
360 MHz). Signal numbers correspond to the proton numbers given in the structure (Fig. 10c).
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FIG. 10 Continued.

F. Identification of Optical Brighteners
The identiﬁcation of optical brighteners can either be carried out by HPLC-MS,
conventionally by HPLC-diode array and/or ﬂuorescence detection, as mentioned
above, or oﬀ-line by NMR-spectroscopy. The direct structure information by 1Hcombined with 13C-NMR spectroscopy and a DEPT135 (135j angle pulse experiment)
is of advantage, even if no reference for comparison is available and the extraction
from the matrix of the detergent has successfully been performed (Section III.C).
After dialysis and evaporation of the water in the tube, the residue can be
analyzed by NMR preferably in deuterated water (D2O) (Fig. 10a) or deuterodimethyl sulfoxide (DMSO d6) (Fig. 10b). In DMSO, the spectra are more complex
compared to using a protic solvent, because of the fast hydrogen–deuterium exchange
of the amino (H10 and H11) and hydroxyl (H12/H12’) protons, which are not to be
seen if D2O or methanol-d4 is used. The complexity in DMSO can be increased
additionally by strong S-O-H bridges to one of the O-H groups within this example of
a brightener. The rotation of the triazine is low; discrete signals (H12/H12V) can be
observed. Moreover, the shielding of the protons (H3 and H4) changes accordingly
and can be observed as a signal broadening.
In D2O, the rotation is much faster because of the lack of proton bridges. That is
why the signals of the protons H3 and H4 become sharper compared to the DMSO
spectrum. Nevertheless, the spectrum performed in DMSO delivers much more
information and gives a better idea of an unknown structure. The integrals of the
signals (not shown here) deliver in addition information on the proton relations within
the molecule. The signals H6 and H7 correspond to two protons each. The integral of
the signals of H8 and H9 together has an intensity of eight protons.

G. Quantitative Determination of Optical Brighteners
As mentioned before (see Section III.C), the quantiﬁcation of brightener is critical
because of the fact that in solutions the isomerization of the double bond takes place

504

Heinemann and Merkle

very rapidly. To obtain reliable results, preparation has to be carried out just before the
injection into the HPLC system. The extraction or isolation of the analyte is not
recommended.
To obtain a representative sample, use a sample splitter and prepare a 50-g
subsample for analysis. This detergent subsample has to be homogenized in a dry
milling process and 500 mg taken for the analytical sample. In a 500-mL volumetric
ﬂask, the analytical sample has to be dissolved in water using an ultrasonic bath. Then,

FIG. 11 Flow diagram of a typical HPLC analysis of a brightener.
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about 40–80 mL acetonitrile is added to improve the solubility of less water-soluble
components and the solution is adjusted to the mark. Depending on the sensitivity, 5–
20 Al of the solution has to be analyzed as rapidly as possible.
For HPLC analysis use an octyl- (C8-) or more often used octadecyl-siloxane
(C18-) phase depending on the lipophilic properties of the functional groups (column:
125-mm length and 4-mm i.d.).
Because most brighteners present in detergents contain sulfonic acid groups
(except special detergents for synthetics), the use of ion-pair reagents is necessary.
0.05–0.2% of an ion pair reagent such as tetra-butyl ammonium bromide or hydrogen
sulfate are commonly used in mobile phases. The separation of a wide range of
diﬀerent brighteners can be increased combined with improved selectivity of separation if gradient elution is used. Most brighteners can be separated with a mobile phase
‘‘A,’’ containing water by 90% of volume (v), the ion pair reagent and a 0.25 M
phosphate buﬀer of pH 6 to pH 7 of about 10% (v), and a mobile phase ‘‘B’’
containing methanol or acetonitrile (or a mixture of both) 90–100% (v), the ion pair
reagent and between 10% and 0% (v) of water, necessary to improve the solubility of
the ion-pair reagent used.
If no gradient system is available, prepare a mixture of 35% water/5% buﬀer/
50% acetonitrile/10% methanol and add 2 g/L of the ion-pair reagent for isocratic
elution. The use of a column oven at about 40jC is of advantage for a better eﬃciency
of separation. Detection is determined at about 350 nm with a UV detector. Also, a
wavelength of 350 nm is used as the excitation wavelength for ﬂuorescence detection.
The emission wavelength for detection should be set at 430 nm.
For standardization, prepare at minimum three standard solutions from a pure
reference material of known content of brightener (preferably concentrations of 0.5, 2,
and 5 Ag/mL standard solutions in the same solvent mixture as described before to
cover the range of 0.05–0.5% of brightener in the detergent.) A typical HPLC
procedure is given in the diagram of Fig. 11.

IV. CONCLUSION
Optical brighteners found in detergents are in most cases water-soluble, because they
contain sulfonate functional groups. Therefore their analytical behavior does not diﬀer
greatly from each other. Consequently, the complexity of the analysis is easy to grasp.
The determination, either qualitatively or quantitatively, of optical brighteners
in detergents can be carried out by ion-pair chromatography coupled with UV-,
ﬂuorescence-, or mass detection using a reversed-phase column, an ion pair reagent,
and common reversed-phase solvents such as water, methanol, or acetonitrile.
For quantitative analysis, the prevention of samples exposure to daylight and a
rapid injection of freshly prepared sample solutions is absolutely necessary for reliable
analytical results.
The extraction of unknown brighteners followed by puriﬁcation with membrane
dialysis is the technique of choice for a ﬁnal identiﬁcation by NMR spectroscopy,
particularly if coupled techniques such as HPLC-MS or NMR are not available.
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Miscellaneous Ingredients
HEINRICH WALDHOFF* Henkel KGaA, Düsseldorf, Germany
PETER HAAS BASF AG, Ludwigshafen, Germany

I. FORMULATION AND APPLICATION AIDS
A. Solvents
1. Water
Water is contained in liquid detergents as solvent; powder products comprise water as
formulation aid and in the form of crystal water bound in ingredients such as
perborate. etc. Standard laboratory methods for water determination are azeotropic
distillation and Karl–Fischer (KF) titration.
(a) Determination by Azeotropic Distillation. The classical Dean and Stark method
[1] is performed mostly with xylene and sometimes with toluene as water entrainer. It is
very robust and does not require expensive equipment. The procedure is simple.
Homogenized detergent powder is weighed into the round-bottom ﬂask, the solvent is
added, and the dispersion is reﬂuxed in the apparatus (shown in Fig. 1) as long as water
is separated. The total amount is then determined by reading the water level at the scale
of the graduated collection ﬁnger.
Drawbacks are the lack of automation, poor precision for lower water contents,
and use of inﬂammable, hazardous solvents. Its handling and the distillation process at
144jC (xylene) require special safety measures. These drawbacks and limited speciﬁcity have led to an extensive substitution by the KF method.
(b) KF Method. The speciﬁc and very precise KF method is based on the reaction
of water with iodine and sulfur dioxide:
SO2 þ I2 þ 2H2 O ! 2HI þ H2 SO4
The iodine is contained in the titration reagent (volumetric systems) or generated
in the titration vessel (coulometric systems). Endpoint determination is achieved
electrometrically (dead stop) using platinum indicator electrodes. A broad spectrum
of coulometric (recommended for low water contents) and volumetric semiautomated

* Retired
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FIG. 1 Dean Stark apparatus for water determination.

or fully automated instruments, with and without integrated oven, is in use. For water
determination in detergents, a direct or an indirect procedure can be applied, depending on the type of product.
Direct titration means that an exactly weighed amount of sample or an aliquot of
a sample solution or dispersion in an appropriate organic solvent is introduced into the
KF instrument and titrated. This approach is described in a number of standards [2].
The most up to date is EN 13267 [3], which was published in 2001.
If detergents contain strongly alkaline substances, oxidizing agents, strong mineral acids, aldehydes, or other substances that interfere with the KF reaction, the indirect procedure is the method of choice [4]. Some grams of detergent are placed in a
special oven, which is connected to an absorption vessel in the KF unit (Fig. 2)
The oven is heated up to about 120–150jC. The liberated water is transferred by
a constant stream of dry nitrogen into the KF instrument and continuously titrated.
Such systems are now available, equipped with an automated sample changer with
integrated oven [5], which allows a convenient processing of sample series. In Scheme 1
the basic procedure for such a water determination is demonstrated.

B. Organic Solvents
Low-molecular-mass monohydric and polyhydric alcohols, and monoethylene, diethylene, and triethylene glycol ethers ﬁnd application as solubilizers in liquid detergent
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FIG. 2 KF system for indirect water determination.

formulations. Ingredients such as geraniol and limonene may be present as highly
eﬀective solvents for some types of stains; they also act as fragrants and as antimicrobial agents (Table 1).

1. Analysis by Gas–Liquid Chromatography (GLC)
The most powerful routine technique for solvent analysis is GLC, due to its high
resolution power and excellent sensitivity. Separations are mainly achieved by
capillary columns. Packed columns ﬁnd only restricted application [6] for low-boiling
solvents. Detailed method descriptions can be found in the application libraries of
nearly all GLC column and/or instrument manufacturers [7]. For unambiguous
identiﬁcation, a mass spectrometric detector should be used, or the analysis should
be performed twice with separation columns of diﬀerent polarity.
Solvent types boiling between 40jC and 150jC can be determined conveniently
by headspace GLC [8] (Fig. 3) [Scheme 2].
Test sample solutions of higher-boiling solvents are directly injected into the
injection system and determined by standard GLC test methods. An exactly weighed
amount of the original homogenized sample is dissolved in a suited organic solvent,
ﬁltered if cloudy, and injected into the instrument (typical volume 0.5–1 AL). An
exemplary chromatogram for a broad spectrum of solvents, together with the corresponding instrumental parameters, is depicted in Fig. 4 [9].

1. Adjust oven temperature to 120–150jC and regulate the N2 ﬂow to about 1 mL/s.
Heat for about 15 min.
2. Fill an appropriate amount of solvent into the titration cell and start the KF
titration instrument.
3. After titration of the moisture contained in the solvent, measure continuously the
blank value of the system for about 30 min.
4. Fill an appropriate (the expected KF reagent consumption should be about 10–20
mL), exactly weighted amount of sample (powder detergents about 2 g) into an
aluminum boat and place it into the oven.
5. Titrate the liberated water continuously. Continue as long as the KF reagent
consumption is signiﬁcantly higher than the blank (at 150jC about 15 min).
6. Subtract the blank value and calculate the water content of the sample.
Scheme 1 Indirect KF water determination with drying oven instrument.
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TABLE 1 Organic Solvent Types in Liquid Detergent Formulations
Ethanol
Propan-2-ol
t-Butanol
Propan-1-ol
Butan-2-ol
Isobutanol
n-Butanol

Ethylene glycol
Propan-1,2-diol
Propan-1,3-diol
Butan-1,3-diol
Butan-2,3-diol
2-Methylpentan-2,4-diol
Neopentylglycol
Hexan-1,6-diol
Glycerol

Methyl glycol
Methyl diglycol
Ethyl glycol
Ethyl diglycol
Ethyl triglycol
Butyl triglycol
Butyl glycol
Triethylene glycol
Diethylene glycol

However, a direct determination of very-high-boiling polyhydric alcohols such
as glycerol is, however, often not possible. They have to be either transformed into
lower-boiling derivatives, or other techniques such as high-performance liquid chromatography (HPLC), etc. have to be applied.

2. Analysis by HPLC
Most solvents do not have ultraviolet (UV)-detectable chromophoric groups. Therefore, detection in HPLC is predominantly achieved by the rather unspeciﬁc and less
sensitive measurement of the refractive index (RI). This brings about restricted resolution because gradient elution is not possible. Solvent detection by indirect
conductivity and by pulsed amperometry has also been reported (see Figs. 5 and 6).
To the author’s knowledge, however, consolidated ﬁndings (e.g., in how far these

FIG. 3 Chromatogram of a solvent mixture resulting from headspace GLC using a DB-WAX
column.
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1. Fill 0.5–5 g (the starting weight depends on the solvent concentration) of the
homogenized detergent into a headspace vial. Close tightly.
2. Place the vial into the system and heat to 60–80jC. After temperature
equilibration, inject a deﬁned volume (typically 1 mL) of the gas phase in the
vial into the GC instrument.
3. Identify the contained solvents by their retention times.
4. Repeat the analysis with a test sample, which is spiked by deﬁned amounts of the
identiﬁed solvents.
5. Quantify according to the standard addition method by evaluating the diﬀerences in
peak area and/or peak height between the two runs.
Scheme 2 Solvent determination by headspace GLC.

detection types are suited and robust enough for daily routine analysis of detergents)
have not been published so far.
In 1980, Winkle and Koehler [10] published an HPLC method, which allowed
the comprehensive analysis of low-molecular-mass alcohols, ether alcohols, and
aldehydes in cleansing agents by LC. Detection is achieved by RI measurement. To
enable unambiguous results, each sample had to be analyzed by up to three diﬀerent
separation systems (Table 2).

FIG. 4 GLC chromatogram of a solvent mixture (Agilent application).
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FIG. 5 Fast alkanol separation by a modiﬁed RP 18 phase.

FIG. 6 HPLC separation of monohydric and polyhydric alcohols.

Waldhoff and Haas
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TABLE 2 Parameters for Solvent and Aldehyde Analysis According to Winkle and Koehler

Column

Eluent

System A

System B

System C

Aminex A15/acetate,
10 cm  3.2 mm ID +
2  50 cm  3.2
mm ID
Deionized water

Knauer RP 18, 4 cm 
4.6 mm ID +
30  4.6 mm ID

Aminex A14/sulﬁte, 2 
50 cm  3.2 mm ID;
column temperature:
46jC
Deionized water

Methanol/deionized
water (9:1)

Source: Ref. 10.

By comparison and evaluation of the retention times, suﬃciently reliable species
identiﬁcation was achieved. Adapted to modern separation columns and instrumentation, this method is applied still today.
Modiﬁed RP 18 materials, which have stable separation abilities even with mobile phases that contain very little or no organic solvent, enable a separation of the
common alcohols in some minutes’ time. An exemplary chromatogram is shown
in Fig. 5 [11]. The mobile phase contains only 4% methanol. With common silicabased reversed-phase material, this could lead to a breakdown of the separation after
some runs.
The simultaneous separation of monohydric and polyhydric alcohols using a
polymer resin-based RP column was described by Weiß [12] (Fig. 6). By detection with
pulsed amperometry, a good sensitivity was achieved. The solute concentration in the
separation demonstrated in Fig. 6 was 10 ppm, only that of 2-propanol was 100 ppm.

C. Solubilizer
1. Short-Chain Akylaryl Sulfonates
(a) Determination by HPLC. Toluene, xylene, and cumene sulfonate (Fig. 7) can be
determined quite conveniently by reversed-phase HPLC with UV (220 or 254 nm) or
conductivity detection directly from a watery solution of the well-homogenized
sample. In British Standard (BS) 3762, Section 3.10, the determination of toluene
and xylene sulfonate in detergents is described in great detail; the separation is
achieved by a common C18-modiﬁed reversed-phase column with methanol/water

FIG. 7 Short-chain alkylaryl sulfonates.
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25:75 (vol/vol), which contains 10 g/L ammonium acetate, as mobile phase. The high
separation eﬃciency of the C18-modiﬁed column even triggers a separation of the
xylene sulfonate into its isomers, which is normally not useful.
Weiß [13] described the separation of benzene, toluene, xylene, and cumene
sulfonate by an IonPak NS1 column [24] (Fig. 8). This polymer-based stationary phase
is less hydrophobic than the RP 18 material; it should, therefore, not aﬀect the
unwanted separation of positional isomers here.
(b) Determination by UV Measurement. As an alternative to analysis by HPLC,
short-chain sulfonates can be determined by UV measurement [14,15]. In a ﬁrst step,
the long-chain alkyaryl sulfonates are extracted with ether from a strongly acidic
watery sample solution. The analytes are separated from the watery phase by
evaporation. After neutralization and intermediate cleaning by dissolving in acetone,
ﬁltration, evaporation, and redissolving of the residue in a 1:1 (vo1/vo1) mixture of
absolute ethanol and acetone, the concentration is determined by UV measurement at
220 nm. A diﬀerentiation between xylene and toluene sulfonate is possible due to
partially diﬀerent UV absorption maxima (XS: 220, 272, and 278 nm; TS: 220, 256,
262, and 268 nm).

2. Urea
Urea can be detected in a detergent by a simple colorimetric test with p-dimethylaminobenzaldehyde (Chapter 2, Section IV.6). The quantiﬁcation can be achieved by
methods that are based on the determination of ammonia, which is formed by the
enzymatic hydrolysis of urea by urease. The second approach is the qualitative and
quantitative determination by HPLC.

FIG. 8 Chromatogram—separation of toluene, xylene, and cumene sulfonate by HPLC
(IonPak AS1 column; Dionex).
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1. Weigh 1- to 10-g sample (depending on the urea concentration to be expected),
dissolve in water, and make up to 500 mL.
2. Pipette two aliquots of 50 mL into two glass-stoppered conical ﬂasks and adjust pH
to 7–9.
3. Add a crushed urease tablet to one ﬂask. Stopper the ﬂasks and let them stand for 3
hours.
4. Titrate each ﬂask with 0.1 N sulfuric acid against methyl orange indicator
5. Subtract the blank value (ﬂask without urease) from the reading for the ureasecontaining ﬂask and calculate the urease concentration.
Scheme 3 Enzymatic determination of urea.

(a) Enzymatic Determination. Urea can be determined in detergents speciﬁcally by
enzymatic hydrolysis with the help of urease, and acidimetric or colorimetric quantiﬁcation of the generated ammonia.
COðNH2 Þ2 þ H2 O þ ðUreaseÞ ! CO2 þ 2NH3 þ ðUreaseÞ
An easily to perform titrimetric method was described by Longman [16] (see
Procedure [Scheme 3]).
For the photometric urea, determination test kits [17] are commercially available, which are based on the indophenol blue method. A complete analysis requires
about 15 min.
(b) Determination by HPLC. An exemplary chromatogram and the chromatographic conditions for urea determination by HPLC are depicted in Fig. 9 [18].
The sample preparation depends on the product composition. Surfactants and
other relatively hydrophobic ingredients, which could accumulate on the column,

FIG. 9 Chromatogram and experimental conditions for urea determination by HPLC.
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FIG. 10 Common types of foam depressors.

should be eliminated by passing the test sample solution before injection through an
RP 18 SPE cartridge.

D. Foam Depressors
1. Soaps
Applied are soaps with a broad chain length distribution, typically ranging from C12 to
C22; the concentration level in the detergent is about 2–4% (Fig. 10).
Soap analysis is schematically displayed in Fig. 11. It can roughly be subdivided
in the summary quantiﬁcation by two-phase titration, and the detailed qualitative and
quantitative characterizations by spectroscopy and GLC. These methods and their
application in soap analysis are described in Chapter 5 and shall therefore not be
further discussed here.

2. Paraffin
Common are paraﬃn oil and special paraﬃn compounds. They can be separated from
other detergent components by extraction with hexane or a comparable low- boiling
hydrocarbon and normally quantiﬁed by weighing. Very good extraction results were
achieved with the help of the fully automated accelerated solvent extraction (ASE)

FIG. 11 Flow chart: analysis of soaps.
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system (see Chapter 2). The identity and purity of the extract should be checked by
infrared (IR) spectroscopy (Fig. 12). C-chain length distribution, branching, etc. can
be determined by GLC.

3. Silicon Oil
Silicon oil (polydimethyl siloxane) is used as foam depressor in a concentration range
of 0.1–0.4%; it is mostly applied in the form of silicon–silica systems (silicon antifoam
powder). For analysis, the silicone oil is extracted with an appropriate solvent (e.g.,
ethyl acetate). The quantiﬁcation is achieved on the basis of the organic-bound silicon
content in the extract, which is determined by atomic absorption spectroscopy (AAS)
or inductively coupled plasma (ICP). The identity can be conﬁrmed by nuclear
magnetic resonance (NMR) or IR analysis (Fig. 13).

E. Preservatives
Neutral liquid detergent formulations often contain preservatives, which prevent
decomposition by microorganisms. In many countries, the presence of such components has to be declared on the package label or in the instruction leaﬂet; for cosmetic
detergents (shampoos, etc.), the exact type has to be speciﬁed, which is very helpful for
the analytical chemist. The compliance of market products with these regulations is
regularly checked by oﬃcial laboratories with regard to preservative type and
concentration; therefore, oﬃcial analysis methods for the common types are available
in many countries.
The methodical emphasis for preservative determination is put on GLC and
HPLC methods; to a minor extent, thin-layer chromatography (TLC) and photometry
also ﬁnd application.

FIG. 12 Typical paraﬃn IR spectrum.
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FIG. 13 IR spectrum of a common polydimethyl siloxane.

1. Aldehydes
(a) Photometric Determination of Formaldehyde. Free formaldehyde forms with
pentane-2,4-dione the yellow 3,5-diacetyl-1,4-dihydrolutidin (Figs. 14 and 15), which
can be quantiﬁed by photometric measurement at 410 nm.
Analytical methods based on this reaction ﬁnd widespread application for
photometrical formaldehyde determination in detergents (Procedure [Scheme 4]).
Detailed descriptions can be found in analytical textbooks and especially in
standards [19] and oﬃcial methods. The method is not suited for samples that contain
formaldehyde donators such as diazolidiny urea, bronopol, etc. because the measured
values are higher than the free formaldehyde content [20]. For such formulations.
HPLC is the better alternative.
(b) Determination of Aldehydes by HPLC. For the determination of aldehydes
[glyoxal, formaldehyde, propionaldehyde, and glutar(di)aldehydes] and organic solvents in detergents, a tailored procedure was published in 1980 by Winkle and Koehler
(see Section II.B).
The simultaneous separation of short-chain monohydric and polyhydric alcohols and glyoxal, formaldehyde, and glutar(di)aldehyde by an IonPak ICE-NS1
column (Dionex) [24] and water as eluent is demonstrated by Weiß [21] (Fig. 16).

FIG. 14 Formula and structure of aldehydes used as preservatives in detergent formulations.
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FIG. 15 Photometric formaldehyde determination—formation of yellow 3,5-diacetyl-1,4dihydrolutidin.

Sensitivity and selectivity can be largely improved by precolumn or postcolumn
derivatization. In 1985, Engelhardt and Klingner [22] published an HPLC method,
which was especially designed for formaldehyde determination in cosmetics; they
used postcolumn derivatization by acetylacetone and UV measurement for detection.
For the same application ﬁeld, Benassi et al. [23] developed a method with precolumn derivatization by 2,4-dinitrophenylhydrazine (DNPH) (Procedure [Scheme 5]).
The separation was achieved by a Merck RP 18 column (10 Am, 250 mm  4 mm ID)
using acetonitrile/water (1:1) as eluent. Detection was performed by UV measurement
at 345 nm.
DNPH can be applied universally for the derivatization of aldehydes. In the
Dionex [24] application note 97, two gradient HPLC methods are presented, which
enable the separation of the DNPH derivatives of a very broad spectrum of aldehydes
(Fig. 17).

1. Weigh a reasonable amount of sample into a calibrated ﬂask (the concentration
should be at least 5 Ag/mL in the diluted sample solution) and ﬁll up to the mark
with deionized water and mix well.
2. Transfer an aliquot of 30 mL sample solution into a 50-mL stoppered ﬂask, add 5
mL of acetylacetone reagent solution (15 g of ammonium acetate, 0.3 mL of glacial
acetic acid, and 0.2 mL of acetylacetone ﬁlled up to 100 mL with deionized water),
mix well, and heat for 10 min to 60jC (water bath).
3. Cool down to room temperature, add exactly 10 mL of n-butanol, shake well for
about 30 s, and separate the phases by centrifugation.
4. Transfer the butanol phase into a cuvet and measure the extinction at 410 nm
against a blank. The blank is prepared as described before. Instead of the
acetylacetone reagent, 5 mL of a solution of 15 g of ammonium acetate and 0.3 mL
of glacial acetic acid in 100 mL deionized water is added.
5. Calculate the formaldehyde content with the help of a calibration curve, which had
been created by measurement of formaldehyde standards.
Scheme 4 Photometrical formaldehyde determination in detergents—general procedure.
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FIG. 16 Separation of aldehydes and solvents by HPLC.

The sample preparation procedure, as described before, should be applicable for
the determination of the most common detergent formulations applied in aldehydes.

2. Isothiazoline-3-on-Based Preservatives
Isothiazoline-3-on-based preservatives (Fig. 18) are often mixtures of several species,
they can be comprehensively analyzed by gradient HPLC [25,26] (Procedure [Scheme
6]; Fig. 19, see pg. 522).

1. Weigh 1 g of sample, dilute to 10 mL with tetrahydrofuran/water (9:1), and stir
until completely dissolved.
2. Take 1 mL of sample solution, add 0.4 mL of a 0.1% 2,4-DNHP solution, stir for 1
min, and allow to stand for 2 min at room temperature.
3. Add 0.4 mL of 0.1 M phosphate buﬀer (pH 6.8) and 0.7 mL of 1 M sodium
hydroxide solution.
4. Inject 6-AL quantities into the HPLC system. Calibration is achieved with the help
of formaldehyde solution of exactly known concentration, which is treated in the
same way as described for the sample solution.
Scheme 5 Formaldehyde determination by HPLC according to Benassi et al.
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FIG. 17 Separation of aldehydes (DNPH derivatives) by gradient HPLC.

FIG. 18 Structure of isothiazoline-3-on-based preservatives.
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1. Weigh about 1 g of sample into a 25-mL graduated ﬂask, ﬁll up to the mark with a
20:80 (vol/vol) solution of methanol and 0.45 acetic acid, mix well (ultrasonic
bath), and ﬁlter through a 0.45-Am ﬁlter.
2. Prepare a C18 SPE cartridge by activating with 5 mL of ethanol and rinsing with 5
mL of water. Pass 2 mL of the ﬁltered solvent solution through the cartridge, rinse
with 2  2.5 mL of water, and blow dry with air. Elute the isothiazolones with
methanol/water (1:1).
3. Inject into the HPLC system and analyze by gradient chromatography as described
in Fig. 6. Quantiﬁcation and identiﬁcation are achieved by calibration with a
commercially available, well-deﬁned 2-methyl-3-(H)-isothiazolone and 5-chloro-2methyl-(H)-isothiazolone mixture.
Scheme 6 Determination of 2-methyl-3-(H)-isothiazolone and 5-chloro-2-methyl-(H)isothiazol by HPLC.

FIG. 19 HPLC analysis of isothiazoline-3-on derivatives—chromatogram and separation
parameters (oﬃcial test method of the Chemisches und Veterinäruntersuchungsamt, Karlsruhe,
Germany). (Courtesy of E. Kratz.)
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FIG. 20 Structure of benzoic acid-based preservatives and sorbic acid.

FIG. 21 HPLC chromatogram of p-hydroxybenzoic acid and its esters.
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FIG. 22 Typical antimicrobial QAV in detergents.

In order to get unambiguous results even in diﬃcult matrices, the detection is
achieved by parallel measurement at 274 and 285 nm using a diode array detector
(DAD). Before a second HPLC run, the isothiazoline-3-on derivatives can be
destroyed by addition of sodium pyrosulﬁte solution (0.4% in water). The vanishing
of the peaks used for identiﬁcation conﬁrms the correctness of the qualitative result.

3. Sorbic Acid-Based and Benzoic Acid-Based Preservatives
p-Hydroxybenzoic acid-based preservatives and sorbic acid (Fig. 20) are preferentially
determined by HPLC. Numerous methods are published in the application libraries of
HPLC column and instrument manufacturers; an exemplary chromatogram and
separation parameters (based on a method published in the Shodex application library
[27]) are demonstrated in Fig. 21.

4. Quaternary Ammonium Compounds (QAVs)
Antimicrobial QAVs have a preservative function, on one hand, and disinfectant
abilities for ﬂoors, etc., on the other hand (Fig. 22). The main method for unspeciﬁc

FIG. 23 Determination of benzalkonium by HPLC chromatogram and experimental parameters. (From Shodex Application Library.)
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FIG. 24 Multifunctional biocides.

quantiﬁcation is the two-phase titration. HPLC with conductivity or UV detection
enables the identiﬁcation and more or less speciﬁc quantiﬁcation of common types in
one run (Fig. 23) [28].
Nonroutine species can be identiﬁed by NMR and/or IR after isolation by ion
exchange procedures. Details can be found in Chapter 6, ‘‘Analysis of Quaternary and
Amphoteric Surfactants.’’

5. Multifunctional Functional Components with Preservative
and Biocidal Abilities
Geraniol, terpinene, terpinen-4-ol, and limonene are used as preservatives, but when
applied in concentrated form, they can also act as disinfectants for the cleaned surface
(Fig. 24). Further on, they have fragrant abilities and are very eﬀective fat soil
removers. For their determination, GLC is the method of choice; detection can be
achieved with ﬂame ionization detector (FID) or, more speciﬁcally, by mass spectrometry (MS). The analytes can be isolated by extraction in hexane. A typical
chromatogram and the respective instrumental parameters, which were taken from
an application published by Machery-Nagel GmbH and Co. [29], are demonstrated in
Fig. 25. From the broad spectrum of peaks in the original chromatogram for reasons
of transparency, only the relevant peaks are depicted there.

F. Fragrants
Most detergents for household use are scented in order to give the product and/or the
cleaned subjects a pleasant odor. The fragrant blends applied are complex mixtures of
a very broad substance spectrum; the composition of an exemplary hypothetical
formulation is listed in Table 3 [30].
For the determination of individual components in such mixtures, capillary
GLC is the common technique, preferably in combination with a mass spectrometry
(GLC-MS).
But the most powerful tool for the deformulation and reconstruction of a
fragrant compound is the nose of an experienced perfumer. It is like magic how
precise the nose can ﬁgure out the individual ingredients only by sniﬃng.
The application of solid-phase microextraction (SPME) (Fig. 26) and capillary
GLC-MS for the measurement of gas–liquid partition coeﬃcient and headspace
concentration proﬁles of perfume materials was published by Liu and Wene [31].
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FIG. 25 GLC chromatogram of geraniol, terpinene, terpinen-4-ol, and limonene.

TABLE 3 Hypothetical Formulation of a Fragrance
Blend for Detergent Use
Ingredient
Cyclohexyl salicylate
Iso E Super
Vertoﬁx Coeur
Boisambrene Forte
Sadelice
Dihydromyrcenol
Benzyl acetone
Verdyl propionate
Verdyl acetate
Isoraldein 70
Floramat
O-tert-butylcyclohexyl acetate
Citrnellol
Geraniol
Linalyl acetate
Hedione
Neroli phase oil
Linalool
Diphenyl ether
Anisaldehyde
Cyclovertal
Styrol acetate
Isobornyl acetate
Ambroxan
Herbavert

Quantity (g)
200.0
100.0
80.0
50.0
40.0
70.0
35.0
30.0
20.0
75.0
25.0
20.0
20.0
20.0
50.0
50.0
40.0
20.0
10.0
5.0
3.0
5.0
15.0
2.0
15.0
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FIG. 26 Principle of headspace SPME.

FIG. 27 Typical headspace SPME GC-MS chromatogram of fragrants in a liquid laundry
detergent.
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TABLE 4 Nitro Musk Analysis—Experimental Parameters According to Sommer
GC-ECD

GLC-MS

Instrument
Injection temperature
Detector temperature

HP 5890 with ECD
250jC
280jC

Instrument
Trans line
Cycling scan
Mass range

Temperature program

40jC (0.5 min)–210jC (20jC/min), 210jC (15 min)–260jC (20jC/min), 260jC
(10 min)

Carrier gas
Injection mode
Injection volume

Helium 58 kPA
Split less (90 s)
1 AL

Separation column

Fuse silica capillary
column DB-17
(length: 30 m), ID:
0.317 mm
Film thickness: 0.25 Am

Carrier gas
Injection mode
Injection
volume
Separation
column

HP 5890 with MSD 5970
280jC
1.23 s
35–500 (EI: 70 eV)

Helium 60 kPA
Split less (90 s)
1 AL
Fuse silica capillary
column DB-17
(length: 30 m), ID:
0.265 mm
Film thickness: 0.25 Am

They demonstrate with measurements on commercial laundry and cleaning
products that SPME GLC-MS provides the sensitivity and precision needed for
proﬁling the gas-phase fragrance composition in a very eﬃcient way without using
complicated sample preparation procedures (Fig. 27, Table 4).
The determination of nitro musk compounds by GLC-MS and electron capture
detection (ECD) in cosmetics and detergents was described by Sommer [32]. Sommer
isolated the fragrant fraction from the detergent matrix by simultaneous distillation
and extraction (SDE) (Fig. 28) [33] and analyzed the extract in a ﬁrst step by GLCECD. In a second step, the identity was conﬁrmed by GLC-MS. The quantiﬁcation
was achieved by using quintocene as internal standard (Table 5).
The results achieved with a broad spectrum of powder and liquid detergents are
presented and discussed.

II. POLYMERIC LAUNDRY ADDITIVES
A. Soil Antiredeposition and Soil-Repelling
(Soil-Release) Agents
Removal of soil from surfaces is a complex combination of physico-chemical processes
such as dissolution, displacement, and desorption. Because these processes are
reversible, soil particles can actually become reabsorbed from the washing liquor.
Finely dispersed soil particles also tend to form agglomerates, which precipitate even
more easily. In order to prevent such processes, which would inevitably lead to poor
washing results, the combination of surfactants and builders used in a detergent
formulation is optimized so as to guarantee an optimum soil-dispersing performance.

Miscellaneous Ingredients

529

FIG. 28 Apparatus for simultaneous distillation and extraction.

TABLE 5 GLC Retention Times and Response Factors
Component
Musk
Musk
Musk
Musk
Musk

ambrette
xylene
mokene
tibetene
ketone

Retention time (min)

Response factor (ECD)

14.96
15.70
15.70
19.28
20.35

1.87
1.49
3.05
1.75
1,58
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Textiles, however, represent a particular challenge because their surface properties can
vary considerably. Diﬀerent ﬁbers exhibit aﬃnities to diﬀerent types of soil, depending
mainly on their polarity. Particles that are easily removed from ﬁbers of intermediate
polarity may be strongly adsorbed on either hydrophobic or hydrophilic ﬁbers, and
this leads to a distinct graying of the fabric after multiple washing cycles.
In such cases, particular polymers are added, which either strongly interact with
soil particles in the washing liquor (soil antiredeposition agents) or irreversibly adsorb
to the ﬁbers (soil-repelling and soil-release agents), eﬀectively preventing a soil
redeposition in both cases. In general, the polymers exhibit soil antiredeposition
and soil-repelling abilities at the same time. Hence, no clear line can be drawn between
the two mechanisms. Common raw materials applied in this ﬁeld are cellulose and
starch derivatives, as well as polyesters of poly(ethylene glycol) and terephthalic acid.
In addition, cellulose and starch derivatives can be used as thickeners, and some
starches are also used as stiﬀeners in after-treatment aids.
Idealized structures of some cellulose derivatives are presented in Table 6.
Carboxymethyl cellulose (CMC) is commonly prepared from cellulose and chloroacetic acid, which preferentially reacts with the side chain hydroxyl groups. The
nonionic cellulose ethers are mainly prepared in alkaline solution, by reaction with
alkyl halides or alkylene oxides. Under these conditions, the diﬀerent hydroxyl groups
exhibit similar reactivities. Starch derivatives are prepared in the same way and carry
the same substituents. The substitution degrees usually in the range from 1.5 to 2.5.
Products carrying too many residues are not soluble in water anymore, whereas the
low substituted derivatives exhibit an inferior performance.
The attitude of the carbohydrate derivatives toward ﬁbers of diﬀerent polarity is
mainly controlled by the chemical properties of the side chains. CMC, for example,
strongly adsorbs to cotton ﬁbers, but does not markedly interact with the more
hydrophobic ones such as polyamides, whereas hydroxypropyl cellulose has roughly
inverse aﬃnities. In order to obtain the best washing performance, mixtures of
diﬀerent carbohydrate derivatives may be used, and mixed cellulose ethers have been
described in the literature, as well.

1. Cellulose and Starch Derivatives
(a) Test Methods. The presence of a carbohydrate derivative can be easily conﬁrmed by colorimetric tests, a vast number of which are described in the literature.
They are based on a partial or complete hydrolysis into the corresponding monosaccharides in the presence of a strong acid. Pentoses further convert into furfural,
whereas hexoses form 5-hydroxymethylfurfural, which then decomposes into levulinic
acid and formic acid. Both furfural and levulinic acid readily condense with phenols
to form colored dyes [34]. Resorcin, for example, will give a green color, and with 1naphthol (Molisch’s reagent), a red color is obtained [35].
In a tube, disperse about 2 g of the detergent sample in 10 mL of dematerialized
water, add a few drops of Molisch’s reagent (15 g of 1-naphthol dissolved in 100 mL of
ethanol), and shake. Pour about 2 mL of concentrated sulfuric acid carefully in the
tube so as to form a layer underneath the sample solution and allow to stand for some
minutes. A red-violet ring at the junction of the two layers will indicate the presence of
carbohydrate.
Carbohydrates can also be identiﬁed in the 1H NMR spectrum of the watersoluble matter (see Fig. 29). Furthermore, speciﬁc tests exist for both starch and

CMC carboxymethyl
cellulose

Cellulose ethers

Compound

TABLE 6 Structure of Carbohydrate Derivatives
Idealized structure
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1

H NMR spectrum of the water-soluble matter of carbohydrates.

cellulose derivatives. Starch derivatives will develop a purple color when some drops of
a dilute iodine solution are added. When detergent powders are tested directly, the
starch particles will become blackish purple. Cellulose derivatives can be identiﬁed by
optical microscopy due to their characteristic ﬁlamentous shape [35]. Ethanol/water
90/10 (vol/vol) is an appropriate solvent mixture for slide preparation.
(b) Determination. Eﬀorts to determine the true content of carbohydrate derivatives are rarely undertaken. This is mainly because a precise determination requires
isolation of the carbohydrate, which is diﬃcult and time-consuming. Instead, sum
parameters are measured, which actually represent the amount of monosaccharides
released upon hydrolysis. The methods are mainly based on photometry and can be
developed from any reaction that yields colored or UV-absorbing products in
stoichiometric proportions, and whose conditions can be optimized so as to obtain
a complete hydrolysis of the carbohydrates concerned. They generally are quite
speciﬁc and, therefore, they can be carried out with the original detergent sample,
unless carbohydrate-based surfactants such as alkyl polyglucosides are present. In this
case, the water-soluble matter has to be taken.
A widely applied method, described in detail by Longman [35], is based on the
photometric determination of a red dye formed when carbohydrates are heated with
anthrone (9,10-dihydro-9-oxoantracene) in 60% (wt/wt) sulfuric acid. Another assay,
described by Kennedy and Melo [36], is carried out in sulfuric acid as well, but consists
in measuring the concentration of a thiazolidine derivative, formed by reaction of
glucose with L-cysteine.
Because both cellulose and starch derivatives exclusively yield glucose upon
hydrolysis, their photometric determination can also be combined with enzymatic
assays. In this case, the carbohydrates have to be completely hydrolyzed in advance,
which can be accomplished by boiling the sample for about 2 h in 10% (wt/wt)
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hydrochloric acid. All reagents required for carrying out the analyses are provided
ready for use by commercially available enzyme reaction kits. The most common
assays are based on the following principles:
n Glucose oxidase/peroxidase method: In the presence of glucose oxidase, glucose
reacts with oxygen to form gluconic acid and a stoichiometric amount of hydrogen
peroxide. Catalyzed by peroxidase, the latter readily oxidizes 3,3V-dimethoxybenzidine to a brown dye, whose concentration is determined photometrically
[37].
n Hexokinase/glucose-6-phosphate dehydrogenase method: Catalyzed by hexokinase, glucose reacts with adenosine triphosphate (ATP) to form glucose-6-phosphate. In the presence of glucose-6-phosphate dehydrogenase and nicotinamide
adenine dinucleotide (NAD), this is further converted into 6-phosphogluconate,
whereby a stoichiometric amount of NADH (nicotinamide adenine dinucleotide;
reduced form) is formed. Both the concentrations of NAD and NADH can be
determined simultaneously by measuring their UV absorbances.
Photometric methods are usually calibrated either with glucose or with a raw
material similar to the carbohydrate expected in the sample. If the structure would
have been identiﬁed later on, the initial result can always be corrected by a simple
calculation. If no further characterization is carried out, a response factor of 0.8
relative to glucose (i.e., a glucose yield of 80% per unit weight) will be a good
assumption to keep the systematic error as low as possible. Considering CMC with a
substitution degree of 2.5 and methyl cellulose with a substitution degree of 1.5 as
worst and best cases, respectively, glucose yields of about 59% to 98% per unit weight
are calculated. Hence, if the mean value of 80% (wt/wt) is used for correcting the initial
result, the relative systematic error will not be larger than F25%. Because detergents
do only contain a few weight percentages of carbohydrate derivatives, this accuracy is
still suﬃcient for reconstructing the composition of the original sample.
(c) Isolation. When a further detailed characterization is carried out, an isolation
of the carbohydrate from the detergent matrix is indispensable. When the detergent
sample is separated according to the procedure depicted in Fig. 30, carbohydrates
will remain in the water-soluble matter. The techniques that can be applied to isolate
them from this fraction are basically the same as for the polycarboxylates. Although
polycarboxylates are the main interferences here, they are more diﬃcult to remove
from the sample than the carbohydrates in the opposite case. Therefore, dialysis and
ultraﬁltration, as described by Friese [38], are generally not suited to isolate carbohydrates from detergent samples, unless they are combined with a further clean-up step.
A method based on the poor solubility of typical carbohydrate-based soil antiredeposition agents in alcohols has been proposed by Milwidsky and Gabriel [39].
First, an extract is prepared by dispersing the original sample in hot water and
removing the insoluble matter by ﬁltration. After concentrating the aqueous solution
by evaporation, at least a ﬁvefold excess of ethanol or methanol is added, which causes
the carbohydrates to precipitate. Under these conditions, however, a certain fraction
of the polycarboxylate salts will precipitate as well. A separation would be possible
when the carbohydrates are precipitated from an acidic solution, according to the
method described in Section II.B. When the operations are carried out at ambient
temperature and freeze-drying is applied instead of solvent evaporation throughout
the procedure, cellulose derivatives are likely not hydrolyzed. Starch derivatives,
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FIG. 30 Scheme for separation of detergent samples.

though, have to be handled with care because they are less stable. They hydrolyze to
some extent even in cold acids when allowed to stand for a while.
The most versatile method for separating polymers on a semipreparative scale is
size exclusion chromatography. Elution times are related to the hydrodynamic
volumes of the polymer molecules, which do not only depend on their absolute
molecular weights, but also on their shape and on solvation. In aqueous mobile phases,
solvation can be controlled, to some extent, by varying the ionic strength or by
addition of organic modiﬁers. When the ionic strength is suﬃciently low, polycarboxylates keep up a voluminous solvent shell, which almost never leads to a total exclusion
because the solvated molecules appear much larger than the stationary phase than they
actually are. This opens up a possibility to separate them from carbohydrates, which
do not behave alike. If necessary, the molecular weight distribution can be measured at
the same time.
(d) Characterization. To identify the type of raw material present, the identity of
the side chains, the average number of residues per monosaccharide unit (i.e., the
degree of substitution), and the mean molecular weights have to be known.
Detailed structural information can be obtained from 1H NMR and 13C NMR
spectra. Another technique often used to identify the substituents and to determine the
substitution degree is the cleavage of ether bonds by treatment with hydrobromic or
hydroiodic acid (also known as Zeisel cleavage), according to Ref. 40, followed by gas
chromatographic separation and quantiﬁcation of the alkyl halides formed thereby.
This technique works particularly well with carboxymethyl residues and short alkyl
chains. Residues with more than two carbon atoms, however, undergo rearrangements
and the reaction products are not always formed in constant proportions. A speciﬁc
method exists for CMC, which forms a stoichiometric salt when precipitated with
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cupric ions from pure water [41], allowing to calculate the substitution degree from its
copper content. The procedure is very simple, but it requires a careful puriﬁcation of
the carbohydrate fraction because the composition of the salt is not predictable when it
precipitates in the presence of other cations.
Mean molecular weights and the molecular weight distribution are commonly
measured by means of size exclusion chromatography. Separations can be performed
either in aqueous mobile phases with 0.1 M LiNO3 added, using a glycidyl methacrylate packing as the stationary phase, or, at elevated temperatures, in N,N-dimethylformamide/0.05 M LiBr or N,N-dimethylacetamide/0.05 M LiCl mobile phases on
styrene–divinylbenzene resins [42]. These systems, however, may not be suited to
separate the carbohydrates from other polymers, especially from polycarboxylates. A
detailed discussion on how to ﬁnd out the most appropriate conditions can be found in
Ref. 43. Recently, ﬁeld ﬂow fractionation has been extensively applied to measure
molecular weight distributions of cellulose derivatives. This technique oﬀers greater
resolution and several other advantages when higher-molecular-weight components
are concerned [44–46].

2. Terephthalic Acid Esters
Esters of terephthalic acid and poly(ethylene glycol) can be identiﬁed in the original
sample by means of pyrolysis GC/MS [47]. The ground sample is mixed with a
methylation reagent and introduced into the pyrolysis oven. After GC separation, key
fragments are scanned for by means of mass spectrometry with single ion monitoring.
The method is very quick and a detection limit of 0.05% (wt/wt) has been reported,
which is suﬃcient for detergent analysis. On the other hand, it requires sophisticated
instrumental equipment and does not allow quantiﬁcation. Alternatively, polyterephthalates can be identiﬁed in the water-soluble matter by means of 1H NMR
spectroscopy. Both ethylene oxide groups and terephthalic acid units give characteristic signals that are easily recognized.
The most widely applied method for routinely determining polyterephthalate
contents is saponiﬁcation, followed by reversed-phase HPLC with UV absorbance
detection of terephthalic acid. Empirically, the terephthalic acid content of commercially available raw materials is close to 5% (wt/wt). Therefore, the poly(ethylene
glycol) content does not have to be determined separately. Saponiﬁcation can be
carried out as follows:
Weigh about 5 g of the detergent sample to the nearest 0.01 g into an Erlenmeyer
ﬂask, add 15 mL of demineralized water and 2 g of KOH pellets, and boil under
reﬂux for 3 h. After allowing to cool down to ambient temperature, transfer the
mixture into a 25-mL calibrated ﬂask and make up with demineralized water.
Inject an aliquot of this solution into the HPLC system.
The chromatographic separation itself is rather simple. It actually could be
performed on any octyl or octadecyl stationary phase because there are almost no
interferences, but it may be a problem to retain the terephthalate. Free organic acids
are strongly retained on reversed stationary phases, whereas the corresponding anions
are not. Therefore, about 0.1% (vol/vol) of concentrated phosphoric acid is usually
added to the mobile phase when organic acids have to be separated. Injection of an
alkaline sample solution into an acidic mobile phase, however, will inevitably lead
to a serious peak distortion. On the other hand, it is not advisable to neutralize or
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even acidify the saponiﬁed reaction mixture because this will cause the terephthalic
acid to precipitate. Addition of an organic solvent is also not helpful because this will
impose further chromatographic problems. For a more detailed discussion of these
topics, the reader is referred to standard textbooks on liquid chromatography. The
separation is best carried out in a neutral mobile phase with the lowest possible volume fraction of an organic solvent in order to obtain maximal retention. As the
stationary phase, an alkyl-modiﬁed silica gel with a high carbon load or a polymerbased material is best suited. Alternatively, terephthalic acid can be determined by
means of ion chromatography.

B. Dye Transfer Inhibitors
Color detergents usually contain a few weight percentages of polymers that exhibit
a strong aﬃnity to aromatic functional groups, with which they interact by a combination of dipole-induced dipole and k–k interactions. In the washing liquor, they are
selectively adsorbed to dye and pigment particles and eﬀectively prevent their
redeposition [48].
Dye transfer inhibitors consist of monomers with electron-rich and strongly
dipolar or easily polarizable residues, typically vinyl-substituted aromatic or aliphatic
heterocycles. There exist only a few commercial raw materials (see Table 7), of which
polyvinylpyrrolidone (PVP) is the most important. These polymers are soluble in
alcohols and, therefore, are expected to be found in the alcohol-soluble matter. However, they form rather stable associates with both polycarboxylates and surfactants
[49,50], making a quantitative extraction with either alcohol or water impossible.
Recoveries, which may be checked by spiking the sample with a known amount of a
reference standard before performing the extraction, strongly depend on the composition of the matrix, but usually are too low to allow for a reliable quantiﬁcation. As
a consequence, no reliable method for determining dye transfer inhibitors as such
exists. They are commonly analyzed in the original sample by pyrolysis GC/MS and
identiﬁed by means of characteristic decomposition products [51]. If the method is
applied routinely, the identities and retention times of the key fragments will be well
known. In this case, a nitrogen-sensitive detector (NSD) is preferably used instead of
the mass spectrometer because it allows for a quick and selective identiﬁcation, even in
complex matrices.
The pyrolysis GC/NSD chromatogram of a PVP-containing color detergent
powder is shown in Fig. 31. If appropriate equipment is available, this technique also
allows for PVP quantiﬁcation. The feasibility critically depends on the design of the
pyrolysis oven and the measuring principle of the NSD. Some commercial detectors
simply fail to give a stable calibration in a suﬃciently large range of PVP concen-

TABLE 7 Commercial Dye Transfer Inhibitors
Polymer

Identity

PVP
PVP/PVI
PVNO

Poly(1-vinylpyrrolidone)
Poly(1-vinylpyrrolidone-co-1-vinylimidazole)
Poly(4-vinylpyridine-1-oxide)
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FIG. 31 Pyrolysis GC/NSD chromatogram of a PVP-containing color detergent powder.

trations, whereas some others work satisfactorily. As for the pyrolysis oven, the best
results are obtained with a custom-built unit. The copolymers cannot be quantiﬁed
because their decomposition products are not formed in predictable proportions.
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and Cleansers
ANKE OPHÜLS, THOMAS HILGERS, and JÜRGEN BOHNEN
Wfk Institut für Angewandte Forschung GmbH, Krefeld, Germany

I. INTRODUCTION
The value of a detergent or cleanser to the consumer depends on his expectations as
well as the capability of the product to fulﬁll them. The wash or cleaning performance
is one of the most obvious challenges for a product; it is certainly not the only one,
though. However, good cleaning performance may still be considered the basis for
consumer satisfaction.
The key to performance testing of cleaning agents is to ﬁnd answers to the
following questions:


What is the task the product shall perform (substrates to be cleaned, types of soil,
soil quantity, soil age, etc.)?
 What is the performance level the consumer judges as suﬃcient or good?
The answers to these questions may vary between diﬀerent ‘‘wash systems’’ in
diﬀerent regions in the world and potentially change with time—they certainly
depend on the type of product and its typical application:


Laundry detergents.
Dishwashing detergents.
 All-purpose cleaners.
 Glass cleaners.
 Tub, tile, toilet cleaners.


Cleaning eﬃciency tests are mainly performed for the purpose of:



Product development.
Detailed information about product improvement. Test parameters and materials
are often selected to be very speciﬁc for single-product characteristics (e.g.,
bleaching eﬃciency).
 Comparative product testing.
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Is product A or B better/worse? How does the consumer perceive the diﬀerence?
Does the consumer actually see the diﬀerence? Comparative tests typically focus
on performance characteristics that are considered most relevant.
 Product evaluation.
 What is the value of a product in the eye of the consumer? How well is the
product accepted as compared to similar products on the market?

II. LAUNDRY DETERGENTS
Soil removal and stain removal are primary eﬀects of the application of a laundry
detergent. However, the overall performance of a product also depends on secondary
eﬀects such as fabric care (as opposed to fabric damage), graying, incrustation, color
maintenance, etc.
Several diﬀerent approaches are commonly used to obtain information about
the performance of a laundry detergent [1–11].

A. Field Tests in Households
The product is used by consumers in typical every-day household situations. Evaluation is based on consumer perception and consumer scales. Performance or acceptance results are taken from the collected consumers’ reports. This method is probably
best suited to test consumer acceptance. However, reasons for trends may be diﬃcult
to track down and the tests are very time-consuming and expensive.

B. Wash-and-Wear Tests
Households are supplied with a selection of garments/textiles, which are used by the
consumers and then returned to the test laboratory. The actual wash tests are
performed in the laboratory under deﬁned and controlled conditions. Performance
data are generated by metrological methods (e.g., reﬂectance reading, see below) or
visual assessment. Visual assessment in this case is performed by trained panels (Fig. 1).
This method is still quite close to the consumer but with better repeatability and
reproducibility than ﬁeld tests. It may even be misleading in the sense that signiﬁcant
performance diﬀerences are not necessarily also experienced as such by ‘‘real’’
consumers. It has to be well prepared; that is, the consumer loads are examined and
sorted before usage to assure comparable soil levels in all tests and it requires a welltrained test panel experienced in judging wash performance levels. Such tests generally
consume quite some time and money.

C. Laboratory Tests in Common Washing Machines
This technical approach does not use any resources from outside of the test laboratory.
The household situation is modeled in 100% pure laboratory tests. The actual test
wash system and test conditions are as close to ‘‘consumer reality’’ as possible or
feasible: A number of test cycle replicates are performed in common household
washing machines; sometimes the machines are also slightly modiﬁed, e.g., to exclude
fuzzy logic eﬀects (Fig. 2). A typical setup uses clean laundry, uniformly soiled or
stained test fabric swatches (tracers), and a ballast soil system (e.g., soil ballast fabric).
More information about wash loads, tracer stains, and ballast soil systems can be
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FIG. 1 Visual assessment needs expertise and deﬁned light conditions.

FIG. 2 Laboratory for laundry detergent application testing.
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found in Ref. [18]. All materials involved are actual test materials developed and
produced for the very purpose of wash performance tests. The correlation of the test
results with ‘‘real life’’ depends on the selection of the materials, namely the soiled
tracers [14–16]. The method is used for overall performance testing as well as focusing
on special performance characteristics, e.g., bleaching.
Experience with comparing results to wash-and-wear tests or ﬁeld tests shows
that very good correlation is possible [17]. Test results are available fast; the costs are
comparatively low.

D. Laboratory Tests in Laboratory Washing Machines
Laboratory model washers such as ‘‘Tergot-Ometer,’’ ‘‘Launder-Ometer,’’ and
‘‘Linitest’’ may be used for screening tests for ranking single detergent components
or simple formulations. The tests are very simple; many aspects of the real washing
machine situations cannot be reﬂected: simple, fast, low costs.
Regardless of the selected test method, some test parameters should be selected
very carefully and typically are to be set to match or mimic household conditions:










Wash temperature.
Temperature proﬁle of selected programs.
Water quantity/ratio to mass of laundry.
Water hardness/water quality.
Type and mass of textile test load.
Composition, quantity, and method of application of total soil in the system as a
challenge to the wash system.
Mechanical action.
Detergent concentration based on water quantity, mass of laundry, mass of total
soil.
Detergent quality.

The issue of detergent concentration is a more complex question than it may appear
at ﬁrst sight: A detergent is composed to fulﬁll a task in a typical application
situation deﬁned by


the detergent mass related to the water quantity,
the detergent mass related to mass of laundry,
 the detergent mass related to soil quantity.


The ﬁrst two aspects are typically taken care of in laboratory detergent tests (option
3 in the list above) while the detergent/soil ratio is sometimes actually neglected—it is
equally important for detergent testing, though! The total soil is a challenge to the
wash system; the soil is a crucial part of the task the detergent (or better, the system)
has to perform. With too little soil, the task may be too simple and the diﬀerentiation
potential of the test design may signiﬁcantly decrease. If the soil does not in a way
represent the eﬀect of actual household soil ballast, the results may still be
misleading. Specialized test material manufacturers oﬀer ready-to-use soil ballast
systems and provide detailed information on soil quantities as well as recommendations for application [18].
Another important issue is the selection of soiled tracers for the determination of
primary washing performance. Test material manufacturers oﬀer a wide range of
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diﬀerent soils on many diﬀerent fabric substrates as standard products [18]. The
soilings can be roughly divided into four diﬀerent groups:



Particulate soil, pigments (dust, soot, clay).
Fatty or oily soil (sebum, food fats/oils, technical fats/oils, cosmetics).
 Bleach-sensitive stains (red wine, berry juices, tea, coﬀee).
 Polymer, enzyme-sensitive stains (starch, proteins).
While the process of removing particles, fats, and oils from ﬁbers is very much
inﬂuenced by ﬁber properties and therefore also fabric substrates, this eﬀect plays a
minor role for bleach or enzyme eﬃciency. The decision for a suitable selection of
test fabrics should be based on experience with the discrimination power and
reproducibility results obtained with these monitor systems. Besides this technical
aspect, test results will be well accepted if soils and fabric substrates can be
considered typical for the household-wash situation [19]. This may diﬀer for diﬀerent
specialized products and in diﬀerent regions in the world.
The evaluation of washing performance with soiled test fabrics is commonly
carried out by measuring the reﬂectance of the washed test specimen. Typical measures are Tristimulus Y or CIELab L* [23]. The absolute readings may be used if the
results are only compared within a series of tests using the same batches of test materials for all runs. Experience shows that the calculation of reﬂectance diﬀerences
DR = Rwashed
Runwashed for each individual test swatch adds to the uncertainty
(because of potential errors for both readings) rather than improving the precision.
This is certainly true for tests using uniformly soiled test fabrics [18] manufactured by
specialized test materials producers; hand-made stains, i.e., manually applied stains
are much less reproducible, reﬂectance diﬀerences may be one way to limit the impact
of stain variation on the test results for these stains.
Besides primary wash performance, other performance criteria of laundry
detergents include fabric care, color maintenance, and secondary wash eﬀects such
as graying and incrustation. Generally speaking, these eﬀects can only be signiﬁcantly
found after many wash cycles. Therefore high numbers of repetitions of otherwise
similar test runs are required to obtain information about these criteria. Standard test
fabrics for the assessment of secondary eﬀects and fabric care properties are available
on the test material market as well as dyed monitors for dye transfer and color
maintenance tests [18].
The inevitable uncertainty of any test results may be reduced if the results can be
expressed as ratios compared to the performance of well-known or well-established
products tested in parallel. Standard detergents speciﬁed in ISO or IEC [20–22] may
also be suitable reference systems. They should not be misinterpreted as quality
references in the sense of ‘‘state-of-the-art’’ products, though. Such reference detergents are manufactured to meet very strict performance criteria and are available
worldwide over long periods of time. They have been found to be a good means of
normalizing wash test results and may therefore be valuable to allow good repeatability and reproducibility of the test design.
In summary, it can be stated that ﬁeld tests as well as wash/wear test are—by
deﬁnition—more ‘‘consumer relevant’’ than pure laboratory tests. On the other hand,
years of experience with laboratory tests have shown that a well-planned laboratory
test may give relevant and valuable information about wash performance properties in
much shorter time and for a fraction of the costs. It is not a question of ‘‘either–or,’’ it
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is much more a question of the purpose of testing. Laboratory tests will never
substitute ﬁeld tests, but eﬀort, time, and money required for ﬁeld or wash/wear tests
may in many cases not be justiﬁed and certainly not even necessary to obtain sound
information about detergent performance.

III. DISHWASH DETERGENTS AND RINSE AIDS
Soil and stain removal are again primary eﬀects of the application of a dishwashing
detergent. Depending on the type of product (conventional detergent, ‘‘2 in 1,’’ ‘‘3
in 1’’), other aspects such as rinsing eﬀects or remaining residues may also be relevant
criteria.

A. Cleaning Performance
A commonly applied test method for testing automatic dishwashing detergents was
published by IKW. Other test designs may vary from this method in some details; the
general approach will probably be the same.
All tests are performed in a well-deﬁned automatic dishwasher at a speciﬁed
temperature. Water hardness and selected program may be selected depending on the
product to be tested.
The machine is loaded with six place settings that are soiled with general,
bleachable, or enzyme-sensitive soils. A detailed description of the soils and soiling
processes is given in the report of IKW working group [12], which is also the basis of
the EU ECOLABEL performance test [13]. The soil/substrate combinations mentioned in Table 1 are used.
Additional to the soil introduced by the soiled dishes, another 100 g of frozen soil
made of food components is added. The cleaning performance on the soiled load items
is determined gravimetrically or by visual assessment. One has to keep in mind,
though, that both soil preparation and performance assessment can only be speciﬁed
and deﬁned within limits. Trained personnel as well as experience with the application
of the method are necessary to assure repeatability and reproducibility (Fig. 3). The
impact of variation in soil preparation and other test parameters can also be minimized

TABLE 1 Soil/Substrate Combinations According to the EU ECOLABEL Performance Test
Item

Number

Soiling

Cup
Glass bowl
Glass

6
6
6

Soup plate
Glass plate
Dinner plate
Stainless-steel plate
Stainless-steel plate

6
6
6
6
6

Tea
Minced meat
Milk (burnt in
by microwave)
Oat ﬂakes
Starch
Minced meat
Egg yolk
Egg/milk

Source: Ref. [13].

Soil type

Evaluation

Bleachable
‘‘Burnt in’’

Grading
Grading
Grading

Amylase sensitive

Grading
Weight
Grading
Weight
Weight

Protease sensitive
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FIG. 3 Visual assessment of dishwashing/rinsing performance.

by testing a reference system (e.g., IEC 60436 reference dishwashing detergents) in
parallel and reporting performance ratios rather than absolute results.

B. Rinsing Performance
Rinsing performance has mainly been a property of separate rinse aid products in the
past. The development of ‘‘2 in 1’’ detergent products made it a possible criterion for
the dishwashing detergents as well. A test procedure for testing rinsing performance
can be very similar to cleaning performance tests as described above; however, if the
cleaning performance itself is not part of the test, the method can be simpliﬁed by using
clean dishes, glasses, cutlery, and separate soil without the need to actually soil the load
items before testing.
A test method for rinsing performance has to provide very explicit requirements
for handling the machine and load items after the cycle stopped. A typical procedure is
to keep the door closed for 15 min after the program ended, then open it, wait another
5 min before the load items that shall be evaluated are removed. The load items are
then allowed to cool down for another 30 min before they are ﬁnally visually assessed.
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The results are expressed as grades, e.g., ‘‘8’’ means completely free of spots or other
residues, ‘‘0’’ represents the observation of big or many areas with residues.
As all other performance tests, rinsing performance is also tested repeatedly (e.g.,
with three replicates). To improve the discrimination power, the evaluated load items
may be used as they are without in-between cleaning for the next cycles (cumulative
eﬀect).

IV. ALL-PURPOSE CLEANERS
The name says it all: All-purpose cleaners are used to remove all sorts of soils from all
sorts of diﬀerent surfaces. Products with diﬀerent formulations are available for
various specialized applications. The biggest portion of such products is used for
application in kitchens, followed by bath, sink, toilet cleaners, and ﬁnally products
used to clean ﬂoors, furniture, etc.
The wide range of diﬀerent products specialized on diﬀerent applications cannot
adequately be covered by any uniform test method. However, some aspects of
application tests are similar or comparable between commonly used test designs.

A. Selection of Soils
Soils are typically selected to be diﬃcult to remove. One example may be the IPP
method [24] for testing the removal of lipophillic soil ﬁlms from plastic surfaces. The
soil in this case is an oil/fat mixture; the performance result includes soil removal as
well as solubilization of the removed soil. Diﬀerentiation in some cases is diﬃcult,
though, so this method is currently revised. Other typical soil/substrate systems are
(examples from IPP method [18]):



Lime spots on stainless steel.
Beef tallow on kitchen surfaces.
 Shoe marks on PVC ﬂoorings.
 Gravy on enamel.
New developments in the market call for new test systems, of course. The
performance of a product for cleaning glass ceramic stove tops may only adequately
be tested using burnt in typical soils on glass ceramic.

B. Application Test
Most all-purpose cleaners are manually applied; the required mechanical action is
introduced manually as well. One way to potentially improve repeatability and
reproducibility of the tests is to apply the product under test automatically, not
manually. A variety of specialized test devices has been developed to mimic ‘‘real’’
detergent application and still provide test results of reasonable reproducibility.

C. Performance vs. Damaging
One important aspect besides the actual cleaning performance is the damaging
potential of a tested product. This is especially true for abrasive cleaners, of course.
Damaging tests call for highly repeated application, which again calls for automatic
application (Fig. 4).
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FIG. 4 Test device for testing cleaning performance and surface damaging.

D. Evaluation
One aspect that most of the various individual test methods have in common is the fact
that the products under test are not evaluated in an absolute way but as compared to
one well-known/well-established product (e.g., market leader).
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I. INTRODUCTION
Laundry detergents, cleaning agents, and personal-care products are by far the largest
class of technical products for domestic use. After use, they are mainly discharged into
municipal wastewaters which enter sewage treatment plants. The diﬀerent ingredients
of a detergent formulation are eliminated there by biodegradation or adsorption, but
small amounts of these substances reach the aquatic environment via the eﬄuent of
sewage treatment plants. The dramatic increase in the production of detergents during
the second part of the last century has an enormous impact on the environment. In
order to evaluate the ecological risks of the diﬀerent components of detergent
formulations, their levels in the diﬀerent environmental compartments have to be
determined. The analytical methods for the determination of surfactants, chelating
agents, phosphates, and boron as the main risk factors in environmental matrices have
been continuously improved with regard to reproducibility, selectivity, and sensitivity
over the last few years. This paper describes the broad spectrum of diﬀerent analytical
methods for these analytes beginning with correct sampling, followed by matrixspeciﬁc enrichment procedures, and, ﬁnally, the determination by colorimetric,
spectroscopic, electrochemical, or chromatographic methods.

II. ANALYSIS OF SURFACTANTS
A. General Remarks
Surfactants as amphiphilic compounds are widely used in domestic cleaning products
and as industrial process aids. Due to their major use in water, they are discharged in
municipal and industrial wastewaters and enter sewage treatment plants. In the case of
insuﬃcient biological degradability, they are a potential source of environmental
pollution. Tetrapropylenebenzene sulfonate (TPS) is a typical example of a persistent
anionic surfactant which was used in detergents between 1946 and 1965. As a
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consequence of rising TPS concentrations in German rivers during the dry years of
1959/1960, visible foam formed on the water surface.
As a reaction, strict standards were applied to surfactants with regard to their
biodegradability. In a directive of the European Community (73/404/EEC) [1], an average biodegradation rate of at least 90% for all surfactants (referring to a certain residence time in a municipal sewage treatment plant) is required. Consequently, TPS was
replaced by readily biodegradable linear alkylbenzene sulfonates (LAS) in the 1960s.
Despite strict legal regulations for surfactants, the contamination of the environment will increase due to a continuously growing use of surfactants all over the
world. For this reason, eﬀective measurements for monitoring surfactants are required
making it possible to evaluate the actual condition of the environment. Current
methods and instrumentation in environmental analysis are well suited for selectively
determining surfactants in a large number of diﬀerent matrices at very low concentrations (Ag/L). In this chapter, the whole analytical procedure from sampling to the
determination of the main surfactant types (anionic, nonionic, and cationic surfactants) will be described. No methods for the environmental analysis of amphoteric
surfactants, which also play a minor role with respect to their output, have been
published so far.

B. Sampling
Correct sampling and storage of environmental samples is indispensable in environmental analysis. On the one hand, the samples must be representative of the
environmental compartment from which they were taken, and, on the other hand, it
must be guaranteed that the chemical composition of the samples does not change
during storage. The main problem in the analysis of surfactants is that they tend to
concentrate at all interfaces due to their amphiphilic nature. As a consequence, losses
from aqueous solutions occur because of adsorption of the surfactants to laboratory
apparatus or suspended particles. Especially for matrices like sewage sludges, sediments, soils, or biological matrices, the quantitative recovery of the analytes becomes a
major problem. For this reason, internal standards are added to the samples in order to
correct for nonquantitative recovery. This approach, however, is restricted to chromatographic determination methods because less selective methods such as the
determination of summary parameters cannot discriminate surfactant initially present
TABLE 1 Selected internal standards used in determination procedures for surfactants in
diﬀerent environmental matrices
Surfactant

Matrix

Determination
method

Internal
standard
C9-, C15-LAS or
1-C8-LAS, 3-C15-LAS
1-Octanol and
1-eicosanol
n-Nonylbenzene or
tribromophenol
2,4,6-Trimethylphenol

LAS

Water

HPLC

AEO

Sewage sludge,
water
Sewage sludge,
water
Water

GC

APEO, AP
APEO, AP

GC
HPLC

AEO: alcohol ethoxylates.
APEO: alkylphenol ethoxylates; AP: alkylphenols.

Ref.
[44]
[6]
[53]
[31]
[22]
[2]
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from added internal standards. Table 1 contains a selection of internal standards used
in surfactant analysis.
Irrespective of the surfactants to be determined, water samples are immediately
preserved upon collection by the addition of formaldehyde up to a concentration of
1% and stored at 4jC in the dark [2–4]. In order to prevent adsorption of LAS to
laboratory apparatus, sodium dodecylsulfate is added to water samples [5].
Sewage sludges are either preserved like water samples by the addition of
formaldehyde up to 1% and storage at 4jC in the dark [6] or they are immediately
ﬁltrated and air-dried [3].
Fertilization of agricultural land with sewage sludge has resulted in the need to
monitor surfactant concentrations in sludge-amended soils. Soil samples are collected
from the upper 5 cm with a stainless-steel corer, dried at 60jC, pulverized, and stored
at 4jC in the dark [7].

C. Isolation and Enrichment
The concentrations of surfactants in environmental samples are usually below the limit
of the analytical method. Therefore preconcentration is necessary before analysis.
Interfering substances from the matrix have to be removed in an additional prepuriﬁcation step prior to the quantitative determination of the surfactants.

1. Solid Phase Extraction
Solid phase extraction (SPE) has gained importance for the extraction and isolation of
surfactants from aqueous samples over the last few years. It has the advantages of very
low solvent consumption, taking little time, easy handling, and a broad spectrum of
diﬀerent exchange resins with regard to polarities and functionalities. SPE works on the
principle that organic substances adsorb from aqueous solutions to the exchange resin.
The adsorbed substances are then eluted with small amounts of organic solvents.
Anionic surfactants are eﬃciently concentrated at reversed-phase materials
consisting of silica gel modiﬁed with alkyl groups of diﬀerent chain lengths. In the
case of LAS analysis, C2 [8], C8 [3,9], or C18 stationary phases [10] are used to an equal
extent. The SPE cartridges are usually rinsed with methanol/water before the adsorbed
LAS are eluted with methanol. For further puriﬁcation, these extracts are passed
through an anionic exchange resin [11]. Alcohol ethoxy sulfates (AES) and alcohol
sulfates (AS) are isolated by the application of C2 resins and elution with methanol/2propanol (8:2) [12]. Marcomini et al. [13] have developed a method for the simultaneous determination of LAS and nonylphenol ethoxylates (NPEO) as well as their
metabolites sulfophenyl carboxylates (SPC) and nonylphenoxy carboxylates (NPEC),
respectively. Wastewater or river water samples are adjusted to pH 2 with HCl and
passed through C18 cartridges. The adsorbed analytes are eluted with methanol [13].
Nonionic surfactants like alkylphenol ethoxylates (APEO) and their biodegradation products alkylphenol diethoxylate (AP2EO), alkylphenol monoethoxylate
(AP1EO), and alkylphenols (AP) are isolated from aqueous solutions with a number
of diﬀerent stationary phases. Kubeck and Naylor [14] used C18 cartridges to adsorb
NPEO, but ﬁrst, the water samples were passed through a mixed bed ion exchange
resin to remove all ionic species. Alcohol ethoxylates (AEO) are adsorbed onto a C8
stationary phase and then eluted with methanol followed by 2-propanol [15]. Alkyl
polyglucosides (APG) are becoming more and more interesting because of their
production from renewable raw materials (fatty alcohol and glucose or starch) and
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their good toxicological, dermatological, and ecological properties. Of the few
analytical methods presently available for APG, C18 cartridges are employed to
enrich APG from water. Desorption from the cartridges is carried out with methanol
[16]. Amberlite XAD-2 and XAD-4 resins are based upon a styrene structure crosslinked with divinylbenzene and are highly selective for APEO and AP. Water samples
saturated with NaCl are passed through a XAD-2 column, and the analytes are eluted
with acetone/water (9:1) with a recovery of 91–94% [17]. Graphitized carbon black
(GCB) is a nonporous material with positively charged active centers on the surface. It
is therefore employed for the separation of NPEO/nonylphenol (NP) from acidic
NPEC as well as LAS and SPC. The procedure involves the stepwise desorption of the
adsorbed analytes from the GCB with diﬀerent solvent systems [18,19].

2. Liquid/Liquid Extraction
The attempt to directly extract surfactants from aqueous solutions into organic
solvents without auxiliary measures is usually futile. The tendency of surfactants to
concentrate at phase boundaries leads to the formation of emulsions and phase
separation becomes very diﬃcult.
Formation of lipophilic ion pairs between ionic surfactants and suitable counterions, however, avoids these problems. Hon-Nami and Hanya [20] developed a method
of extracting LAS as their ion pairs with methylene blue using chloroform from river
water. This method is also often applied to purify LAS extracts. Afterward, the ion
pair is cleaved on a cationic exchange resin [21].
Analogously to anionic surfactants, cationic surfactants are also extracted, e.g.,
into methylene chloride by the formation of ion pairs with LAS [4].
Due to the formation of emulsions, the liquid–liquid extraction of nonionic
surfactants, e.g., APEO, is restricted to their less surface-active metabolites, i.e.,
APEO with 1–3 ethoxy units, APEC and AP. Noncontinuous liquid–liquid extraction
of water samples with methylene chloride using a separatory funnel has been applied
for NP and NPEO (1–3 ethoxy units). Continuous liquid–liquid extraction (percolation) has been successfully used for the concentration of short-chained APEO and AP
too [22]. Steam distillation/solvent extraction using an apparatus designed by Veith
and Kiwus [23] is a sophisticated method of concentrating steam-distillable AP and
APEO (1–3 ethoxy units) from water samples [2,24].

3. Solvent Sublation
Solvent sublation is a technique capable of selectively concentrating surfactants free
from nonsurface-active materials. In the original procedure by Wickbold [25], the
water sample is placed into a sublation apparatus and overlaid by ethyl acetate. Then
ethyl acetate-saturated nitrogen is purged through the liquids whereupon surfactants
are enriched at the gas–liquid phase boundary and carried by the gas stream into the
organic layer. This method has often been applied for the enrichment of nonionic
surfactants and has now been standardized [26]. Waters et al. [27] optimized the
Wickbold procedure and additionally puriﬁed the sublation extracts by passing them
through a cation/anion exchanger.
Kupfer [28] applied the same sublation procedure for the isolation of cationic
surfactants. For separation of anionic and nonionic surfactants, the sublation extract
is passed through a cation exchanger. Afterward, the adsorbed cationic surfactants are
eluted with methanolic HCl.
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4. Solid/Liquid Extraction
The method of choice for the extraction of surfactants from sewage sludges, sediments,
or soils is solid/liquid extraction. In most cases, however, further puriﬁcation of the
extracts is absolutely necessary before quantitative determination. LAS are desorbed
from sewage sludge either in a noncontinuous procedure by extraction into chloroform as ion pairs with methylene blue [29] or in a continuous procedure by the
application of a Soxhlet apparatus and addition of solid NaOH to the dried sludge in
order to increase the extraction eﬃciency [6]. Heating of sludge, sediment, or soil
samples in methanol under reﬂux for 2 h is also suﬃcient to extract LAS with
recoveries of 85% [3].
Extraction of APEO from solid matrices is performed in the same way as for
LAS, i.e., Soxhlet extraction with methanol in combination with NaOH [6]. In
addition to methanol, methanol/methylene chloride (1:2) [17] and hexane [30] are
also used as extraction solvents. Steam distillation/solvent extraction is especially
suitable for extraction of the APEO metabolites AP and APEO (1–3 ethoxy units)
from solid matrices [2,31].
Fairly drastic conditions are required to desorb cationic surfactants from solids.
Extraction with methanolic HCl resulted in optimum recovery [32,33]. However, the
extract has to be puriﬁed by extraction into chloroform in the presence of disulﬁne blue
[32] or LAS [33]. Finally, cleavage of the ion pairs is done on ion exchangers. Hellmann
[34] used an Al2O3 column to purify sewage sludge extracts. In this way, he was not
only able to separate impurities, but also to elute cationic and anionic surfactants
stepwise with diﬀerent solvent systems.
Supercritical ﬂuid extraction (SFE) turns out to be very eﬀective in the isolation
of all three surfactant classes from solid matrices. While supercritical CO2 alone did
not eﬀect signiﬁcant recovery of surfactants, either the addition of modiﬁers or of
reactants resulted in nearly quantitative recoveries. Thus LAS and secondary alkane
sulfonates (SAS) are extracted from sewage sludges in the form of tetrabutylammonium ion pairs [35]. Lee and Peart [36] extracted NP from sewage sludge spiked with
acetic anhydride and a base with supercritical CO2. In this way, NP is, in situ,
converted into its acetyl derivative. Ditallowdimethylammonium chloride
(DTDMAC) is quantitatively extracted from digested sludges and marine sediments
using supercritical CO2 modiﬁed with 30% methanol [37].

D. Determination Procedures
1. Colorimetry/Titrimetry
Nonspeciﬁc analytical methods, such as colorimetry and titrimetry, for the determination of summary parameters were the earliest attempts to analyze surfactants in the
environment. The main disadvantage of these methods is that, apart from surfactants,
other interfering organic compounds from the environmental matrices are also
recorded resulting in systematic errors. Nevertheless, colorimetric and titrimetric
methods are still widely used for the determination of anionic, nonionic, and cationic surfactants because of their easy handling and the need for relatively simple
apparatus.
Anionic surfactants are determined with methylene blue (MBAS: methylene blue
active substances). The procedure is based on the formation of ion pairs between the
cationic dye methylene blue and the anionic surfactants which are extractable into
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chloroform. The concentrations of anionic surfactants are determined colorimetrically
at 650 nm after separation of the organic phase [26]. Other anionic organic compounds
also form extractable complexes with methylene blue resulting in high values for
MBAS. On the other hand, cationic substances lead to low values because of
formation of ion pairs with anionic surfactants. Osburn [38] therefore eliminated
interfering compounds by several cleanup steps. Concentration of all organic compounds on an XAD-2 resin eliminates inorganic salts; the following anion exchange
step separates all interfering cationic surfactants.
The bismuth active substances (BiAS) method for the determination of nonionic
surfactants with barium tetraiodobismuthate (BaBiI4, modiﬁed Dragendorﬀ reagent)
is used in the standardized (DIN-Norm) procedure in Germany [26], as well as in other
countries. Ba2+ as a hard Lewis acid forms cationic coordination complexes with the
polyethoxylate chain of the nonionic surfactants which are precipitated by [BiI4]2 in
the presence of acetic acid. The orange precipitate is then dissolved with ammonium
tartrate solution, and the released bismuth ions are determined by potentiometric
titration with pyrrolidinedithiocarbamate solution [26,39]. Waters et al. [27] optimized
the BiAS procedure by introduction of a cation/anion exchange cleanup of the
sublation extracts. The BiAS procedure fails to determine ethoxylates with less than
ﬁve ethoxy units because these compounds are not precipitated by barium tetraiodobismuthate. Thus this procedure is not suitable for the determination of APEO
metabolites, i.e., the shorter APEO and AP [22].
Cationic surfactants form ion pairs with suitable anionic dyes that are extractable into organic solvents. The anionic dye most widely used is disulﬁne blue (DBAS:
disulﬁne blue active substances). After extraction of the ion pair into chloroform, the
extinction is determined at 628 nm. The presence of anionic surfactants results in
serious interferences; therefore they have to be separated by anion exchange before the
addition of disulﬁne blue [40,41]. The determination of cationic surfactants is
hampered by some problems not encountered with MBAS. In particular, cationic
surfactants are strongly adsorbed to almost any surface, so that all the apparatus has
to be specially pretreated.

2. High-Performance Liquid Chromatography
The ultimate goal in environmental analysis is the quantiﬁcation of individual
compounds separated from all their isomers and/or homologues. Chromatographic
methods like high-performance liquid chromatography (HPLC), gas chromatography
(GC), or supercritical ﬂuid chromatography (SFC) are among the most powerful
analytical instruments with regard to separation eﬃciency and sensitivity. Due to the
low volatility of surfactants, HPLC is used far more often than GC.
The majority of HPLC applications in the determination of anionic surfactants
are only concerned with the analysis of LAS, which are the surfactants in the largest
quantities in present detergent formulations. Individual homologues of LAS are
typically separated on reversed-phase columns with a NaClO4-modiﬁed mobile phase
using UV or ﬂuorescence detection. Application of C18 columns with gradient elution
results in the separation not only of the LAS homologues, but also of their isomers
(Fig. 1) [3,6,42]. While information on individual isomers could be valuable for studies
on the biological degradation of LAS, this is a hindrance in routine trace analysis
because of the high number of peaks resulting in higher detection limits. By the use of
short-chain alkyl bonded reversed phases like C8 [6,43] and C1 columns [44] or longchain C18 phases with isocratic elution [45,46], however, the isomers of every single
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FIG. 1 Reversed-phase high-performance liquid chromatogram of LAS from digested
sludge. C10, C11, C12, and C13: LAS homologues; the numbers above the LAS peaks indicate
the position of the phenyl group on the alkyl chain; IS2: 3-pentadecylbenzene sulfonate
(3-C15-LAS). (From Ref. 6.)

LAS homologue are eluted as one peak. Thus the interpretation of the chromatograms
becomes easier because of a greatly reduced number of peaks. Fluorescence detection
is more selective and more sensitive than UV detection resulting in lower detection
limits. Detection limits of 2 Ag/L for water using ﬂuorescence detection [44] compared
to 10 Ag/L for water using UV detection [3] have been reported for the determination
of LAS by HPLC. HPLC is the preferred method for the routine analysis of LAS in
environmental samples; therefore the detailed procedures for the determination of
LAS in sewage sludge and water are shown in Fig. 2.
For the analysis of aliphatic anionic surfactants by HPLC, other detection
systems than UV or ﬂuorescence detection have to be used because of the lack of
chromophoric groups. Refractive index detection and conductivity detection provide
a solution for this type of anionic surfactants, but their detection limits are rather high
and gradient elution is not usually possible. Another possibility is the application of
indirect photometric detection which is based on the formation of ion pairs between
UV-active cationic compounds, such as N-methylpyridinium chloride, used as mobile
phase additives, and the anionic surfactants followed by UV detection [47]. Gradient
elution with indirect photometric detection is possible in principle, but the detection
limits increase considerably [48]. A selective and sensitive method for the determination of aliphatic anionic surfactants is reversed-phase HPLC combined with postcolumn derivatization and ﬂuorescence detection [49]. After HPLC separation of the
surfactants on a C1 column, an UV-active cationic dye is added to the eluate in order
to form ﬂuorescent ion pairs. Then CHCl3 is added to the eluent stream as the
extraction solvent for the ion pairs. The two phases are conducted through a sandwichtype phase separator where the major part of the organic phase is separated. Finally,
the amount of ion pairs extracted into CHCl3 is determined by a ﬂuorescence detector.
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FIG. 2 Flow charts of the analysis of LAS in sewage sludge and water by HPLC.

The main nonionic surfactants are alcohol ethoxylates (AEO), APEO, and
recently, APG. The hydrophobic part of AEO consists of n-alkanols with chain
lengths between 8 and 20, typical alkylphenols are branched-chain octylphenol or
nonylphenol, and APG typically have alkyl groups with chain lengths in the range of
8–18. The degrees of polymerization of the polyethoxylate chains of AEO and APEO
vary from 3 to 30 ethoxy units, while the average polymerization degree of APG is in
the range of 1.3–1.7 mol of glucose per mole of fatty alcohol. Consequently, HPLC
separation of these surfactants into individual compounds is a two-dimensional
problem best solved by the use of diﬀerent HPLC stationary phases. Reversed-phase
columns separate these compounds by their interaction with the hydrophobic alkyl
chains only eluting the hydrophilic oligomers as a single peak, while normal-phase
columns separate them by interaction with the hydrophilic polyethoxylate and
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polyglucoside chains without resolving the hydrophobes. Giger et al. [2,31] described a
reversed-phase HPLC method for the determination of APEO on a C8 column with
isocratic water/methanol elution and UV detection at 277 nm. Under these conditions,
the homologous compounds octylphenol ethoxylates (OPEO) and nonylphenol
ethoxylates (NPEO) are separated into two peaks. Normal-phase HPLC is mostly
applied to obtain information about the ethoxylate chain distribution of APEO.
Aminosilica columns with gradient elution and UV detection are well suited to
determine the individual oligomers of APEO [2,6,50]. An increase in sensitivity and
selectivity for APEO is attained using a ﬂuorescence detector. Thus each single
oligomer of APEO is determined by normal-phase HPLC and ﬂuorescence detection
with a minimum detection of 0.2 ng [51]. Fluorescence detection is also used for the
simultaneous determination of LAS and APEO as well as their corresponding
metabolites SPC and NPEC, respectively, by reversed-phase HPLC and gradient
elution [13,52].
Alcohol ethoxylates can be sensitively determined in the form of their
corresponding UV-active phenylisocyanate derivatives by UV detection. In this case,
the residue of the extraction of a water sample or a solid matrix is dissolved in
dichloromethane or dichloroethane. This solution is mixed with phenylisocyanate as
well as 1-octanol and/or 1-eicosanol as internal standards and heated to 55–60jC for
45–120 min. Then, the AEO derivatives are separated either by reversed-phase HPLC
with regard to diﬀerent alkyl chain lengths (Fig. 3) [53–55] or by normal-phase HPLC
with regard to diﬀerent ethoxylate oligomers [53,55]. The addition of the internal
standard is imperative for quantitative determination because derivatization is not
completed even after 2 h [55].
High-performance liquid chromatography analysis of APG is carried out with C8
[16] or C18 columns [56] by use of a refractive index detector [56] or a conductivity
detector after the addition of 0.3 mol/L NaOH to the eluate in a postcolumn reactor [16].
Ditallowdimethylammonium chloride and distearyldimethylammonium chloride (DSDMAC), which have long been among the most important cationic surfactants, are traditionally analyzed by normal-phase HPLC with conductivity detection
[4,57,58]. However, with conductivity detection, an isocratic elution mode is mandatory resulting in a steady broadening of the peaks with increasing retention time thus
leading to higher detection limits. An alternative method for the quantitative analysis
of cationic surfactants is the combination of HPLC separation with postcolumn ion
pair formation and ﬂuorescence detection [33,37,59]. Analogous to the method
described for anionic surfactants (see above), an UV-active anionic dye is added to
the HPLC eluate. The ion pairs formed are extracted on-line into a nonpolar organic
phase in a phase separator and detected by a ﬂuorescence detector.

3. Gas Chromatography
As a separation technique, GC is inherently more powerful than HPLC; however, it is
limited by the volatility of the compounds to be analyzed. For this reason, only
nonionic surfactants with low degrees of ethoxylation are amenable to direct determination using GC. High-molecular nonionic surfactants as well as ionic surfactants
must be derivatized prior to GC analysis in order to transform them into more volatile
compounds. Apart from the ﬂame ionization detector (FID), mass spectrometry (MS)
is increasingly becoming the dominant determination method for surfactants in
environmental matrices. MS is not only a very sensitive and selective detection
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FIG. 3 Reversed-phase high-performance liquid chromatograms of AEO-phenyl isocyanate
derivatives using a C18 column. (a) AEO standard mixture, (b) inﬂuent water, (c) eﬄuent
water. (From Ref. 53.)
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method, but also provides valuable information on the molecular weight and structure
of separated compounds. Therefore a special section is dedicated to MS as a detection
method in HPLC and GC.
Linear alkylbenzene sulfonates are transformed into derivatives volatile enough
for GC by desulfonation of LAS in the presence of strong acids like phosphoric acid
leading to linear alkylbenzenes (LAB) [60,61]. The identiﬁcation by GC of every single
LAB isomer is achieved with detection limits lower than 1 Ag/L [61]. In an alternative
derivatization method, LAS are converted into their alkylbenzene sulfonyl chlorides
by PCl5 which can be directly analyzed by GC-FID [29]. Derivatization reactions for
aliphatic anionic surfactants have mainly been described for product analysis. Among
the very few methods for environmental analysis, the derivatization of alkyl sulfates to
their corresponding trimethylsilylesters followed by determination with GC-FID is
mentioned here [62].
Alkylphenol ethoxylates analysis by GC without derivatization has been mainly
used on the more volatile biodegradation products like NPEO (1–4 ethoxy units) and
NP. Using capillary columns, a complex pattern is obvious for every ethoxylate
oligomer, indicating that each single alkyl chain isomer is separated (Fig. 4) [22,63].
Quantitation is performed by the addition of internal standards with a detection limit
of 10 Ag/L [22]. Derivatization of APEO not only increases their volatility, but also by
an intelligent choice of derivatization reagent, more speciﬁc and/or sensitive detectors
can be used. Thus using perﬂuoroacid chlorides to derivatize NPEO, the resulting
perﬂuoroesters can be detected with the very sensitive electron capture detector (ECD)
achieving detection limits lower than 1 Ag/L [64].
Due to the low volatility of APG, high-temperature GC with temperature
programs up to 400jC in combination with silylation prior to GC analysis is required
for their determination. The GC system allows detection of the separated oligomeric
glucosides up to 5 units. While monoglucosides are well separated into their individual
isomers, glucosides with higher degrees of polymerization are not resolved [16].
Gas chromatography analysis is not of practical relevance for the determination
of cationic surfactants in environmental matrices.

4. Chromatographic Methods Coupled to Mass Spectrometry
(GC-MS, LC-MS)
Mass spectrometry as a detection system for GC and HPLC methods is gaining
increasing importance in environmental analysis because of its unequaled selectivity
and sensitivity. Moreover, mass spectra contribute valuable information to the
structural identiﬁcation of homologues and/or isomers of surfactants.
Several GC-MS methods are described for LAS in the literature. McEvoy and
Giger [29] accomplished this analysis by forming the corresponding sulfonyl chlorides
and subsequent GC-MS employing both electron impact (EI) and chemical ionization
(CI) modes. The mass chromatograms obtained are complementary with regard to their
qualitative and quantitative information. In the EI modus, the mass spectra are
characterized by fragment ions which allow conclusions to be drawn on the distribution
of LAS isomers, whereas CI-induced mass spectra give very reliable information on
homologous distributions due to the presence of protonated molecular ions (M+1)+.
In another GC-MS method, LAS are derivatized to triﬂuoroethyl sulfonate derivatives
in order to enhance sensitivity and selectivity for negative chemical ionization (NCI)
due to the high electron aﬃnity of the CF3 group [9]. The simultaneous determination of
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FIG. 4 Gas chromatograms of an extract of secondary sewage eﬄuent (a), a reference
mixture of NP and Marlophen 83 (b), and the coinjection of A and B (c) (P: phthalate, TBP:
tribromophenol, U: unknown). (From Ref. 22.)

LAS and SAS is based on GC-MS analysis of the corresponding butyl esters which are
formed by pyrolysis of the ion pairs between the anionic surfactants and tetrabutyl
ammonium cations in the hot GC injection port [35].
A LC-MS method for the determination of AES and AS was introduced by
Popenoe et al. [12]. After separation on a C8 column, the analytes are determined by
ion spray LC-MS. The mass chromatograms obtained give information about both
the distribution of the alkyl homologues and the distribution of the oligomeric
ethoxylates as well. A conventional HPLC detection system, however, cannot aﬀord
such selectivity.
Gas chromatography-mass spectrometry in the EI mode is well established for
the identiﬁcation and sensitive quantiﬁcation of APEO and AP in environmental
matrices [22,24]. Moreover, the fragmentation patterns in the mass spectra allow the
structural characterization of the nonyl side chain isomers; however, valuable
information on the distribution of the oligomeric ethoxylates is lost due to very weak
intensities of the molecular ions. The distribution of the ethoxylates is determined by
CI/MS as a complementary method to EI/MS because of the presence of intensive
adduct ions like, for example, (MH)+ [65,66]. Lee and Peart [36] developed an in situ
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derivatization procedure in which NP is simultaneously extracted and converted into
the corresponding acetyl derivatives. Quantiﬁcation of NP from eﬄuent water and
sewage sludge is carried out by GC-EI/MS in the selected ion monitoring (SIM) mode
with detection limits of 0.1 Ag/L and 0.1 Ag/g [36]. Günther et al. [67,68] used an oﬀ-line
coupling of normal-phase HPLC and GC-EI/MS in the SIM mode to determine the
individual isomers of NP in biological matrices and food (Fig. 5). The HPLC step
serves as cleanup of the extracts by collection of the NP containing eluate after passing
the HPLC column [67,68]. Retrospective investigation of NP concentrations in blue
mussels from the German bight over a period of 10 years showed a signiﬁcant decrease
from 1985 to 1995 (Fig. 6) [67]. Analysis of NP in a broad spectrum of foodstuﬀs from
German supermarkets indicated that NP is ubiquitous in food (Fig. 7) [68].
Thermospray LC-MS analysis is a sensitive and selective method for the
determination of AEO in environmental samples [15]. In a single HPLC run on a
C18 column, it is possible to determine the distribution of the alkyl chain homologues
as well as the distribution of the oligomeric ethoxylates by obtaining mass chromatograms of the characteristic ions of the diﬀerent AEO species.

5. Supercritical Fluid Chromatography
Supercritical ﬂuid chromatography (SFC) combines the advantages of HPLC and GC
into one method. Gases above their critical temperatures and conditions are used as
mobile phases in order to separate analytes with a conventional HPLC column. Under
these conditions, the supercritical ﬂuids have densities of liquids while retaining the
diﬀusion coeﬃcients of typical gases. The universal and sensitive FID detector can be
applied to SFC. Consequently, no derivatization of analytes is required, either to
increase volatility or to increase detectability.
Until now, applications of SFC have been limited to product analysis of, for
example, nonionic surfactants, but here with great success [69,70]. No reports on the
determination of surfactants in environmental matrices using SFC are known to the
authors.

6. Capillary Electrophoresis
Capillary electrophoresis (CE) is a separation technique which uses empty capillaries
to eﬀect separation by the electrophoretic movement of charged compounds. Therefore CE is not a chromatographic method in the strict sense. Recently, CE has been
applied for the separation and determination of all three surfactant classes.
Linear alkylbenzene sulfonates are analyzed in river water by CE using UV
detection (Fig. 8). The eﬃciency of separating LAS homologues and isomers depends
greatly on the organic modiﬁers added to the buﬀers. The addition of 20–30%
acetonitrile to the buﬀer leads to a separation of homologues, and with buﬀers containing a-cyclodextrin, even a complete separation of isomers is possible [71]. Aliphatic
anionic surfactants can be determined by CE with indirect UV detection [71] or indirect
conductivity detection [72]. Chromophoric electrolytes are necessary to carry out CE
with indirect UV detection [71], and optimum results are obtained with indirect
conductivity detection by the addition of electrolytes such as NaF to the buﬀer [72].
Cationic surfactants are separated using direct [73] or indirect UV detection with
an absorbing buﬀer component [74]. The addition of organic solvents as modiﬁers to
the buﬀers is essential for eﬃcient separations because of the ability of cationic
surfactants to adsorb onto the capillary surface.

564

Thiele et al.

FIG. 5 Total ion current chromatogram and SIM traces of characteristic ions of silylated
NPs from milk (10% fat) obtained by GC-EI/MS spiked with 4-n-NP and 4-(2V-nonyl)phenol
(2V-NP) as standards. Numbers are referring to the diﬀerent NP isomers. (From Ref. 68.)
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FIG. 6 Concentrations of nonylphenols (NPs) in blue mussels from the North Sea in
diﬀerent years (sum of all isomers, mean values with standard deviations, n z 3). Collection,
homogenization, and storage of the mussels were performed in accordance with the Standard
Operating Procedures of the German Environmental Specimen Bank. (From Ref. 67.)

FIG. 7 Concentrations of nonylphenols (NPs) in food samples from Germany. Concentrations (sum of all NP isomers, mean values with standard deviations, n=2) are expressed on
a fresh weight basis. (From Ref. 68.)

566

Thiele et al.

FIG. 8 Capillary electrophoresis chromatogram of LAS in water from the river Elbe, buﬀer:
100 mmol/L phosphate pH 6.8, 30% acetonitrile. (From Ref. 71.)

Nonionic surfactants of the ethoxylate type are not so eﬃciently separated
compared to ionic surfactants [71]. The complexity of the surfactant mixtures and the
lack of charge lead to insuﬃcient peak resolution and high detection limits.
Most of the CE methods described above for ionic surfactants have hitherto been
applied to product analysis, but they are at least as powerful as HPLC methods with
regard to peak resolution and detection limits. Therefore their application in environmental analysis might be very promising.

7. Mass Spectrometry
Mass spectrometry is a reliable method for the determination of molecular weight
distributions of homologous and/or oligomeric surfactants as well as for the determination of molecular structures, e.g., the position of side chains or the degree of
branching. Soft ionization methods like fast atom bombardment (FAB) or ﬁeld
desorption (FD) are well suited for the formation of molecular ions of high-molecular
surfactants. For this reason, they are not only used in product analysis for the
determination of molecular weight distributions, but also in biodegradation studies
of surfactants.
Fast atom bombardment-mass spectrometry was successfully employed for the
identiﬁcation of LAS in groundwater. The mass spectra obtained from the samples
which were slurried in glycerol as matrix show molecular ions (M)+ separated by 14
mass units corresponding to the diﬀerent LAS homologues [8]. Triethanolamine or
thioglycerol in combination with NaCl is alternatively used as matrix, but then,
quasimolecular ions (M+H)+ and (M+Na)+, respectively, are formed [75]. Moreover, FAB spectra exhibit fragment ions which are, in part, structure-speciﬁc [76]. FDMS spectra obtained in the positive or negative mode only contain quasimolecular
ions while fragment ions are missing [76]. Therefore FD spectra are well suited for
determining the molecular weight distribution of surfactants but less suited for
structure elucidation.
Fast atom bombardment-mass spectrometry spectra of APEO and AEO are
preferentially obtained by thioglycerol saturated with NaCl as matrix due to the
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formation of strong (M+Na)+ ions [75,77,78]. The characteristic appearance of these
spectra is a series of (M+Na)+ ions separated by 44 units corresponding to diﬀerent
degrees of ethoxylation (Fig. 9). Cleavage of the alkyl substituents and the ethoxylate
chains lead to fragmentation patterns in the lower mass range which make it possible
to elucidate the structures of nonionic surfactants. The clarity of FD-MS spectra due
to the dominance of quasimolecular ions (M+H)+ and missing fragment ions caused
Schneider et al. [79] to monitor the biodegradation of NPEO in surface water. FD-MS
is also used for the identiﬁcation of APEO in water samples after separation by
reversed-phase HPLC and collection of the APEO-containing eluate [80,81].
Conventional ionization techniques like EI or CI are less well suited for the
characterization of quaternary amines, which are the most common cationic surfactants. Due to their thermal instability and low volatility, their corresponding mass
spectra only show decomposition products and fragment ions which make it impossible to analyze environmental samples of unknown composition. By the use of FABMS and FD-MS, however, ionization of quaternary amines can be achieved without
decomposition. FAB spectra are characterized by strong quasimolecular ions as well
as structure-speciﬁc ions [75,82]. FAB in combination with collisionally activated
decomposition (CAD) in a tandem mass spectrometer enables a clear diﬀerentiation
between quasimolecular and fragment ions, which is often diﬃcult using FAB alone
[82]. FD spectra of quaternary amines are dominated by quasimolecular ions as
already described for other surfactant types [82]. By combining FD and CAD in a
tandem MS, it is even possible to obtain fragment ions for the structure elucidation of
individual cationic surfactants in environmental samples [83].
Quantitative determinations of surfactants by FAB or FD-MS are rather
diﬃcult because of the need for isotopically labeled internal standards.

8. Infrared Spectroscopy
Infrared spectroscopy (IR) is used for the qualitative identiﬁcation of surfactants and
for diﬀerentiating between them and nonsurfactant compounds. Prior to IR spectroscopy, however, separation of the organic compound complex into diﬀerent fractions,

FIG. 9 Fast atom bombardment mass spectrum of a mixture of C12–C15 polyethoxylated
alcohols with 10 EO units adulterated with NaCl in thioglycerol, e.g., m/z = 457: (M+Na)+
of C14EO5. (From Ref. 75.)
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performed by, for example, the use of thin layer chromatography, is required to obtain
meaningful spectra [84,85]. By comparing the IR spectra of the isolated fractions with
IR spectra of standard compounds with regard to characteristic bands, the qualitative
determination of surfactants in environmental samples is possible. The method is
equally applicable to anionic [85], nonionic [84], and cationic surfactants [86]. The
prerequisite for a clear identiﬁcation of surfactants, however, is the availability of
suitable standards. Moreover, considerable experience and knowledge are needed to
interpret IR spectra of environmental samples.

9. Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectra regularly contain far more information
on the molecular structure of the particular compound investigated than IR spectra.
However, the complex compound mixture in environmental samples has to be
thoroughly separated in order to obtain meaningful NMR spectra. Furthermore,
the amount of analyte needed for NMR is relatively high; therefore NMR spectroscopy is exclusively used in product analysis for the characterization of pure compounds and is of no importance in environmental analysis.

III. ANALYSIS OF CHELATING AGENTS
(ETHYLENEDIAMINETETRAACETIC ACID,
NITRILOTRIACETIC ACID)
A. General Remarks
Nitrilotriacetic acid (NTA) is used as an alternative detergent builder for substitution
of sodium tripolyphosphate to prevent the eutrophication of natural waters. The
purpose of ethylenediaminetetraacetic acid (EDTA) in detergent formulations is not
phosphate substitution, but the stabilization of the perborate bleach. Both chelating
agents form very stable complexes with heavy metals and have therefore been
suspected to remobilize adsorbed or precipitated heavy metals from river sediments
or aquifers. Especially EDTA was found in natural waters due to its low biodegradability [87]. Therefore the presence of these chelating agents in surface waters has to be
regarded as very harmful to the aquatic environment and their concentrations in
natural waters have to be monitored.
Polarographic, HPLC, and ion chromatographic methods for the determination
of EDTA and NTA at trace levels have been developed. GC determination methods
after derivatization of EDTA and NTA are far more sensitive than other methods and
more likely for the lower microgram per liter range in water samples.

B. Determination Procedures
1. Polarography
Polarographic methods are based on the reduction of suitable metal ions complexed
with EDTA and NTA at speciﬁc potentials. Hg(II) [88] and Bi(III) [89–92] were
employed as the complexed cations to be reduced. As sample preservation, water
samples are immediately acidiﬁed upon collection to pH 2 by the addition of HNO3 or
HClO4 [90–92]. Interferences by Fe(III), Cu(II), and Cl ions are prevented by passing
the water sample through cation/anion exchanger resins [92,93]. Since suitable internal
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standards are not available, the standard addition method is used for determination of
the NTA/EDTA concentrations.
Although detection limits of 0.2 and 0.1 Ag/L for NTA and EDTA, respectively,
are reported [90,93], the German standard procedure restricts the method to concentrations higher than 100 Ag/L [92]. Such detection limits, however, are higher than
needed for sensitive environmental analysis.

2. Liquid Chromatography
Liquid chromatographic techniques for NTA and EDTA have been based on HPLC
and ion chromatography with direct or indirect detection methods. For sample
pretreatment, the water samples are only ﬁltrated through a 0.45-Am membrane ﬁlter,
acidiﬁed to pH 3–4, and then directly used for the chromatographic analysis [94].
Extracts from biological matrices are treated with trichloroacetic acid to precipitate
proteins [95].
Reversed-phase HPLC on C18 columns is applied for the separation of ion pairs
between [Fe(III)EDTA] and [Fe(III)NTA] complexes and tetrabutylammonium as
the counterion using indirect UV detection at 254–260 nm [96–99]. The complexes are
formed between the analyte ligands and Fe(III) cations which are added to the mobile
phase or directly to the water sample. For analysis of NTA, the pH of the mobile
phase has to be adjusted to pH 2.5 because the peak width of the [Fe(III)NTA]
complex drastically broadens with increasing pH [96]. Harmsen and van den Toorn
[94] used an anion exchange column for the determination of EDTA in the form of its
Fe(III) complex by HPLC coupled to an UV detector (258 nm). Direct analysis of
EDTA and NTA by reversed-phase HPLC without complexation was achieved using
an amperometric detector [100]. For a maximum detector performance, the pH of the
mobile phase was adjusted to 1.5–1.8 above which the reproducibility and sensitivity
of the detector signiﬁcantly deteriorated. The detection limits utilizing indirect UV
detection are cited in the range between 10 and 200 Ag/L [94,96–98]. Amperometric
detection enables detection limits of 100 and 150 Ag/L for NTA and EDTA, respectively [100].
Ion chromatography (IC) coupled to various electrochemical detectors was used
for the separation and determination of EDTA and NTA [101,102]. Chromatographic
separations were eﬀected on anion exchange columns either with a weakly basic
CO32 /HCO3 eluent using conductimetric detection [101] or with an acid eluent (6
mM HNO3) by use of amperometric and potentiometric detection, respectively [102].
By replacement of the injection loop with an anion exchange precolumn, 2-ml river
water samples could be easily preconcentrated. The bound analytes were then backﬂushed onto the analytical column by the eluent [102]. Detection limits are generally
higher than 50 Ag/L for IC with electrochemical detection [101,102]. Ion exclusion
chromatography with a conductivity detector was applied for the determination of
NTA in biological growth media and cell-free extracts. For sensitive detection, an
excellent thermostating and insulation of the detector cell was essential [95].

3. Gas Chromatography
Gas chromatographic methods have the advantages of high speciﬁcity and sensitivity
despite extended preparative procedures prior to GC analysis. Due to the ionic nature
of NTA and EDTA, derivatization of these compounds is a mandatory part of all GC
procedures.
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FIG. 10 Gas chromatograms of NTA determinations by GC-NPD. NTA was analyzed as its
butyl derivative in untreated wastewater (a), river water (b), lake water (c), and mineral water
(d) (IS: octadecanoic acid nitrile). (From Ref. 109.)
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All derivatization reactions are esteriﬁcations of the carboxylic acids NTA and
EDTA to methyl esters [103,104], propyl esters [104,105], butyl esters [106–114], and
trimethylsilyl esters [115]. Prior to the derivatization, the analytes have to be isolated
from the aqueous matrix either by evaporation of the water in a stream of nitrogen
[103,115] and in a drying oven [112,114], respectively, or in the majority of cases by
enrichment of NTA/EDTA on an anion exchange resin [104–113]. In the original

FIG. 11 Flow chart of the analysis of NTA/EDTA in water by GC-NPD. (From Ref. 110.)
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procedure of Aue et al. [106], the anion exchange resin was used in its formate form.
After passing the acidiﬁed water samples through the resin, the analytes were eluted
with 16 M formic acid. For derivatization, n-butanol/HCl was added to the completely
dry samples [106]. This procedure was modiﬁed with respect to the removal of the
excess of derivatization agent by liquid–liquid extraction with water/apolar organic
solvents [104,109,114] and the addition of dibutyl phthalate [107,108] or octadecanoic
acid nitrile [109] as standard compounds after derivatization.
First approaches for the determination of NTA/EDTA by GC were done with
packed columns in conjunction with ﬂame ionization detection [103,105–107,115].
Lowest detection limits of 20 and 10 Ag/L for NTA and EDTA, respectively, were
reported [103,109]. Use of nitrogen–phosphorous speciﬁc detectors (NPD) signiﬁcantly improved the sensitivity resulting in detection limits of 0.2 Ag/L [108].
Diﬃculties with interferences and matrix compounds coming from the low eﬃciency
of packed columns have been successfully overcome by application of high-resolution
gas chromatography (HRGC). Glass capillary columns coated with nonpolar phases
[104,109,111] as well as fused silica columns with bonded nonpolar phases like DB-5
[110] were used for the eﬃcient determination of NTA and EDTA in combination with
NPD (Fig. 10).
The analysis of derivatized NTA/EDTA by GC-NPD has become a powerful
method with respect to sensitivity. A detailed procedure of the determination of these
analytes in water is shown in Fig. 11.

IV. ANALYSIS OF PHOSPHATE AND BORON
A. General Remarks
Until the beginning of the 1980s, sodium triphosphate was used in laundry detergents
to remove water hardness by formation of stable water-soluble complexes with
calcium [116]. Although phosphates are natural and essential macronutrients for all
living organisms, excess of phosphate released into the aquatic environment leads to
heavy algal growth in waters and eutrophication of lakes. Phosphate reduction in
detergents and phosphate elimination in sewage treatment plants (tertiary treatment)
has meanwhile led to a decrease of phosphate loads in German rivers [116]. For control
of the phosphate elimination in sewage treatment plants as well as for supervision of
the phosphate concentrations in surface waters, reliable analytical methods for the
determination of phosphate are necessary.
Sodium peroxodiborate is used for oxidative bleaching in laundry detergents.
During the washing process, it is hydrolyzed in water to form hydrogen peroxide
and borate which ﬁnally enters the aquatic environment. It is estimated that two-thirds
of the boron content in water arises anthropogenically beside its geogenic origin.
Because of the direct correlation between boron concentrations and the extent of
wastewater discharges in rivers, boron is taken as an indicator for the level to which a
river is contaminated with municipal wastewater. The maximum acceptable boron
concentration in drinking water stipulated in the EU drinking water directive is 1 mg/L
[117].
Phosphate as well as boron are predominantly determined by photometric
methods which have been developed further with respect to sensitivity in the last
two decades.
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B. Determination Procedures
1. Photometry
The basis of all photometric procedures for the determination of phosphate is the
formation of a molybdophosphate complex in acidic solution from the reaction
between phosphate and ammonium molybdate. The anionic complex [P(Mo12O40)]3
is either reduced to intensely colored molybdenum blue or associated with cationic
dyes as the counterions.
Formation of molybdenum blue was accomplished by Sn(II)-chloride as the
reducing agent followed by photometric measurement of the absorbance at 580 [118]
or 690 nm [119]. Alternatively, an antimony–molybdophosphate complex formed
from phosphate, ammonium molybdate, and potassium antimonyl tartrate was
reduced with ascorbic acid to molybdenum blue which was measured at 880 nm
[119,120]. At concentrations below 10 Ag/L, the European Standard EN 1189
recommends solvent extraction of molybdenum blue with hexanol and determination
of the absorbance of the organic phase at 680 nm [120]. In case of higher phosphate
concentrations (>1.0 mg/L), the standard method of the American Public Health
Association based on the formation of yellow vanadomolybdophosphate can be
applied [119]. A sequential injection analysis system for the simultaneous determination of phosphate and silicate was also carried out via formation of yellow vanadomolybdophosphate [121].
The major part of methods for the spectrophotometric determination of
phosphate is based on ion association between molybdophosphate and a cationic
dye, such as malachite green [122–125], ethyl violet [126], crystal violet [127],
rhodamine 6G [128], rhodamine B [129], and a porphyrin derivative [130]. In order
to increase the sensitivity of the spectrophotometric determination, various strategies
were applied to preconcentrate the formed ion pairs. Solvent extraction of the ion pairs
was done with organic solvents like cyclohexane:4-methylpentan-2-one (detection
limit: 0.1 Ag/L) [124,126]. Another method used poly(N-isopropyl-acrylamide) as a
thermally reversible polymer to preconcentrate a molybdophosphate–malachite green
complex. After shrinkage of the polymer at 45jC and discarding of the remaining
aqueous solution, the polymer was dissolved in methylcellosolve followed by measurement of the absorbance at 627 nm (detection limit: 0.2 Ag/L) [125]. Flotation was
proved to be an eﬃcient method for preconcentration of the ion pair of a Co(III)
complex with molybdophosphate which was ﬂoated at the phase boundary water/
butyl acetate [131]. Flow-injection analysis (FIA) as an automated alternative for the
determination of phosphate allows a higher throughput of samples. Water samples
were directly injected in the carrier stream of FIA systems equipped with two [123,129]
or four ﬂow lines [127] and were mixed with the reagent solution in a reaction coil. The
formed molybdophosphate–cationic dye complexes were detected in a microﬂow cell
of a spectrophotometer [123,127] or spectroﬂuorophotometer [129].
The prevalent methods for the photometric determination of boron are those
with Azomethin H and curcumin whose reactions with boron are very selective. The
boron determination with Azomethin H was carried out in the aqueous phase at pH
5.9. Interferences by Fe(III) and Al(III) were prevented by extraction of boron with 2ethylhexan-1,3-diol prior to the addition of Azomethin H [132–134]. The procedure is
standardized (DIN-Norm 38405/17) in Germany [135]. Boron determination according to the Azomethin H method was also to be carried out with a FIA system, but then
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the pH had to be adjusted to pH 7.3 to reach an appropriate analysis time [136].
Curcumin forms the red-colored complex ‘‘rosocyanin’’ with boron in the absence of
water. The aqueous sample containing curcumin is evaporated to dryness followed by
taking up in ethanol [137]. Extraction of boron from water with 2-ethylhexan-1,3-diol
in methylisobutylketone has the advantage of immediate formation of the curcumin
complex in the organic phase [138]. Catechols and naphthols form anionic complexes
with boron which are extracted as ion pairs formed with ethyl violet [139] and a bulky
ammonium ion, respectively [140]. The detection limit for the Azomethin H method is
10 Ag/L [135] and, for the curcumin method, 25 Ag/L [138]. For the ion pair method, a
detection limit of 1 Ag/L is reported [140].
In Fig. 12, typical procedures for the determination of phosphate and boron in
water by photometric measurements are shown.

2. Electroanalysis, Capillary Electrophoresis
Determination of phosphate was accomplished using semidiﬀerential electroanalysis
based on the reduction of molybdophosphate adsorbed on a rotating glassy carbon
electrode. The molybdophosphate was formed in acidic solution in the presence of
ammonium molybdate [141]. Flow injection potentiometry with a cobalt wire phosphate ion selective electrode (ISE) was used for direct phosphate determinations.
Higher Cl levels in the water samples caused interferences with phosphate which

FIG. 12 Flow charts of the analysis of phosphate and boron in water by photometric
methods.
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required correction of the phosphate concentrations [142]. In an indirect potentiometric method, phosphate was precipitated with Pb(II) and the excess of Pb(II) was
determined with a lead ISE [143]. This method had a detection limit of 100 Ag/L which
is signiﬁcantly higher than that of the semidiﬀerential electroanalysis method (1 Ag/L).
Capillary electrophoresis (CE) with indirect UV detection was used for the
simultaneous determination of phosphate, silicate, nitrate, and nitrite. The electrolyte
contained sodium chromate as the chromophore which was detected at 254 nm.
Detection limit for phosphate was 60 Ag/L [144].

3. Spectrometry
With introduction of inductively coupled plasma-optical emission spectroscopy (ICPOES) and ICP-MS in the last few years, two highly eﬃcient analysis methods are
available for element analysis. Boron in river water was determined using both
methods whose remarkable features were their easier sample preparation and their
shorter analysis times compared to the photometric methods [145]. On the other hand,
the costs of purchase for these ICP instruments are really high. By use of graphite
furnace-atomic absorption spectrometry (GF-AAS), boron was determined with a
detection limit of 20 Ag/L [146].

V. ABBREVIATIONS
AEO
AES
AP
APEC
APEO
APG
AS
BiAS
CAD
CI
DBAS
DSDMAC
DTDMAC
ECD
EI
FAB
FD
FID
GC
GCB
HPLC
IR
LAB
LAS
LC
MBAS
MS

alcohol ethoxylates
alcohol ethoxy sulfates
alkylphenols
alkylphenoxy carboxylates
alkylphenol ethoxylates
alkyl polyglucosides
alcohol sulfates
bismuth active substance
collisionally activated decomposition
chemical ionization
disulﬁne blue active substances
distearyldimethylammonium chloride
ditallowdimethylammonium chloride
electron capture detector
electron impact ionization
fast atom bombardment
ﬁeld desorption
ﬂame ionization detector
gas chromatography
graphitized carbon black
high-performance liquid chromatography
infrared
linear alkylbenzenes
linear alkylbenzene sulfonates
liquid chromatography
methylene blue active substances
mass spectrometry
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NCI
NMR
NP
NPEC
NPEO
SAS
SFC
SFE
SIM
SPC
SPE
TPS
UV

negative chemical ionization
nuclear magnetic resonance spectroscopy
nonylphenol
nonylphenoxy carboxylates
nonylphenol ethoxylates
secondary alkane sulfonates
supercritical ﬂuid chromatography
supercritical ﬂuid extraction
selected ion monitoring
sulfophenyl carboxylates
solid phase extraction
tetrapropylenebenzene sulfonate
ultraviolet
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Analytical Techniques: Basics
and Fields of Application
BERNHARD MENZEBACH Degussa, Marl, Germany

I. INTRODUCTION
The scope of this chapter covers only a short overview on mainly instrumental
analytical methods of practical relevance to the analysis of detergents. In addition
to a summary of the important basic principles of measurement and instrumentation,
the text tries to refer to suitable applications of analytical methods. The interested
reader will ﬁnd more detailed descriptions of the fundamentals and applications of
analytical techniques in numerous textbooks of analytical chemistry (for instance in
Refs. [1–3]).

A. Classification of Analytical Methods
Classical basic operations of analytical chemistry from the times of emerging science
consist of applications of separation techniques such as distillation, extraction,
ﬁltration, precipitation, and crystallization, either directly, in combination with
diﬀerent procedures, or after speciﬁc chemical derivatization (e.g., combustion or
synthesis of substance-speciﬁc or group-speciﬁc derivates). In the case of an intended
quantitative analysis, one had to determine the mass or volume of the separated
analytes; if a qualitative analysis was the aim of the investigation, one had to
characterize the separated parts by simple physical numbers such as melting point,
boiling point, refractive index, or density. Since the development of a variety of
physicochemical and physical principles of measurement supported by sophisticated
electronic devices of signal and data handling, the importance and practical application of these classical analytical methods have dramatically decreased. They are
nowadays replaced by instrumental techniques, which allow qualitative identiﬁcation
and quantitative determination with highly improved speed, precision, selectivity,
extremely lowered limits of determination or detection, diminished requirement of
amount of sample, as well as numerous possibilities of automation and, therefore,
lower unit costs for the analytical task. Techniques of relevance to the analysis of
detergents are shortly described in Table 1, diﬀerentiated mainly according to their
underlying physical principle of measurement.
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TABLE 1 Classiﬁcation of Analytical Techniques
Classiﬁcation
Wet chemical methods

Chromatography
and related separation
methods

Molecular spectroscopy

Examples
Gravimetry, volumetric
titrations with visual or
potentiometric endpoint
detection, coulometry,
polarography, photometry,
enzymatic analysis, FIA
HPLC, IC, GC, SFC, TLC,
EC, CE

UV–Vis spectroscopy,
ﬂuorescence spectroscopy
IR and Raman spectroscopy,
NIR spectroscopy

NMR, MS

Atom spectroscopy

Coupling of
chromatographic and
spectroscopic methods

Other techniques

Atomic absorption spectroscopy
and atomic emission
spectroscopy after thermal or
electrothermal excitation
(AAS, AES)
XRF, mass spectrometry after
atomization in inductively
coupled plasma (ICP-MS)
HPLC/MS
GC/MS
GC/IR
HPLC/NMR
X-ray powder diﬀraction
Electron microscopy
X-ray photoelectron
spectroscopy
DSC

Applications
Quantitative determination of
analytical sum parameters,
elements, groups of substances,
functional groups

Substance-speciﬁc quantitative
determination with selectivity
governed by the detection
principle, with diﬀerent
restrictions depending on the
separation technique (e.g., GC:
only substances that can be
vaporized; IC: only ionic species)
Relatively nonspeciﬁc
quantitative determination
of groups of substances (UV)
Identiﬁcation and quantiﬁcation
of components with deﬁned
functional group or structure
(IR, Raman)
Speciﬁc identiﬁcation, structure
elucidation, and quantiﬁcation of
single components (NMR, MS)
Quantiﬁcation of elements, trace
analysis, partly isotope-speciﬁc
(ICP-MS)

Identiﬁcation and quantiﬁcation
of components of (complex)
mixtures with high speciﬁcity,
down to the trace level
Identiﬁcation of crystalline phases
Surface scanning and imaging,
elemental distribution
Surface analysis (elements,
charges, and oxidation state)
of upper atomic layers
Temperature and caloric
characteristics of phase
transitions, identiﬁcation
of phases
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The choice of the most suitable analytical method is decisively determined by the
question to be answered. Analyzing complex and sometimes extraordinarily heterogeneous mixtures such as detergents, in general, needs careful planning to combine the
diﬀerent sample clean-up techniques (e.g., selective solution or extraction, ion
exchange)—appropriate to the matrices—with the various methods of measurement.
The more completely (from traces to main components) each constituent of a
formulation has to be determined qualitatively and quantitatively, the more elaborate
the analytical strategy must be. Additionally, the single analytical results should be
checked concerning their plausibility and consistency by a balance of substances and
sum parameters. On the other hand, if it is only necessary to determine one single
component of a mixture, it often needs no more than one selective and powerful
analytical method.

B. How to Choose the Suitable Method
From the abovementioned reasons, it is clear how critical it is to solidly know the
performance of the analytical methods to be applied (i.e., their strengths and
weaknesses, possible sources of error, interferences, and all essential factors of
inﬂuence contributed by the matrix and/or the sample). One can ﬁnd such in-depth
descriptions of the various analytical methods in a huge variety of monographs and
general or special text books of analytical chemistry (e.g., Refs. [3,15,20,25,32,35,36,
40,43,44,48,50,52,57,59,61]. For instance, by recording an infrared (IR) spectrum, one
can get a very fast overview of the main components of a detergent’s mixture [4]. But if
the water content of the sample is high (>80%), it is rather diﬃcult to come to deﬁnite
and unambiguous conclusions because of the dominating IR spectrum of water. In
such a case, it can be the method of choice to ﬁrst evaporate the water or to freeze-dry
the sample and then to record the IR spectrum, provided there are no important
volatile substances in the mixture. As well, simple element analytical data can provide
useful information about the presence or absence of certain compounds. So one can
decide by a quantitative determination of sulphur if chemical groups such as sulphates
or sulphonates are the main constituents of a sample. Such preliminary results can play
a key role for the further direction of a detailed analysis. Of utmost importance for the
analysis of detergents are the chromatographic methods, especially in the case of
quantitative analysis. Thin-layer chromatography (TLC) can aﬀord a ﬁrst quick
qualitative orientation concerning the types of surface-active components present in
a detergent’s mixture [5], but it is not suitable to detect inorganic substances such as,
for example, carbonates, sulphates, perborates, and zeoliths. To solve diﬃcult questions of identiﬁcation and quantiﬁcation, one has to make use of the full power of
hyphenated techniques such as the coupling of liquid chromatography with mass
spectrometry (LC/MS) [55]. The application of such multidimensional methods
implies, on the other hand, an enormous increase of the amount of data to analyze
and interpret. Having in mind the great variety of commercially available detergents
and the possible number and width of analytical problems to be solved (from the
simple quantitative determination of a single main component up to the complete
identiﬁcation and quantitative determination of all components of a technical formulation of detergents), it is obvious that there is no special detailed strategy on how to
choose the appropriate mix of methods. The best analytical procedure essentially
depends on the question or the problem to be solved. A general analytical strategy with
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FIG. 1 Flow diagram for a general analytical strategy. (From Ref. 3. nVCH Verlagsgesellschaft, 1994.)

some important steps for a problem-oriented procedure is shown in Fig. 1 [3]. A sound
knowledge of the fundamentals of the relevant analytical methods, their limitations,
and optimum areas of application enables one to exploit their optimum cost–beneﬁt
ratio as far as possible.

II. WET CHEMICAL METHODS
Analytical chemistry as a science of exact measurements can be traced back to the
development of the basic methods such as gravimetry (e.g., after element-speciﬁc
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group of element-speciﬁc precipitation or after electrolytic deposition) and the
titrimetric procedures (acid–base, complexometric, and redox titrations). These
methods are still useful tools today in getting quantitative results for the analysis of
industrial samples.

A. Gravimetry
Gravimetric techniques can be of the highest precision because the analytical balance
is an instrument of a wide dynamic range accompanied by a very high level of accuracy
and sensitivity. Commercial laboratory analytical balances are able to determine
masses up to ﬁve digits. Gravimetric methods can be directly traced back to the
International System of Units (SI). So they are still widely used in standardization
processes. It is a key requirement for a classical gravimetric analysis to gain an
insoluble solid precipitate, which is speciﬁc for the analyte to be determined and can be
separated by ﬁltration and, afterward, washed and dried to constant mass. This
insoluble compound must be of deﬁnite and reproducible stoichiometric composition
in relation to the species to be determined (e.g., MgP2O7 to Mg, or SiO2 to Si). A small
stoichiometric factor f is of great advantage for the sensitivity of the gravimetric
method:
f¼

MðAÞ
MðAXÞ

with M(A) = formula weight of substance A to be determined (g/mol), and M(AX) =
formula weight of the substance AX weighed (g/mol).
The lower is the product of solubility of the precipitate, the more complete is the
separation of the analyte. The completeness of precipitation can be inﬂuenced by a
surplus of the precipitating agent, choice of pH value, temperature, and addition of
solvents. In a broader sense, some simple sum parameters can be viewed as results of
gravimetric analysis (e.g., the determination of dry residue or loss on drying, of oxide
or sulphated ash, ethanol-soluble amount, and unsaponiﬁable or other amounts of
extraction procedures). The abovementioned examples are often part of sample cleanup procedures and the gravimetric data can additionally be used for purposes of a
possible balance of matter. Electrogravimetry is not of signiﬁcant importance in the
analysis of detergents.

B. Titrimetry
Titrimetric methods are mainly used for the quantitative determination of analytes in
solution by a chemical reaction with a titrant [6]. This reaction must at least fulﬁll the
following requirements:


The equilibrium favors the reaction products
The reaction runs without kinetic inhibition
 The stoichiometry of the reaction is unambiguous (speciﬁc reaction, without
interference)
 The endpoint of the reaction is well detectable.


The titrant is added preferably by volumetry, using burettes of glass or modern
motor-driven and microprocessor-controlled dispensing systems. These latter devices
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allow the volumetric addition of titrants with ultra-high precision down to microliter
volumes for microtitrations. One distinguishes between direct titration and backtitration. In the case of a backtitration, the equilibrium is inﬂuenced by the addition of
an excess of reagent. This excess is afterward titrated back by a suitable titrant. Some
useful titrations are combined with preceding derivatization reactions. The nonreacting excess of the derivatizing reagent can be determined after complete reaction
with the functional group to be derivatized by titrimetry (e.g., acetic acid after reaction
of acetic anhydride with alcohols and phenols, and subsequent hydrolysis of acetic
anhydride; hydroxyl number).
A great number of well-established international standards for the quantitative
determination of functional groups are based on such analytical methods combining
titrations with preceding chemical reactions (carbonyl number, bromine or iodine
number).
In certain instances, the classical volumetric addition of the titrant can be
replaced by its electrochemical generation. This principle of coulometry applies the
transfer of electrons. They reduce or oxidize a chemical species and the required
quantity of electricity Q is measured:
Q¼

ðt
idt
0

where Q = quantity of electricity (charge) [C]; i = current [A]; and t = time [s].
One Faraday corresponds to 96,485 C and produces the equivalent weight of an
element. Diﬀerent principles of coulometric titrations [7] have to be distinguished:



Potentiostatic coulometry applying a constant potential of the working electrode
Amperostatic coulometry using a constant current.

Redox titrations are generally well suited for coulometry; the commercial
analytical industry oﬀers a lot of coulometric titration systems for special applications. They often are highly automated and rather simple to operate. Coulometry is of
great importance in the ﬁeld of determination of moisture by the Karl–Fischer
titration.
Titrations can be classiﬁed according to the kind of chemical reaction:


Neutralization reactions (acidimetry, alkalimetry): They can run in aqueous or
nonaqueous solvents (glacial acetic acid, tetrahydrofurane, and pyridine) [8]. The
choice of the best applicable titrant and solvent depends on the constant of
acidity or basicity [for instance, sodium hydroxide (NaOH) or hydrochloric acid
(HCl) in water, and perchloric acid (HClO4) in glacial acetic acid for the titration
of very weak bases].
 Complexing reactions (complexometry): They are applied for the determination of
metal ions such as Ca2+ and Mg2+ (water hardness) using solutions of complexing
agents (‘‘complexones’’), which are able to form complexes of suﬃcient stability
with the metal ions; vice versa, complexones such as, for instance, nitrilotriacetic
acid (NTA) or ethylenediaminetetraacetic acid (EDTA) and their salts can be
determined by titration with solutions of suitable metal ions.
 Redox reactions (oxidimetry, reductometry): They are characterized by the
transfer of electrons between analyte and titrant. This type of titration has a very
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broad ﬁeld of application [determination of inorganic species (elements and their
compounds, e.g., anions, in their diﬀerent states of oxidation) and quantiﬁcation
of organic compounds (e.g., peroxides)]. The Karl–Fischer reaction belongs to
this class of reactions. Iodine and sulphur dioxide react stoichiometrically,
consuming water, to sulphate and iodide. Heterocyclical bases such as pyridine or
derivates of imidazole shift the chemical equilibrium to the side of the reaction
products.
 Reactions between anions and cations, two-phase titrations, and precipitation
reactions: Reactions between anions and cations can form insoluble precipitation
products (e.g., SO42 with Ba2+ ions) or pairs of ions or associates, which can
continuously be extracted into a nonmiscible separate layer of an organic solvent
(e.g., anionic surfactants reacting with large cationic surfactants) [9].
The method of endpoint detection is a further critical feature to diﬀerentiate
titrations. The type of titration has a deciding inﬂuence on the choice of the appropriate technique to detect the endpoint of the titration. Table 2 summarizes the
most common techniques of endpoint detection.
Apart from the abovementioned methods, there are many further techniques of
endpoint detection (e.g., radiometry, ﬂuorimetry, oscillometry, and calorimetry),
which mostly have very special ﬁelds of application.
Figure 2 shows the typical titration curve—indicated potentiometrically—of a
completely dissociated (strong) mineralic acid (HCl), a weak organic acid (acetic acid,
pKa = 4.76 at 20jC), and a strong base (NaOH), respectively. Modern computercontrolled titration systems are equipped with appropriate software to calculate the
equivalence point of titrations from the digitally converted data of the electrical
potential and the volume of titrant.

TABLE 2 Indication Methods for Titrations and Applications
Measured value

Sensor

Application

pH value

Combined glass electrode

Electrochemical potential

Metal electrode

Chemical potential

Ion-sensitive (membrane)
electrode

Change of color and
absorption of visible light

Human eye; photometric
cell (Phototrode)

Electrical conductivity

Conductometric cell

Current

Polarizable electrode or
pair of electrodes
(double Pt electrodes)

Potentiometry for
neutralization titrations
Redox and complexometric
titrations
Potentiometric titration of ions
(e.g., ﬂuoride, surfactants’
anions or cations)
Neutralization titrations,
complexometric titrations
with color indicators
Neutralization titrations in
colored or turbid solutions,
precipitation titrations
Redox titrations (e.g.,
Karl–Fischer titration for
determination of water)
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FIG. 2 Potentiometric titration of a strong acid (HCl, 0.1 mol/L; 50 mL) with a strong base
(NaOH, 0.1 mol/L; VNaOH: volume added in milliliters) and a weak acid (acetic acid,
CH3COOH, 0.1 mol/L; 50 mL). (From Ref. 10.)

C. Photometry
A preceding chemical reaction to form or consume a colored compound is characteristic of photometric analytical methods in comparison to direct ultraviolet (UV)–
Visible (Vis) spectroscopic techniques. Its absorption in solution is measured by a
photometer (ﬁlter photometer, UV–Vis spectrometer with a grating monochromator)
at a ﬁxed wavelength against a blank solution. The calibration in the relevant range
of concentrations with the compound to be determined is the necessary prerequisite
for a correct quantitative analysis. As long as the analysis is done in dilute solutions
(<0.1 mol/L), usually a linear relationship between the absorbance A and the
concentration c of the analyte is valid (Lambert–Beer’s law):
A ¼ ecd
A is the absorbance or the decadic logarithm of the quotient of the incident
intensity (I0) to the intensity of the light having passed the sample cell (I), e is the molar
absorptivity [L/mol/cm], c is the concentration of the species absorbing the light, and d
is the path length of the sample cell [cm]. Perborates [11] or peroxomonosulphates [12]
as typical components of detergent formulations can be determined by photometry
using their reaction with iodide to free iodine, whose absorption can be measured
directly or after formation of the blue iodine–starch complex. Phosphate or some trace
elements as possible components of detergents can also be determined by speciﬁc
photometric reactions.
Photometry ﬁnds special applications in combination with titrimetry as a means
of endpoint detection with color indicators (complexometry, acidimetry; see above)
and as a detection method in chromatography (see high-performance liquid chromatography, or HPLC). Flow injection analysis (FIA) [13] is a highly automated method
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using mainly photometric indication. In FIA, a photometric reagent is transported by
a peristaltic pump into a mixing valve. A small volume of the sample is injected into
this valve. The sample and reagent are squeezed through a reaction conduit consisting
of ﬂexible tubes. Further mixing and diﬀusion take place and the chemical process goes
on, sometimes supported by the application of higher temperatures. Detection is
usually eﬀected by a photometric ﬂow-through cell; from there, the reaction solution is
guided to the waste. Many other detection principles can be used in ﬂow injection
analysis (e.g., atomic absorption spectroscopy, or AAS). Because of its simplicity and
the great number of applicable chemical reactions, photometry is the most preferred
detection technique in FIA. Special separation steps can also be combined with FIA
techniques (for instance, dialysis, gas diﬀusion, and extraction) [2].

D. Enzymatic Analysis
Enzymatic reactions are a class of highly speciﬁc biochemical reactions preferentially
using photometric or electrochemical detection [14–16]. In a very simpliﬁed manner,
the mechanism of enzymatic reactions can be described as follows:
E þ S ! ES ! E þ P
The enzyme E reacts with substrate S, forming reversibly an enzyme–substrate
complex at the active site of the enzyme. Subsequently, this complex decomposes into
the free enzyme and the product P. For the purpose of analytical application, the ratios
of the rate constants of the reactions forming and decomposing the complex are of
decisive signiﬁcance [17]. By measuring the rate constants of the enzymatic reactions,
quantitative determinations of substrates, inhibitors, and activators can be performed.
To avoid elaborate multilevel measurements, in practice, one stops the reaction after a
deﬁnite time and determines the concentration of the relevant analyte from the amount
of product formed or substrate consumed. Accordingly, the enzyme functions as a
catalyst of extremely high speciﬁcity for the respective substrate, often with the help of
coenzymes or cofactors. Nicotinamide–adenine–dinucleotide (NAD) is a widely
applied coenzyme, which plays an important role in many enzymatic electron transfer
reactions (for instance, in the oxidation of glucose to gluconic acid with the aid of
glucose oxidases). The electron transfer produces the reduced form of NAD, called
NADH, which shows a new strong absorption band with a maximum at 340 nm. This
band is a very characteristic means of detection and, as such, is extensively applicable
(for instance, in the ﬁeld of coupled enzymatic reactions determining the consumption
or formation of NADH or its phosphated species NADPH).
Enzymatic reactions have found a widely expanded area of applications because
it is possible to immobilize enzymes. To immobilize enzymes, they are physically or
chemically bound to solid surfaces, or they are encapsulated in polymers. These
developments made accessible new kinds of biosensors (e.g., the enzyme–membrane
electrode), where the electrochemical potential of the redox system is measured.
Enzyme thermistors form another class of such devices, where the relevant signal is
the amount of heat of reaction. By far, not all techniques of immobilization are stable
enough to guarantee the necessary robustness and long-term stability for routine
analysis. Immobilized enzymes can be used in combination with ﬂow injection
analysis. The highly sensitive, extremely speciﬁc, and fast enzymatic reactions are of
great value for the determination of enzymes (proteases or amylases as constituents of
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detergents) by addition of standardized amounts of substrates, for the quantiﬁcation
of activators, inhibitors, and especially substrates (e.g., ﬁssion of alkylpolyglucosides
by enzymatic hydrolysis to glucose with subsequent determination using an enzyme
electrode, and determination of the fatty alcohols with the aid of the enzyme alcohol
dehydrogenase) [18]. Commercial suppliers of biochemical diagnostics oﬀer readily
applicable test kits for substrate assays. They are as well suitable for an automated
analysis. As kinetics is the basis of the determination of concentrations, enzymatic
analysis demands exact control of temperature, pH value, composition, conformity,
and purity of buﬀer systems and reaction solutions.

III. CHROMATOGRAPHIC SEPARATION METHODS
Chromatography is, by far, the most important separation method of analytical
chemistry and has a history of nearly a complete century since the ﬁrst description of
the separation of leaf pigments on a solid stationary phase consisting of calcium
carbonate. Since those days, chromatography has developed into an irreplaceable
analytical separation technique with an overwhelming potential for a wide range of
applications in many scientiﬁc disciplines, starting from biology; life science; organic
chemical synthesis; study of natural raw material such as oils and fats; separation of
industrial raw materials, intermediates, and ﬁnished products; to environmental
chemistry. Still, nowadays, diversity and eﬃciency of chromatographic methods seem
to grow due to ongoing technical developments and reﬁnements as well as the number
and range of chromatographic applications [1–3].

A. Fundamentals
In chromatography, the sample and its components must ﬁrst be completely transferred or homogeneously dissolved in a mobile phase. This mobile phase with its
dissolved sample constituents is brought into interaction with a stationary phase and is
moved through or along it. The stationary phase is not soluble in the mobile phase and
is ﬁxed on a solid surface or an inner surface of a tube (column). Diﬀerent components
of a sample interact in diﬀerent manner with the stationary phase, for instance by
adsorption or desorption processes or by diﬀerentiated solubility. This means that the
separation process is based on diﬀerences in equilibrium constants. As a consequence,
the components are transported by the mobile phase through or along the stationary
phase with diﬀerent velocity. This process of diﬀerentiated distribution of the
components between mobile and stationary phase takes place in multiple repeated
steps, so that the single substances can be separated in sharply isolated zones (bands,
peaks) from each other. For the distribution between mobile phase (M) and stationary
phase (S), the distribution constant K is:
cS
K¼
cM
The symbols cS and cM denominate the concentrations of a substance in the stationary
phase and the mobile phase, respectively. The relationship between K and the capacity
factor kV, which can be directly calculated from the ratio of the migration rate or time
of a component and the mobile phase, is shown by the following equation:
K ¼ k Vb
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With the phase ratio b:
b¼

VM
VS

which is calculated from the ratio of VM (volume of the mobile phase) and VS (volume
of the stationary phase) and the capacity factor k V:
kV ¼

t VR
tM

where tM is the hold-up time (the migration time of the mobile phase); and t VR is the
adjusted (or reduced) retention time (the retention time of a speciﬁc substance
corrected for the retention time of the mobile phase) (t VR = tR  tM). It holds as a
rule of thumb that the capacity factor should have a value of 1–5. Too high a capacity
factor results in far too long running chromatograms, and for k V < 1, it is diﬃcult to
achieve a good-enough separation. For well-deﬁned chromatographic conditions, the
retention time tR is the characteristic value for the component to separate. The ratio of
the capacity factors of two components is deﬁned as the separation factor a. The
performance of chromatographic methods can be described by the height of a
theoretical plate (H ). On this theoretical plate, the elementary step of chromatography
takes place—the formation of equilibrium between the mobile phase and the stationary phase. The more theoretical plates a separation system (e.g., a column) contains,
the more eﬃcient a separation can be:
N ¼ L=H
where N is the number of theoretical plates; L is the length of the column; and H is the
height of the theoretical plate.
In classical theory of chromatography, the number of theoretical plates is
determined by this equation:
 2
tR
N ¼ 5:54
wh
With this equation, for the number of theoretical plates, one can get a measure to
compare the quality of separation systems using only the retention time tR and the
peak width at half height wh of a component. One can immediately see that the peak
width is an essential quality criterion of a separation system. Various eﬀects, especially
diﬀusion processes, have a strong inﬂuence on the plate number when real-world
separations are performed. For this reason, the kinetic theory of chromatography
describes the relationship between the linear velocity of the mobile phase (u-) and the
plate height (H ). The inﬂuence of diﬀerent diﬀusion processes can be approximately
described by the van Deemter equation:
H ¼ A þ B=u- þ CuThe constant A is a measure of the Eddy diﬀusion due to turbulent streaming at
the solid particles of the chromatographic packing, the B term describes the processes
of diﬀusion in longitudinal direction, and the C term characterizes the eﬀects of mass
transfer in the mobile phase and the stationary phase. The van Deemter equation (see
Fig. 3) is an invaluable basic means for the optimization of chromatographic
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FIG. 3 The Van Deemter equation: the relationship between the height of theoretical plates
(H ) and the linear velocity (u-) of the mobile phase.

separations for it shows at which linear ﬂow rate u of the mobile phase one can reach
minimal plate height (H), which means the maximal number of plates (N). To consider
the separation of two components, the resolution (Rs) is an appropriate measure. It is
approximately calculated from the retention time tR and the arithmetical average of
the peak width at half height wh of the components of interest (A,B):
Rs i

B
0:59ðtA
R  tR Þ
wh

By transformation of this equation, one can see the inﬂuence of the plate number (N),
the separation factor (a), and the capacity factor (k VB, for component B):
pﬃﬃﬃﬃ 

N a1
k VB
Rs ¼
:
a
1 þ k VB
4
A more detailed description is given in the textbooks of chromatography [19–21].
The aim of chromatographic analysis is, in general, to determine the concentration of components. Therefore, an excellent separation is an invaluable prerequisite to
get minimal overlap between peaks of diﬀerent substances. The usual basis for
quantitative measurements is the peak height or, more often, the peak area. Internal
or external standard methods are applied for calibration purposes. The linearity of the
calibration function is mainly dependent on the applied detection principle. For each
chromatographic technique, there are, at disposal, various types of universal and
sometimes very speciﬁc and selective detection systems.

B. Classification of Chromatographic Methods
Chromatographic techniques are primarily classiﬁed according to the phase system of
the mobile phase and the stationary phase (see Table 3). Liquid chromatography
(HPLC) is today the most important and universal method for the analysis of
detergents [22]. Gas chromatography (GC) is as well a necessary tool for the determi-

Analytical Techniques

593

TABLE 3 Classiﬁcation of Column Chromatographic Methods
Stationary
phase

Mobile
phase

Solid
Liquid

Gaseous
Gaseous

GSC
GLC

Solid/liquid

Fluid

SFC

Solid

Liquid

Liquid

Liquid

Liquid–solid
chromatography (LSC)
Liquid–liquid
chromatography (LLC)

Chromatography

Kind of interaction between
solute and stationary phase
Adsorption
Partition between gas and liquid
or liquid-like chemically bound
phases (gums, polymers)
Partition between supercritical ﬂuid
and liquid or liquid-like chemically
bound phases (gums, polymers)
Adsorption (ion exchange)
Partition between two immiscible
liquid phases or a liquid and
liquid-like chemically bound
phases

nation of components that can be vaporized without decomposition, directly or after
preceding derivatization. TLC and supercritical ﬂuid chromatography (SFC) are of
more limited value for either a simple and rapid qualitative orientation (TLC) or
special niche application (SFC).
It is further diﬀerentiated between internal and external chromatograms. In
internal chromatograms, the separated components stay in the chromatographic
system (bed or layer) after a deﬁned separation time, and they are detected at diﬀerent
migration distances from the start (planar chromatography such as thin-layer or paper
chromatography). Column chromatography (HPLC, GC, and SFC) produces external chromatograms. Each component travels the same distance from the start and
reaches the detection system after diﬀerent retention times.

C. Liquid Chromatography
There are four essential principles of separation using liquid mobile phases:


Partition
Adsorption
 Ion exchange
 Size exclusion.


Partition chromatography is, in general, of greatest importance, or at least most
widely applied.
HPLC with so-called reversed phase (RP) is an invaluable tool to characterize and
separate mixtures of polar components up to molar masses of approximately 3000 g/
mol. If suitably derivatized, nonpolar substances can be modiﬁed, so that they can be
well separated by the same RP technique. Because of their ionic nature, many of the
components of detergent formulations can be analyzed by the techniques of ion pair,
ion exchange, or ion chromatography, too. Adsorption chromatography is of special
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value only for the separation of rather nonpolar substances (hydrocarbons, isomers)
and is mainly of historical signiﬁcance. Size exclusion chromatography (SEC) or gel
permeation chromatography (GPC) separates high molecular components (oligomers,
polymers) for analytical or preparative purposes.

1. Instrumentation
The set-up of a liquid chromatograph is shown in Fig. 4 with its main elements:


Reservoirs for the elution media (solvents; i.e., the mobile phases). Solvents must
be degassed and be of high purity. For isocratic separations, a constant
composition of the mobile phase is applied. Better separations in shorter times
can usually be achieved with gradient elution. The composition of the solvent is
continuously altered in a mixing chamber [e.g., in an eluent consisting of
acetonitrile/water from 25% (vol/vol) acetonitrile to 65% (vol/vol)].
 Pumps should fulﬁll at least the following requirements:
generation of pressure up to approximately 40 MPa
minimal pulsation of the resulting ﬂow of the mobile phase
very constant ﬂow rates between 0.1 and 10 mL/min with high reproducibility
chemical inertness of the installed materials (resistant in contact with acids
and bases)
The most popular type is the reciprocating pump. Displacement and pneumatic
pumps are of minor importance today. For the generation of exactly composed
high-pressure gradients, it is necessary to use a system with two pumps. Flow
controller and programming systems are standard components of up-to-date
HPLC instrumentation.

FIG. 4 Diagram of an HPLC system.
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Injection systems consist, in general, of sample loops with volumes of 5–500 AL.
They must be allowed to work at a pressure of up to 40 MPa with high precision.
The loop is either manually ﬁlled with a microliter syringe or, preferably, with an
automatic injection device.
 Separation columns are typically made from polished stainless steel, are 3–30 cm
long, and have an inner diameter between 1 and 10 mm. They are packed with
particles of sizes at 3, 5, or 10 Am. A standard column with an inner diameter of
4.6 mm, and 5 or 10 Am packing material exhibits approximately 50,000
theoretical plates per meter. Precolumns protect the column against impurities
and deterioration. Temperature control by thermostatization of the column oven
assures the most reproducible conditions.
 Detectors in liquid chromatography should exhibit high sensitivity, stability,
reliability, reproducibility, and minimal internal volume to avoid additional peak
broadening. Short response times, a high linear dynamic range, a constant, and,
as much as possible, a universal detection behavior (most substances are detected
with similar response) or a predictable selectivity for individual classes of substances are ideal characteristics of detectors. Finally, the analyte should not be
destroyed by the detector. Table 4 comprises the most popular detection principles
in HPLC. UV absorption has been proven as the standard technique because of its
robustness and sensitivity for UV-absorbing compounds. Nonabsorbing substances can be detected after derivatization with suitable UV-absorbing reagents.

TABLE 4 Detectors for Liquid Chromatography
Detection principle
UV absorbance
. Filter photometer
. Monochromators
. DADs
Fluorescence

Refractive index
(RI)
Electrochemical
detection, for
instance:
. Amperometric

. Conductometric
Evaporative light
scattering (ELSD)
MS
IR absorbance

Characteristics
Sensitive for all UV-absorbing analytes,
but with great diﬀerences of individual
molar absorbance; cell volume, 1–10 AL;
DAD oﬀers full UV–Vis spectra and
therefore means of identiﬁcation
Very high sensitivity, but only for ﬂuorescent
compounds; derivatization for nonﬂuorescent
compounds
Universal, but unspeciﬁc and less sensitive than
UVD; not suitable for gradient elution
Not suitable for gradient elution

Bulk
parameter

Analyteselective
X

X

X

Sensitive for substances that can be reduced
or oxidized in the potential range of the
working electrode
Flow conductometer for ion chromatography
Universal and more sensitive than RI detection

X

Universal, speciﬁc, and sensitive
Strongly limited by solvents’ IR spectra; low
sensitivity

X
X

X
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Detection by mass spectrometry has meanwhile gained fast-growing signiﬁcance.
The chromatographic literature refers to various special detection methods (e.g.,
element-speciﬁc detection by coupling with atom spectroscopy or methods that
make use of postcolumn reactions).

2. Partition Chromatography
The separation principle of partition is, by far, the most widely applied technique in
HPLC. In modern practice of partition chromatography, chemically bonded phases
play the key role. They are covalently bonded on solid supports, the most frequently
used support being diﬀerent kinds of silica, which are modiﬁed by chemical reactions
of the acidic SiOH groups at the surface with organosilanes with alkyl or substituted
alkyl moieties of diﬀerent chain lengths. The silica has to be pressure-stable, preferably
spherical material, porous, and with particle size of 3, 5, or 10 Am. One distinguishes
between:


RP chromatography, where the stationary phase is nonpolar (n-octyl or noctadecyl groups) and the mobile phase is polar (water, methanol, acetonitrile,
and mixtures thereof)
 Normal phase (NP) chromatography, where polar functional groups are chemically bonded to the surface [e.g., cyanoethyl, aminopropyl, or dimethylaminopropyl groups] and solvents of relative low elution strength (nonpolar) are used
(t-butylmethylether, n-hexane, chloroform).
Textbooks of chromatography [30,31] with special emphasis on columns and
packings oﬀer more detailed information about the great variety of (commercially)
available stationary phases, and their properties and applications. The continuous
development of surface chemistry and a growing in-depth understanding of the surface
properties of the solid supports have led to considerably more stable and more
reproducibly processed stationary phases. Interactions between the mobile phase
and the stationary phase and, additionally, the components to separate play an
important role in HPLC. Polarity of solvents is described by concepts such as the
polarity index or the elution strength (growing from ﬂuoroalkanes to water). The
monographs of HPLC [32,33] contain general strategies and detailed recommendations to choose the optimum combinations of stationary and mobile phases. Chromatography using RP phases is especially suited to separate polar compounds
according to their hydrophobicity. So technical mixtures used for instance in the
detergents’ industry are well characterized according to their alkyl chain length
distribution. NP chromatography permits separations—depending on the chemical
nature of the stationary phase—which are preferably oriented in hydrophilic properties of the sample components and therefore in kind and number of functional
chemical groups. To separate complex mixtures often aﬀords the application of
several separation principles, partly using additional means such as, for example,
ion-pairing reagents to separate anionic or cationic surfactants, or derivatization
agents to make ethoxylates of fatty alcohols UV-detectable.

3. Adsorption Chromatography
Stationary phases for adsorption chromatography are mainly silica and, to a minor
extent, alumina. Separation is determined by the choice of the solvents and their
elution strength. The water content of the eluent has a strong inﬂuence; therefore, it
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has to be strictly controlled. If one has to deal with water-insoluble nonpolar organic
compounds, with position isomeric or stereoisomeric components of a mixture, and
with organics with diﬀerent types of functional groups, adsorption chromatography
can be the best-suited technique. As most detergents are well soluble in water or polar
solvents, and therefore are well accessible to a great variety of the methods of partition
chromatography, adsorption chromatography is of relative minor importance for the
analysis of detergents. But this statement is not valid for the ﬂat bed variant of LC, the
TLC, which is referred to in Section III.D.

4. Ion Chromatography (IC)
Nowadays, ion chromatography [23,24] can be considered as a special variant of
adsorption chromatography. Essential characteristics of ion chromatography are
summarized in Table 5. Modern ion chromatography has nearly identical building
blocks like HPLC. Suitable pressure-stable stationary phases (ion exchanger coated on
solid supports) are at hand, as well fulﬁll the needs of modern chromatographic
instrumentation for suﬃcient fast diﬀusion processes. Suppressor columns have been
developed, which transform the strongly electric-conducting eluents to nonconducting
(H2O from HCl) or only slightly conducting species (H2CO3 from Na2CO3/NaHCO3),
by this means enabling a sensitive, robust, and precise detection technique. Further
developments such as, for instance, the use of eluents with very low conductivity and of
ion exchangers with low capacity meanwhile provide the possibility to operate without
the suppressor technique. Alternative detection methods such as the indirect photometric detection can replace the still predominant conductivity detection. The fast and
sensitive determination of inorganic anions in various matrices is one of the most
important areas of application of ion chromatography. Traces (mg/kg concentrations)
of halogenides, sulphate, phosphates, nitrate, and nitrite can be analyzed simultaneously in less than 5 min with very high precision. This simpliﬁes the analysis of
environmental samples as well as the quality control of technical products. Of course,
IC is applicable for the determination of inorganic and organic cations and of organic
anions such as formiate, acetate, oxalate, lactate, benzoate, and so on.

TABLE 5 Characteristics of Ion Chromatography
Element
Stationary phase

Solid support

Mobile phase
Detector
Suppressor column

Description
Cation exchanger resin (e.g., styrene divinylbenzene polymers
with sulphonic acid groups for the separation of cations)
Anion exchanger resin (e.g., linked polyacrylates with quaternized
or primary ammonium groups) for the separation of anions
Nonporous glass or polymer pellicular beads with a diameter of
approximately 30 Am, coated with the stationary phase (ion
exchange resins)
For the separation of cations (e.g., diluted aqueous hydrochloric
acid); for anions: aqueous buﬀer (e.g., Na2CO3/NaHCO3)
Conductivity detection
Anions: cation exchanger resin in the H+ form
Cations: anion exchanger resin in the OH form
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5. Size Exclusion Chromatography/Gel Permeation Chromatography
SEC is a liquid chromatographic method for the separation of oligomeric or polymeric
substances or homologues, which is best applicable in the range of molecular masses
above 500 g/mol.
Particles of speciﬁc pore size are taken as stationary phase [25]. Molecules with a
diameter exceeding that of the pores are not retarded. They are excluded so that they
ﬁrst reach the detector (exclusion limit; distribution coeﬃcient K0 = 0). Molecules
with a much lower diameter penetrate into the pores and therefore remain for a longer
time in the stationary phase; the molecules of lowest diameter are eluted last
(permeation limit; distribution coeﬃcient K0 = 1). Molecules in between these extreme
sizes are ideally separated only according to their molar mass or size and exhibit K0
values between 0 and 1 (see Fig. 5).
The most common column packings in SEC are pure or chemically modiﬁed
silica, polysaccharides or cross-linked macroporous styrene–divinylbenzene copolymers, and partially sulphonated or polyacrylamide resins. The particles should be
resistant to higher pressures and be of 5–10 Am diameter. High separation eﬃciency
can be achieved with particles of small pore size distribution. Depending on the range
of molecular masses to analyze, pore sizes of 10–400 nm have to be applied. The
stationary phases should ideally not exhibit any chemical or physical interaction with
the molecules to separate. Gel permeation chromatography applies hydrophobic
stationary phases and organic solvents as mobile phases in contrast to gel ﬁltration
chromatography, which uses hydrophilic packings with mobile phases consisting of
water with pH-controlling buﬀer salts.
Refractive index (RI) and UV standard detectors are mainly used just like in
HPLC; for polymer-speciﬁc applications, the viscosity detector is of considerable
importance. SEC is most frequently applied to determine the molecular mass distribution and to calculate the diﬀerent mean molar masses. For that purpose, one has to
calibrate with suitable standards of known molar masses. SEC is used for the analysis
of high molecular technical polymers; biopolymers such as proteins, peptides, and
polysaccharides; or water-soluble raw materials such as polyethyleneglycols, polypropyleneglycols, or their derivates. Cross-linked polymers exhibit diﬃculties due to

FIG. 5 Size exclusion chromatography—principle of the separation process.
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their limited solubility in appropriate solvents. SEC can well be used as a preseparation
technique (online and oﬄine) to isolate substances of a deﬁnite range of molecular
mass for further investigations, for instance with spectroscopic techniques.

D. Thin-Layer Chromatography (TLC)
Thin-layer chromatography can be viewed as the planar variant of liquid chromatography, where the stationary phase is applied as a thin layer on a ﬂat plate. In
conventional TLC, the well-known and familiar stationary phases of HPLC are used.
The motion of the mobile phase is caused by the action of capillary forces. From the
start spot of the sample, the substances are transported with diﬀerent velocity through
the layer according to their diﬀerent (adsorption or distribution) interactions with the
stationary phase, resulting in an internal chromatogram. In classical TLC, having
applied the sample in dilute solution as a spot at the origin line, the plate is placed into
the developing chamber (see Fig. 6), which is saturated with the developing solvent in
the gas phase. The chromatographic process starts and it is ﬁnished as soon as the
solvent front has reached approximately 50–70% of the available developing distance,
now removing the plate from the chamber. Afterward, the plate must be dried and the
separated spots of components must be visualized by appropriate techniques. Table 6
summarizes some essential standard parameters of the TLC process. Special monographs on TLC [26,27] oﬀer detailed insight into the enormous diversity of possible
techniques for all steps of TLC.
High-performance TLC is a special variant working with smaller particle sizes
and plates of lower layer thickness. It is possible to achieve higher separation
eﬃciency, but to the cost of a lowered sample capacity. For quantitative evaluation,
densitometers or UV–Vis scanning instruments are available, measuring the diﬀuse
reﬂectance of the sample spots. Their UV–Vis remission spectrum can also be a means
of qualitative identiﬁcation comparable to the UV–Vis spectrum of HPLC peaks,
measured by the diode array technique. Several other means of identiﬁcation consist of
combinations with spectroscopic techniques [IR microscopy, matrix-assisted laser

FIG. 6 Thin-layer chromatography.
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TABLE 6 Essential Standard Parameters of Thin-Layer Chromatography
Element
Stationary phase
Sample application

Mobile phase

Development

Visualization and
detection

Qualitative evaluation

Quantitative evaluation

Description
Mainly silica; in addition, reversed-phase materials, alumina,
cellulose, polyamide, ion exchanger
Diluted solution of the sample (<0.2%) manually by capillary;
volume per spot 0.5–5 AL, diameter V5 mm, 1–2 cm distance
from the edge of the plate; automated dispensing devices
apply the sample with great precision either as spot or as
band
Depending on polarity of the substances to separate and
adjusted to the stationary phase; very broad range of
solvents and complex mixtures is applicable
After sample application and solvent evaporation, the plate is
placed into the development chamber of glass, which is
presaturated with the mobile phase; ascending development
by capillary forces
UV-active substances are detected by viewing the spots under
UV light, coloration by spraying or dipping with nonspeciﬁc
(iodine, concentrated acids, and charring) or speciﬁc reagents
(e.g., ninhydrin for amino acids); phosphorescence,
ﬂuorescence, or ﬂuorescence quenching using layers
impregnated with ﬂuorescent indicators
The retardation factor Rf is the characteristic retention value
(= ratio of migration distance of the analyte to the
migration distance of the solvent Rf = za/zs; V1); reaction
of spots with various speciﬁc spraying agents can be
characteristic of substance group; spot size and intensity
are measures of sample amount
Spot size and intensity can be determined by measuring the
diﬀuse reﬂectance with TLC scanning instruments in the UV
or Visible range; quantiﬁcation needs multilevel calibration
(mostly nonlinear) with standards in a small range of
concentrations

desorption/ionization (MALDI)–time-of-ﬂight (TOF) mass spectrometry]. Two-dimensional developments are able to enlarge the separation power in a rather simple
way. TLC is also possible on a preparative scale for the preseparation or complete
separation of milligram amounts of samples for further investigations.
Besides the great number of special techniques and the serious weaknesses for
quantitative analysis compared to HPLC, the main advantages of TLC are as follows:


Fast (parallel development) and ﬂexible qualitative screening method for nearly
all kinds of mixtures of substances of low volatility
 Simple and low-cost application with minimum instrumental expenditure.
That is why, today, TLC has its ﬁrm place in many analytical laboratories
dealing with analyses of detergents.
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E. Gas Chromatography
Multiplicative distribution of the components to separate between the gaseous mobile
phase and the stationary phase is the basic principle of gas chromatography. The
stationary phase consists, in most cases, of a liquid (gas–liquid chromatography, or
GLC). The special case of gas–solid chromatography (GSC) is not further described in
this text because this technique is mainly of importance for the analysis of small
gaseous molecules. Due to the fact that in GLC the mobile phase consists of inert
gases, there are no interactions between the stationary and mobile phases. It is a basic
prerequisite for a GC analysis that the sample, or at least the substances of interest of
the sample to be analyzed can be transferred into the gas phase completely and without
any decomposition. Although GC is, in general, a method of excellent separation
power and high degree of automation, this restriction must be strictly kept in mind,
especially when dealing with ﬁelds of applications such as the analysis of detergents—a
class of substances of often ionic character, high molecular weight, and therefore low
volatility. Problem-oriented (matrix and analyte) sample clean-up techniques such as,
for instance, speciﬁc derivatization (silylation, esteriﬁcation) to volatile components
or solid-phase extraction procedures are valuable tools to enlarge the applicability of
GC.

1. Instrumentation
The basic elements of GC instrumentation are shown schematically in Fig. 7:


Gas supply: The most important carrier gases are inert gases such as helium,
hydrogen, and nitrogen. The detector has a determining inﬂuence on the choice of
the carrier gas; furthermore, it determines the separation power and speed of the
analysis. Aspects of costs and safety are to be considered as well. They must be of
high purity, concerning traces of water, oxygen, and hydrocarbons. The transport
of the mobile phase is aﬀected by the pressure of a gas cylinder. Electronic devices
to control the pressure and/or the ﬂow ensure a reproducible linear velocity u or
velocity program during a GC run. Depending on the type of detector, additional
gases are necessary to run the detector (e.g., hydrogen and air for the ﬂame
ionization detector or FID). Detector gases must as well fulﬁll high purity
speciﬁcations.

FIG. 7 Gas chromatographic instrumentation.
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Sample injection system: Transfer of the sample constituents into the gas phase, the
carrier gas stream, is the most critical step in GC. This is valid especially for liquid
or dissolved solid samples with a broad range of diﬀerent boiling points. The
sample is injected manually or automatically with a microliter syringe into the
injection port, which is externally sealed by a temperature-stable septum of silicone
rubber. The injection port is separately heated to evaporate the sample very fast
and completely. For the regular application of capillary columns, a ﬂow splitter is
so adjusted, that—depending on the diameter of the column—amounts of 1/10 to
1/100 of the injection volume in the microliter range (typical approximately 0.5 AL)
reach the separation column. The temperature of the evaporator must be carefully
tuned to the properties of the sample. The special literature on GC [28,29,34,35]
describes numerous sample injection principles that are suitable for demanding
applications, for instance the analysis of thermolabile substances or the separation
of mixtures of low and high boiling components. The on-column injection and
the programmed temperature vaporization (PTV) are examples of commercially
available special evaporation systems.
 Column oven: The column oven controls the temperature of the separation column
during the chromatographic run either at a constant temperature (isothermal
conditions) or following a temperature gradient (temperature-programmed
conditions) with an initial temperature, one or more heating rates, and ﬁnal
temperature up to 400jC. The oven should have suﬃcient space for proper
installation of one or more columns and, on the other hand, have a relatively low
thermal mass to ensure fast and reproducible heating and cooling cycles
 Columns: Fused silica capillary columns with internal diameters of 0.1–0.5 mm
and lengths of 10–100 m have replaced packed columns, which were standard in
the early years of gas chromatography. They were made from glass or stainless
steel with internal diameters of 3–8 mm and 1–10 m length. In capillary columns,
stationary phases are coated on the internal walls with a ﬁlm thickness (df) of 0.1–
5 Am (wall-coated open tubular, or WCOT), most frequently immobilized by a
chemical reaction at the fused silica surface and additionally cross-linked. A
standard column of 25 m length and diameter of 0.25 mm, in general, has
approximately 100,000 theoretical plates. Widely diﬀerentiated selectivities for
the substances to separate can be achieved using stationary phases of quite
diﬀerent polarity. Stationary phases basing on diﬀerently substituted polysiloxanes (RRVSiO)n excel by their high chemical inertness and temperature stability.
The detailed characteristics of a huge number of diﬀerent stationary phases are
documented in the literature [37].
 Detectors: Universal and, on the other hand, speciﬁc detection principles have to
be distinguished. The most frequently applied detector for the gas chromatographic analysis of organic compounds is the well-known FID. Substances with
carbon and hydrogen moieties are well detected, but with diﬀerent sensitivity
depending on the amount of heteroatoms such as oxygen, nitrogen, halogenides,
and so on. The FID measures the change of electrical conductivity in a hydrogen
ﬂame caused by formation of radical ions based on C–H fragments in the plasma
of the ﬂame. Besides the FID, the thermal conductivity detector (TCD) plays a
less important role, but is, on the other hand, a more universal detector. A number
of element-selective detectors are mainly employed for trace analytical purposes (see Table 7). For structure elucidation and highly selective and sensitive
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detection, the mass spectrometric detection coupled with GC (GC/MS) is an
invaluable tool (see Section IV.D.2).
 Data systems: Completely integrated PC systems controlling the gas chromatograph and the supporting periphery (autosampler, printer) and also signal
processing, calibration, evaluation, and quality conforming documentation of
raw data and ﬁnal results are nowadays industry standard and have replaced the
simple recorders or the more sophisticated programmable integrators.

2. Applications
For qualitative analysis, the retention time tR is characteristic for each single substance
as long as all chromatographic conditions (column temperature, kind of carrier gas
and its ﬂow and pressure, column dimensions, kind and amount of stationary phase,
dead volumes, and so on) can be kept completely constant. The use of relative
retention data (in relation to standards) or—better still—retention indices alleviates
this task. If authentic substances are available, they are best added to the sample for a
direct comparison of retention times (if possible on two columns of diﬀerent polarity).

TABLE 7 Important GC Detectors and Their Characteristics

Detector

Universal (U)/
selective (S)

Minimum
detectability

107

10 pg/s C

106

1 ng/mL
carrier gas

104

0.2 pg/s Cl

103

2 pg/s P
50 pg/s S

Nitrogen and
phosphorus

104

1 pg/s N
0.5 pg/s P

U/Sa

Any element and
isotope

104

U/Sa

Characteristic ions

105

Depending
on element:
0.2–50 pg/s
Single-ion
monitoring
mode: 1 pg

FID

U

TCD

U

ECD

S

Flame
photometric
detector (FPD)

S

Nitrogen
phosphorus
detector (NPD)

S

Atomic emission
detector (AED)
MS

a

Selectivity

Linear
dynamic
range

CH compounds
ionizable in a
hydrogen ﬂame
Responds to all
compounds with
diﬀerent thermal
conductivity to the
carrier gas
Electron-capturing
compounds such as
halogens
Phosphorus and
sulfur

Spectroscopic detectors can be operated either universally or selectively.
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The GC/MS combination, if at hand, can assure the identity by the additional mass
spectrometric dimension.
Essential prerequisites for a correct quantitative GC analysis are complete
evaporation free of discrimination and decomposition, separation of high quality,
and appropriate calibration using experimentally determined calibration factors.
Depending on the aim of the analysis, the diﬀerent established methods of calibration
of chromatography [34,35] have to be employed (internal or external standard,
normalization to 100% using calibration factors).

3. Special Techniques
The complete range of special GC techniques, starting from column-switching
methods, multidimensional (GC GC) procedures up to coupled chromatographic
techniques (LC-GC), preparative GC, and online process analysis cannot be touched
within the scope of this chapter. Mention is only made of two methods playing a
special role in the analysis of detergents:


Headspace GC (HS-GC): HS-GC analysis [38] serves to determine mostly traces
of volatile components in a nonvolatile matrix. In static HS-GC analysis, the
sample to be analyzed is dissolved homogeneously in an appropriate pure solvent,
and ﬁlled into a headspace vial that is sealed and thermostated for a deﬁnite time
at a ﬁxed temperature, so that there is an equilibrium formed between the liquid
phase and the gas phase. Then an aliquot is taken from the gas phase (headspace)
by a gas-tight syringe or a sample loop, and transferred to the separation column.
By calibration with standard addition methods, internal standard procedures, or
external standard procedures, traces of volatile substances can be determined, for
example, in environmental matrices (water, soil) or in solution of salts as well as
in oligomers and polymers. In this way, residual monomers or volatile byproducts (1,4-dioxane) of reactions can be determined down to the lowest parts
per million (ppm) range in ethylene oxide or propylene oxide adducts.
 Pyrolysis GC (Py-GC): Py-GC transforms or cracks nonvolatile components to
volatile substances by controlled pyrolysis under constant conditions (e.g., in a
Curie point pyrolysator or by platinum resistive heating) [39]. The volatile
fragments are directly transferred into the injection system of the GC, and,
subsequently, they are separated by gas chromatography. The technique is well
established for the investigation of polymers, but is also amenable to the analysis
of nonvolatile constituents of detergents, especially for the qualitative characterization of their hydrophobic moieties.

F. Supercritical Fluid Chromatography
The mobile phase used in SFC [36] is a supercritical ﬂuid [e.g., carbon dioxide in its
supercritical state; i.e., above the critical temperature (Tc) and the critical pressure
( pc)]. This means for CO2:
pc > 72:9bar;

Tc > 31:05jC

density for these conditions: 0.466 g/mL.
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A supercritical phase has to be regarded as an intermediate between the gas and
liquid phases. Its density grows with increasing pressure (whereas T = const.)
accompanied by increasing solution strength. Solvent behavior for CO2 can be
changed from that of n-pentane to dichloromethane. The viscosity of supercritical
ﬂuids is comparable to that of gases causing favorable ﬂow characteristics. Consequently, it is possible to apply open capillaries with very small inner diameter and
therefore with high plate number per length. The diﬀusion coeﬃcient of supercritical
ﬂuids (104 cm2/s) is higher than that of liquids (5 106 cm2/s) and considerably
lower than that of gases (101 cm2/s). Compared to HPLC, mass transfer between the
mobile and stationary phases is favored. The use of the mobile phase CO2 permits
detection with FID as a nearly universal detector for all components with CH groups.
Commercial SFC instruments consist, in principle, of a modiﬁed GC oven equipped
with a high-pressure syringe pump to achieve a controlled ﬂow of the supercritical
ﬂuid. As the sample is not evaporated, the injector is often constructed in the form
of special loop injection devices. The design of the FID must be accommodated due to
the fact that the pressure has to be reduced from 100 bar or more to atmospheric
pressure and that relatively high volumes of CO2 have to be vented oﬀ. This is done by
a so-called restrictor. To optimize the separation, it is often advantageous to apply a
pressure program. Due to its physical and chemical characteristics, the available
purity, and the costs, CO2 is the most frequently used mobile phase. For the analysis of
polar substances, CO2 often is not a strong-enough solvent. To enhance its solvation
strength, it is necessary to add polar solvents such as, for instance, methanol. This
limits, on the other hand, the applicability of the FID. Alternatively, it can be useful in
such cases to apply packed columns combined with typical HPLC detectors (UV,
ﬂuorescence). SFC can be combined with speciﬁc detection systems known from GC
[electron capture detector (ECD), NPD, FPD, Fourier transform infrared spectroscopy (FTIR), and MS]. Due to its characteristics, SFC can be considered to have an
intermediate position between HPLC and GC. Some selected application-oriented
properties of SFC compared to HPLC and GC are shown in Table 8. In spite of these
favorable characteristics, SFC has found in practice only limited application, being
complementary to rather than really competing with the well-established techniques of
GC and HPLC. Some examples for such niche applications are the analyses of:



thermolabile substances such as peroxides, isocyanates
less or nonvolatile components with high molecular mass [e.g., nonionics (ethoxylates, propoxylates), siloxanes, or waxes based on hydrocarbons].

TABLE 8 Selected Properties of SFC Compared to HPLC and GC

High separation eﬃciency
Universal detection
Suitable for the analysis of thermolabile substances
Substances of low volatility can be analyzed

GC

HPLC

SFC

++
++





++
+

+
+
+
+
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G. Capillary Electrophoresis (CE)
Although there are several variants of capillary electrophoresis [40], this chapter will
only deal with the technique of capillary zone electrophoresis (CZE) because it has a
broad range of applications, especially for the analysis of low and high molecular ionic
compounds. Strictly speaking, CE in its pure form is not a chromatographic technique
due to the fact that diﬀerent ionic components are only separated based on their
diﬀerent electrophoretic mobility in an electric ﬁeld, and there is no distribution of the
components between the mobile and stationary phases:
v ¼ le E
where v is ion velocity = Leﬀ/tm; le is electrophoretic mobility (= constant for a
deﬁnite ion and medium); E is applied electric ﬁeld; Leﬀ is eﬀective capillary length (to
the detector); and tm is migration time (of the peak).

1. Instrumentation
The basic elements of CE instrumentation are shown in Fig. 8. High voltage (10–30
kV) is applied via electrodes between two buﬀer reservoirs. Both reservoirs are
connected by a fused silica capillary with an internal diameter of 25–100 Am and a
length of 0.2–1.0 m. Within the capillary—ﬁlled with buﬀer solution—there is a high
electrical ﬁeld of 100–500 V/cm. A sample plug of some nanoliters is usually loaded
onto the capillary at the anode. Diﬀerent techniques of sample application have
proven to be successful (lifting and lowering of the sample reservoir, application of
pressure or vacuum, and electrokinetic loading). As soon as high voltage is applied, the
ions migrate according to their diﬀerent mobility in the surrounding buﬀer solution.
Fused silica capillaries contain silanol groups at their inner surface having a negative
electrical charge produced by ionization and/or adsorption of ionic species. The
resulting electrical double layer forces an electroosmotic ﬂow (EOF) of the buﬀer
directed to the cathode. The EOF is inﬂuenced by diﬀerent factors: pH value, surface
of the capillary, addition of organic components to the buﬀer, etc. EOF produces—

FIG. 8 Schematic of CE instrumentation.
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diﬀerent from pressure-driven ﬂow—a ﬂat ﬂow proﬁle similar to a stamp and not a
laminar or parabolic ﬂow. So there is no substantial contribution to peak broadening
by the EOF-controlled ﬂow proﬁle. The detector usually is inserted near the buﬀer
reservoir at the cathode. Optical detection methods (UV absorption, ﬂuorescence) are
most widely used. The optical unit is, in general, directly integrated into the capillary
(on-capillary detection) to avoid additional dead volume caused by zone broadening.
Electrochemical and mass spectrometric detection are important alternatives to the
optical detection techniques.

2. Characteristics and Applications
Due to the favorable ﬂow proﬁle, very high separation eﬃciencies and, consequently,
very short run times for demanding separation problems can be accomplished for
charged analytes. Only minute sample amounts are necessary. Mainly aqueous
systems are applied. CE can well be automated for standard methods. Compared to
classical chromatographic methods, CE is not as powerful—especially for industrial
routine analysis—on the ﬁelds of trace analysis and, in general, for precise quantitative
analysis. The investigation of (charged) biopolymers (nucleotides, proteins, peptides,
and amino acids) is a major domain of CE. A growing diversity of new applications is
made accessible, for instance, in the analysis of small inorganic anions or cations [41].
The development of diﬀerent variants of capillary zone electrophoresis has considerably enlarged the possibilities of this analytical principle. The most important
techniques are as follows:


Micellar electrokinetic chromatography (MEKC): Molecules without or with
charge can be separated by the addition of micelle-forming charged surfactants
(sodium dodecyl sulphate, or SDS); besides the electrophoretic migration,
distribution takes place between the buﬀer and the charged micelle [42].
 Capillary gel electrophoresis: The separation is performed in modiﬁed and gelﬁlled capillaries by electrophoresis and, additionally, by a sieve eﬀect in the gel
according to molecular weight.
 Electrochromatography (EC): Separations based on distribution with very high
eﬃciencies take place in packed capillaries with stationary phases on microparticles like in HPLC because the mobile phase is moved by electroosmotic ﬂow
and, therefore, peak broadening by diﬀusion is strongly diminished.

IV. MOLECULAR SPECTROSCOPY
The interaction of molecules with electromagnetic radiation of diﬀerent energy can be
used to gain speciﬁc and characteristic information about the molecules. Molecular
structures can be elucidated, compounds are identiﬁed, the kinetics of chemical
reactions or phase changes can be registered, chemical processes are observed online,
and quantitative analyses are performed by diﬀerent techniques of molecular spectroscopy. Depending on the energy or wavelength of the interacting radiation,
molecules are transferred from the ground state (usually the most occupied state at
room temperature) to the excited electronic, vibrational, rotational, or nuclear spin (in
an external magnetic ﬁeld) states. Electromagnetic radiation is either absorbed or—if
the molecule is transferred from an excited state to the ground state or a state of lower
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energy—emitted. This absorbed or emitted radiation is observed by an appropriate
spectroscopic technique. The principal set-up of spectrometers for the investigation of
molecules (and atoms) is shown in Fig. 9, accompanied by some examples describing
the essential building blocks.
For the diﬀerence in energy between the excited state and the ground state, the
Einstein equation is valid:
DE ¼ hv
c
k
where DE is the energy diﬀerence Ee  Eg between the excited state and the ground
state; h is Planck’s constant [6.626 1034 J s]; v is frequency of the electromagnetic
radiation [s1]; c is velocity of light [2.998 109 m s1]; and k is wavelength of the
electromagnetic radiation [m].
Transition between diﬀerent states of energy can only take place if the resonance
condition is fulﬁlled according to the Einstein relationship [i.e., if radiation with the
DE ¼ h

FIG. 9 Basic components of spectrometers.
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appropriate frequency interacts with the molecule (atom, ion, etc.)]. Quantum theory
has shown that energy levels of elementary particles do not adopt continuous values.
On the contrary, their energy levels are discrete or discontinuous, characterized by
speciﬁc quantum numbers. The transitions between the energy states—described by
their quantum numbers [e.g., vibrational (v), rotational (J), or nuclear magnetic (m)
quantum numbers]—are governed by selection rules. They diﬀerentiate between
allowed and forbidden transitions. Nonlinear eﬀects and intermolecular interactions
sometimes are responsible for the fact that principally forbidden transitions can be
observed, but due to their low probability mostly as bands or peaks of very low
intensity in the spectra. The characteristic spectrum of the molecules is obtained if one
analyzes the energy distribution (in terms of frequency or wavelength) and the
corresponding intensity of the absorbed or emitted radiation. In general, a spectrum
can be produced of all states of substances (gas, liquid, solid, superﬂuid, and plasma).
The content of information can be extremely high. The spectra of pure substances are,
of course, easier to analyze than that of mixtures of substances, which can be so
complicated that a direct structure elucidation or interpretation is not possible, even
when applying diﬀerent spectroscopic methods for one problem. The development of
coupled methods between chromatographic separation and (molecular) spectroscopic
techniques has brought about decisive progress for the structure elucidation of
complex mixtures of unknown compounds. The chromatographic process separates
single components in minute amounts, which are analyzed ‘‘on the ﬂy’’ or online by
spectroscopic methods. The essential techniques of molecular spectroscopy are
shortly characterized in Table 9. Mass spectrometry is included in these chapters
although it is not—after a strict classiﬁcation—a real spectroscopic method because
the interaction between particles (electrons, ions, and atoms) or photons produces
molecular ions or fragment ions of molecules, which are analyzed according to their
mass–charge ratio and abundance. The characteristics and special performance for
the techniques mentioned in Table 9 are described in more detail in the methodspeciﬁc chapters.

A. UV and Vis Spectroscopy
1. Fundamentals
In the spectral range of 190–780 nm, which is accessible without special instrumental
equipment, electromagnetic radiation excites electrons of organic compounds
from their highest occupied molecular orbitals (HOMOs) to the lowest unoccupied
molecular orbitals (LUMOs). Particularly, transitions of bonding k-electrons or
nonbonding n-electrons into antibonding k* levels play the most important role.
Therefore, most organic compounds with at least one double bond between heteroatoms such as nitrogen, oxygen, sulphur, or carbon (forbidden transitions n!k*) and/
or at least two conjugated double bonds between carbon atoms or one carbon and one
heteroatom (allowed transitions k!k*) produce UV absorption spectra of considerable information content. Extensive compilations of data especially for substituted
aromatic hydrocarbons (spectral bands for derivatives of benzene in the ranges of 225
and 270 nm) have been collected, showing the inﬂuence of diﬀerent substituents at the
aromatic ring on intensity and position of the absorption bands.
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TABLE 9 Techniques of Molecular Spectroscopy and Their Characteristics
Applied
electromagnetic
radiation

Spectroscopic
technique
UV–Vis
spectroscopy

UV and visible light
k = 190–780 nm

IR spectroscopy

Infrared radiation

MIR: 2.5–25 Am

NIR: 1000–2500 nm
Raman
spectroscopy

UV–Vis or NIR
radiation,
monochromatic
(laser)

NMR spectroscopy

Radio frequencies in
the range of 1–1000
MHz, depending on
magnetic ﬁeld and
nucleus

Mass spectrometry

Excitation by
interaction with
electrons, ions,
or photons

Molecular states
Excited electronic
states (plus
vibrational and
rotational states)
Excited vibrational
(plus rotational)
states
Mainly transitions
from the ground
state
Overtones and
combination tones
Excited vibrational
(plus rotational )
levels; mainly
ground state
vibrations
Nuclei with spin
show diﬀerent
energy states
in an applied
external magnetic
ﬁeld
Molecular ions or
ions of molecular
fragments

Preferred technique
of measurement
Absorption
spectroscopy

Absorption
spectroscopy

Spectroscopy of
the scattered
light (emission)

Absorption
spectroscopy,
pulse technique

Diﬀerent techniques
for ﬁltering or
separation of ions
of diﬀering mass/
charge ratio

2. Instrumentation
Classical UV–Vis spectroscopy [43] is the oldest spectroscopic technique. Figure 10
shows the principal outline of UV–Vis instrumentation. The light of a polychromatic
source (deuterium and tungsten halogen bulb), guided by an optical system of lenses,
mirrors, and slits, strikes the sample in an optical cell (e.g., cuvette of quartz) and is
then dispersed spectrally by a monochromator (ﬁlter, prism, and grating). Today,
holographic gratings are most popular. By motion of the monochromator (scanning),
the single elements of the dispersed light beam meet sequentially in time the detector
(secondary electron multiplier, photo cell, and photo diode). This set-up is called
monochannel system. Multichannel systems do not aﬀord any motion of the monochromator. Instead, the dispersed light meets an array of detection elements, for
instance an array of photo diodes, so that the complete spectral information can be
gained simultaneously. For the more slowly scanning monochannel systems, the light
dispersion unit usually is installed in front of the sample compartment to minimize
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FIG. 10 Schematic of a diode array UV–Vis spectrometer.

photochemical stress. Multichannel spectrometers show a better signal-to-noise ratio
(S/N ratio) and allow much faster measurements, so that this set-up is preferred for
chromatographic detection units [e.g., the diode array detector (DAD) in HPLC].
Appropriate electronic ampliﬁers and computer for instrument control, data handling, and evaluation complete the instrumentation.

3. Applications
The excitation of electronic levels is generally accompanied by the excitation of
vibrational and rotational states, which are of lower energy. Due to this fact, the
bands in UV–Vis spectroscopy of molecules in condensed phases (liquid, solid) are
broad and show no ﬁne structure. As a consequence, UV spectra are of low diagnostic
value for questions of structure elucidation and identiﬁcation. The main area of
application is quantitative analysis because the absorbance can be measured with
rather high precision. It must be kept in mind that UV spectra show strong dependence
of band position and intensity on the characteristics of the applied solvent (polarity,
acceptor/donor properties). In dilute solutions, a direct proportionality is valid
between absorbance (A), concentration (c) of the analyte, and path length of the
sample cell (d) according to the abovementioned Lambert–Beer law (see Section II.C):
A ¼ ecd
Interfering absorption by unknown components can be the source of substantial
bias of quantitative UV–Vis measurements. As molar absorptivities of organic
substances can diﬀer by more than 10–100 times, even minor components or traces
of high absorptive power can lead to erroneous results. For bias-free quantitative UV–
Vis spectral analysis, the qualitative composition of the sample must be constant and
well known. The method has found a broad ﬁeld of application as detection technique
in liquid chromatography (see Section III.C). The evaluation of UV–Vis spectra in the
form of the ﬁrst or second derivative (derivative spectrum) reduces interference caused
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by turbidities. Online control of chemical reactions or processes is a further welldeveloped ﬁeld of application of UV–Vis spectroscopy.
Some procedures used for quality assurance of industrial chemicals are based on
the principles of UV–Vis spectroscopy [e.g., the measurement of turbidity (nephelometry) and the instrumental measurement of diﬀerent color numbers]. Reﬂective
measurements for the spectral characterization of solids can be done with the aid of an
integrating sphere (‘‘Ulbricht sphere’’).

B. IR and Raman Spectroscopy (RS)
1. Fundamentals of IR Spectroscopy
Vibrations of molecules are excited by electromagnetic radiation of wavelength k in the
range of 0.8–1000 Am. Starting with the simpliﬁed model of a molecule with two atoms
of point masses m1 and m2 connected by a chemical bond represented by a massless
spring with the force constant f, the frequency v of the normal vibration of the molecule
is calculated according to Hooke’s law:
sﬃﬃﬃﬃ
1
f
v¼
2p l
where v is frequency of the normal vibration [s1]; f is force constant of the chemical
bond [N/m]; l is reduced mass [kg]: l = (m1m2) / (m1 + m2); and m1, m2 are masses of
atoms 1 and 2 [kg], respectively.
This simple equation demonstrates that the frequencies of fundamental vibrations grow with increasing strength of the chemical bond (force constant). Consequently, vibrations of molecular (sub)units with triple bonds exhibit higher
frequencies than those of double bonds; the latter show again higher frequencies than
single bonds. On the other hand, frequencies decrease with increasing mass of the
atoms of the vibrating units. Following the laws of quantum mechanics, that energetic
levels of atoms and molecules are quantized, the vibrational energy of the two-atomic
harmonic oscillator has to be formulated as follows:
sﬃﬃﬃﬃ



h
f
1
1
EVib ¼
vþ
¼ hv0 v þ
2p l
2
2
whereas EVib is vibrational energy; v is vibrational quantum number (0 in the
ground state; 1, 2, 3, . . . in excited states); and v0 is vibrational frequency in the
ground state.
The selection rule for allowed transitions is Dv = 1. According to this ideal
condition, all transitions of a vibration—irrespective of starting from which energy
level (0!1; 1!2; . . .)—would have the same frequency. Overtones (Dv > 1) could not
be observed. Real systems show, in fact, a deviating behavior. This is taken into
account by the model of the inharmonic oscillator, as with higher elongation of the
bond (that means with higher vibrational quantum number), that the backdriving
force of the ‘‘spring’’ becomes weaker and, ﬁnally, complete break or dissociation of
the bond can take place. This means that overtones can be observed, but with
considerable lower intensity than fundamental vibrations. In general, the frequency
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of overtones is lower than the doubled frequency of the fundamental vibration—the
diﬀerence being a measure of inharmonicity. Although vibrational transitions are
excited, simultaneously rotational transitions, which have lower energy, take place.
This process causes band broadening in the infrared spectrum. High-resolution
spectra of small gaseous molecules show series of sharp lines, which can be assigned
to single rotational transitions of a normal vibration. Although a simple two-atomic
molecule shows only one normal vibration, a nonlinear molecule with N atoms has
3N6 diﬀerent normal or fundamental vibrations (a linear one: 3N5) or degrees of
freedom. A molecule such as, for instance, n-dodecanol (C12H25OH) with 39 atoms
exhibits, in principle, 3
39  6 = 111 diﬀerent normal vibrations. Polyatomic
molecules therefore show spectra rich in information, but sometimes diﬃcult to
interpret. Vibrational transitions can only be excited by infrared radiation, if the
dipole moment of the molecule is changed during the vibrational motion. The intensity
of an infrared band increases with the square of the change of the dipole moment
produced by the vibration. That is why vibrations of molecular units with atoms of
diﬀerent electronegativity usually show the most intense infrared bands, for instance,
the stretching or deformation modes of bonds of carbon and oxygen (or heteroatoms
such as N, Cl, and F). In infrared spectroscopy, the so-called wavenumber is the
preferred unit for the energy-proportional representation of the x-axis of spectra
instead of wavelength or frequency:
ṽ ¼

104
k

where k is wavelength [Am]; and ṽ is wavenumber [cm1].
In infrared spectroscopy, three spectral ranges are diﬀerentiated:
0.8–2.5 Am for 12,500–4000 cm1, respectively: near-infrared (NIR): overtones
and combination tones
 2.5–50 Am for 4000–200 cm1, respectively: mid-IR (MIR): mainly fundamental
vibrations, additionally combination and diﬀerence bands
 50–1000 Am for 200–10 cm1, respectively: far-IR (FIR): fundamental vibrations
of molecules with heavy atoms, torsional vibrations, lattice vibrations of crystals,
and rotations.


The MIR range is the most important range for analytical applications. For
practical reasons, spectra are usually measured in the range of 4000–400 cm1.

2. Instrumentation of IR Spectroscopy
The principal set-up of an infrared spectrometer corresponds to that of Fig. 9. Nowadays, conventional spectrometers with a grating monochromator are of no more
practical importance, especially in the MIR range. Instead, Fourier transform IR
spectrometers using the interferometer principle are the most widely used instruments,
as they excel at diﬀerent principal advantages [44]:


with each scan, the contributions of all spectral elements are recorded (multiplex
advantage).
 to ensure high resolution, interferometers do not need slits (throughput
advantage).
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At a ﬁxed resolution, interferometers allow measurements with a signal-to-noise
ratio of about 100 times higher and of more than 10,000 times higher speed compared
to dispersive systems.
The most widely applied device for FTIR spectrometer is the Michelson
interferometer (Fig. 11). Light of a polychromatic source strikes a beam splitter,
where it is divided in equal parts and phase, and directed to a movable and a ﬁxed
mirror. From there, it is reﬂected back to the beam splitter. The light interferes and—
depending on the path diﬀerence between both optical paths—its intensity is enhanced
or diminished for the corresponding wavelengths, and it is focussed on the detector.
During the measurement, the movable mirror is moved very precisely by a deﬁnite
distance Dx. A He–Ne laser with a corresponding reference detector guarantees exact
positioning and assignment of the wavelength. The detector records the intensity of the
IR radiation modulated by the movement of the mirror (I(Dx)) and, consequently,
a time-modulated signal. The sample is placed between beam splitter and detector.
The resulting interferogram is determined by the absorption properties of the sample
compared to a measurement without sample. The signal is transformed from the time
domain to the frequency domain by the mathematical operation of the Fourier
transformation performed by fast digital computers with appropriate software. In
this way, it is possible to get spectra with a good signal-to-noise ratio in some seconds
and with a resolution of 1 cm1, suﬃcient for samples in condensed phases. Many
diﬀerent sample preparation techniques have been developed to gain optimum
spectroscopic results for a broad range of applications for all kinds of samples in
diﬀering states. To obtain high-quality IR transmission spectra of solids, they are
usually prepared as KBr pellets or as a suspension in Nujol. Liquids and gases can be
directly measured in appropriate sample cells of deﬁnite path length adapted to the
analytical problem. For quantitative measurements, solids and liquids are dissolved in
suitable solvents. The windows for the cuvettes must be infrared-transparent. For the
MIR range, suitable materials are alkali halogenides (NaCl, KBr, CsI) or special
materials such as ZnSe, Si, or TlI/TlBr. Quartz and glass are suﬃciently transparent
for the NIR range, where water is a solvent that can well be applied. Spectra in

FIG. 11 Schematic diagram of a Michelson interferometer.
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reﬂection mode can be measured with the aid of attenuated total reﬂectance (ATR) or
diﬀuse reﬂection techniques (e.g., DRIFT). Microparticles are analyzed by infrared
microscopy or by micro-ATR techniques using diamond ATR cells. Infrared spectroscopy can be directly coupled with chromatographic separation techniques (GC,
LC, SFC, and SEC) to gain spectral information on each separated peak. Thermogravimetry (TG) combined with FTIR is able to analyze decomposition products
evolved during controlled heating of samples while parallelly observing the weight
loss.

3. Applications of IR Spectroscopy
Predominantly, IR spectroscopy is applied for the rapid qualitative identiﬁcation of
samples and as an important tool for structure elucidation, preferably in combination
with other spectroscopic techniques (nuclear magnetic resonance or NMR, MS). As
mainly polar functional groups or molecular subunits give rise to intense and
characteristic IR bands, IR spectroscopy can well be used to check their absence or
presence in a sample. A rough outline of spectral ranges for selected organic functional
groups is given in Table 10. The special literature of vibrational spectroscopy contains
extensive tables for spectral assignments showing the frequency ranges, relative
intensities, and band contour of many diﬀerent molecular groups and subgroups
[45,46]. Computer-aided spectral library search using vast commercially available
general or special spectral libraries [4] can be of great value especially when dealing
with relatively pure substances. Expert software systems can provide useful hints for
mixtures of compounds, but still human spectroscopic experience taking into consideration all available information about the sample (its preparation, its origin, and
other analytical results) is an invaluable tool for decisive and rapid identiﬁcation. It
should be further kept in mind that IR spectroscopy is not a trace analytical method
apart from some special favorable cases. NIR spectroscopy is well suited for the rapid
computer-aided identiﬁcation of substances by library search (especially for userspeciﬁc built-up libraries, for instance for identiﬁcation and quality assurance of raw
materials).
The base of quantitative analysis is—like in UV–Vis spectroscopy—the application of the Lambert–Beer law (see Section II.C). Careful calibration is necessary, for
instance by recording the spectra of the corresponding components in a suitable
solvent at deﬁned concentration and appropriate path length of the sample cell.

TABLE 10 Vibrational Spectroscopy: Organic Substances’ Group Frequencies of Selected
Functional Groups
Characteristic frequency
region [cm1]
2800–3700
1900–2400
1500–1900
1500–1250
<1300

(Sub)molecular group
(X: C, N, O; Y: C, N)
X UH
Triple bonds XQY and cumulated
double bonds XMXMY, YMXMY
Double bonds XMX, XMY
X UH
Fingerprint region

Type of vibrations
Stretching vibrations
Stretching vibrations
Stretching vibrations
Deformation vibrations
Coupled vibrations of
the whole molecule
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Sophisticated modern chemometric methods facilitate quantitative analyses, even
when there are only minute spectroscopic diﬀerences. This kind of evaluation is most
important when applying NIR spectroscopy for quantitative purposes. Overtones and
combination tones of X–H groups constitute the bands in NIR spectroscopy. They are
of rather weak intensity. Therefore, it is possible to record spectra at rather high path
lengths (0.1–1cm) using various probes in transmission as well as in reﬂection mode.
Diﬀerent from the MIR range, these measurements are well suited for aqueous
solutions. Aggressive or hazardous chemical environment, high temperatures. and
extreme pressures are no principal obstacles for well-adapted NIR probes. Fiber optic
waveguides can transmit NIR light signals to remote locations, so that the NIR
technique is an excellent method for online analytical control of chemical reactions in
the process industry, from petrochemical plants to food industry [47]. Characteristic
analytical values (e.g., hydroxyl numbers, acid numbers, carbonyl numbers, water
content, or the degree of sulphonation) can be determined very rapidly based on
extensive calibration using multivariate chemometric procedures for the quantitative
evaluation.

4. Raman Spectroscopy
Raman spectroscopy applies lasers in the Visible or NIR range as a source of
monochromatic light (photons). The Raman eﬀect can be described in simpliﬁed
form as follows: Photons of a spectral region without electronic absorption of the
corresponding molecule strike the sample molecules. A small part of the photons
(approximately 108) is elastically scattered, producing the so-called Rayleigh line of
the same energy and frequency or wavenumber as the exciting laser light. A still smaller
part of the photons (approximately 1010) is scattered inelastically. This means that
the photons either transfer energy to the molecule leading to excitation of vibrations
and rotations of the molecule (Stokes lines), or the photons take over vibrational and
rotational energy from the molecule (anti-Stokes lines). The scattered light, therefore,
is characterized by frequency (or wavenumber) shifts:
Dṽ ¼ ṽi  ṽs
where ṽ is the wavenumber of the incident light of the laser; ṽs is the wavenumber of
the scattered light; and Dv˜ is the wavenumber shift [cm1] [positive sign: Stokes lines;
negative sign: anti-Stokes lines (of lower intensity)].
As Raman lines anyway are of relative low intensity, normally in Raman
spectroscopy, the more intensive Stokes lines are recorded for standard analytical
applications. The intensity of Raman lines is proportional to the square of the change
in polarizability during the vibrational motion (characterized by the normal coordinate q):
 2
ya
IRa ¼ f
yq
where IRa is intensity of the scattered Raman light; a is polarizability; and q is normal
coordinate of the vibration.
Diﬀerent from infrared spectroscopy, in Raman spectroscopy, those vibrations
are of high intensity, where easily polarizable chemical bonds between atoms of similar
or equal polarity are elongated or deformed. That is why infrared and Raman spectra
show a complementary picture of the vibrations of a molecule [48,49]. A Raman
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spectrometer in its classical set-up is more similar to a UV–Vis or ﬂuorescence
spectrometer than to an IR spectrometer, with the main diﬀerence that a particularly
high-performance optical system with monochromator (double or triple monochromator) and secondary electron multiplier is necessary to optically extract (or ﬁlter) and
detect the Raman light that is of extreme weak intensity compared to the exciting line
of the laser. With the advent of NIR lasers as powerful sources of light, the fast Fourier
transform technique was successfully introduced in Raman spectroscopy, too. A
further advantage of the excitation in the NIR spectral range is the fact, that—diﬀerent
from excitation with visible laser light (Ar ion laser with wavelength of 488 or 514.5
nm)—there is practically no spectral interference by excitation of ﬂuorescence.
Especially for real-world samples, ﬂuorescence has greatly impeded the eﬃcient
application of Raman spectroscopy. Similar to IR spectroscopy, Raman spectroscopy
is an important tool for identiﬁcation and qualitative characterization of substances.
Quantitative determinations can be performed by addition of an internal standard.
Raman spectroscopy is also applicable for online analysis, particularly as the FT-NIR
technique combined with ﬁber optic waveguides can be installed remotely from the
location of the industrial production process. It is advantageous that it mostly needs
only little preparation to get Raman spectra of solids, liquids, or gaseous substances.
Water is a well-suited solvent, especially for the investigation of biological systems, as
it has—as a small polar molecule—a spectrum of only few bands with low intensity.
Assignment via group frequencies is a valid conception as for infrared spectroscopy
[45]. Raman spectroscopy is not a very sensitive method, so that it is, in general, not
applied for trace analytical problems. Various special techniques have been developed
[48] (e.g., coupling with chromatographic separation methods), but most of them are
highly specialized and not widely applied in analytical laboratories.

C. Nuclear Magnetic Resonance Spectroscopy
1. Fundamentals
Many nuclei of the periodic system of elements exhibit a nuclear angular momentum.
Most important for organic chemistry, hydrogen 1H and the 13C isotope (with a
natural abundance of 1.1%) belong to this group of elements. The diversity of organic
chemistry is determined by the various possibilities of combinations of these elements
and the other important heteroelements, such as, especially, oxygen and nitrogen.
Therefore, C and H are ideal probes for structure elucidation with the aid of NMR
spectroscopy, which makes use of the characteristic nuclear angular momentum.
There is proportionality between magnetic moment and nuclear angular momentum:
!
!
l ¼ cP
!
!
where l is the magnetic moment (vector); P is the nuclear angular momentum; and
c is the magnetogyric ratio (characteristic proportionality factor for each isotope).
The higher is the value of the magnetogyric ratio of a nucleus, the higher is the
sensitivity of the NMR experiment for this isotope. Following quantum mechanical
laws, the magnetic moment can be expressed as a function of the nuclear angular
momentum:
! ch pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l¼
IðI þ 1Þ
2p
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whereas h is Planck’s constant; I is spin quantum number (possible values: 0, 1/2, 1,
3/2, . . . , 6).
Protons and the carbon isotope 13C exhibit a spin quantum number of I = 1/2.
!
For nuclei with angular momentum P placed into an external static magnetic ﬁeld B0,
there exist diﬀerent possibilities of orientation of the angular momentum component
Pz with respect to the direction of the magnetic ﬁeld:
Pz ¼ m

h
2p

where Pz is the angular momentum component in the direction of the magnetic ﬁeld z;
and m is the magnetic quantum number with the possible values I, I  1, . . . , I (i.e., 2I
+ 1 possibilities).
As a result, for a spin of I = 1/2, the following energy levels are possible in an
external magnetic ﬁeld:
Eþ1=2 ¼ 

cmh
B0
2p

E1=2 ¼ 

cmh
B0
2p

and

This means that for the energy diﬀerence DE for both levels:
DE ¼

ch
B0 :
2p

It can be deduced that the energy diﬀerence depends on the strength of the external
magnetic ﬁeld. For the transfer of the spin from the energetically more favorable
parallel orientation in relation to the external ﬁeld to the higher-energy antiparallel
orientation, one has to irradiate the nuclei with electromagnetic radiation with the
resonance frequency v0:
v0 ¼

c
B0
2p

Resonance frequencies for protons in a magnetic ﬁeld of, for example, 7.05 T lie in the
range of 300 MHz (for 13C nuclei, in the range of 75 MHz). At room temperature, the
diﬀerence in population of both energy levels according to the classical Boltzmann
distribution is very small, depending on the strength of the magnetic ﬁeld. Therefore,
both levels have, immediately after irradiation of the appropriate energy, equal
population of both energy levels (saturation). By diﬀerent relaxation processes, the
nuclei return to their ground states.
The eﬀective magnetic ﬁeld at the nucleus Beﬀ is inﬂuenced by local shielding
eﬀects of the bonding and nonbonding electrons or molecular orbitals and the type
and nature of bonding of the neighboring atoms. This is described by the shielding
constant j:
Beff ¼ ð1  rÞB0 :
This constant is a dimensionless quantity with values in the range of 105 and in the
ppm range for protons. Consequently, nuclei with diﬀerent chemical environments
show diﬀerent resonance frequencies (i.e., signals in the NMR spectrum).
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2. Instrumentation
The schematic arrangement of an NMR spectrometer is depicted in Fig. 12. For the
NMR experiment, the sample is dissolved homogeneously in a suitable solvent (e.g.,
deuterated trichloromethane, dichloromethane, or benzene for proton NMR or
deuterated trichloromethane for 13C NMR spectroscopy), ﬁlled into a special tube
of 5–10 mm diameter, which rotates in a so-called spinner about its vertical axis to
average out local ﬁeld inhomogeneities. The resonance frequency of deuterium serves
as a reference to stabilize the frequency–ﬁeld strength ratio (lock signal). The tube is
located into the instrument probe in the magnetic ﬁeld. The stability in time and the
spatial homogeneity of the magnetic ﬁeld have to fulﬁl the highest demands for
modern instruments. High-resolution NMR spectrometers are equipped with liquid
helium-cooled superconducting cryomagnets. Today’s instruments apply usually
cryomagnets of, for instance, 9.4 T, which means frequencies of about 400 MHz for
proton NMR spectra. To generate spectra, radiofrequency (RF) transmitter coils in
the probe head irradiate the sample inside the magnetic ﬁeld with pulses of intervals of
1–10 s and produce the spin inversion, and receiver coils receive the resonance signals.
The short (<10 As) RF pulse of a monochromatic source (quartz) contains—depending on the pulse length—a more or less broad band of frequencies. A Fourier transformation is necessary—as described in the chapter about FTIR spectroscopy—to
produce a spectrum in the classical way of the frequency domain from the primarily
recorded signals in the time domain, the so-called free induction decay curve, consisting of the superposition of many frequencies of diﬀerent intensity. For nuclei with low
sensitivity and natural abundance, the signals of many pulses are accumulated to
receive spectra with suﬃcient resolution and signal-to-noise ratio. For a more detailed
description of the physical and mathematical background, the reader is referred to the
special literature on NMR spectroscopy [50,51].

3. Spectral Information
(a) Chemical Shift. As outlined above, the resonance signals of each (NMR
sensitive) nucleus of a chemical compound diﬀer due to their diﬀerent local

FIG. 12 Block diagram of an NMR spectrometer.
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magnetic shielding caused by the surrounding electrons and the neighboring atoms.
The spectra are presented on a relative (ppm) scale referenced to a substance, whose
signal (chemical shift) is set arbitrarily as zero on the abscissa. Tetramethylsilane
(TMS) is well suited for this purpose due to its high number of chemically equivalent
protons or carbon atoms (yTMS = 0 ppm). In proton NMR spectroscopy of organic
compounds, the signals lie in a relative narrow range of about 0–12 ppm; in 13C NMR
spectroscopy, the signals are very sharp on a much broader scale of about 0–220 ppm.
The position of the signals is determined by diﬀerent shielding eﬀects:


diamagnetic eﬀects (basing on diminished shielding by electronegative elements)
paramagnetic eﬀects (inﬂuence of p-electrons)
 anisotropic eﬀects (double or triple bonds and their conjugated systems, e.g.,
aromatic ring systems).


Typical ranges of chemical shifts of some selected classes of chemical compounds
are listed in Table 11 for protons and in Table 12 for 13C signals. The NMR
monographs contain extensive data tables for a huge variety of chemical compounds
for the interpretation of spectra [50].
(b) Spin–Spin Coupling. The coupling of spin systems of nuclei generates splitting
patterns with numerous lines in NMR spectra containing a lot of information relevant
to structure elucidation. The indirect spin–spin coupling in NMR spectra of dissolved
substances is eﬀective through the chemical bonds and their electrons. The relative
orientation of the spin of neighboring nuclei produces characteristic splitting patterns
(doublet, triplet, and higher) with a characteristic intensity ratio of the signals and
coupling constant [Hz]. As an example, the proton NMR spectrum of ethylbromide
exhibits for the CH2 group a quadruplet (intensity ratio 1:3:3:1) at a chemical shift of

TABLE 11 Range of 1H Chemical Shifts in Organic
Compound Classes
Organic compound
Si–CH3, Li–CH3, Al–CH3
X–C–CH3
OMCUCH3
CQCUH
S–CH3
N–CH3
O–CH3
O–CH2–
R3COH
R3CNH2
Ph–OH
CMCUH
Ph–H
RUCOOH, CMCUOH
OMCUH

Chemical shift d [ppm]
1.5 to +0.6
0.8–2.1
1.8–2.9
1.8–3.1
2.2–2.8
2.2–3.3
3.2–4.0
3.6–4.6
1.0–5.0
3.6–4.7
4.0–10.0
5.2–7.4
6.4–9.0
9.0–12.0
9.1–10.9
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TABLE 12 Characteristic Regions of
in Organic Compound Classes

13

Class of organic compound

Chemical shift d [ppm]

Tetramethylsilane
Alkanes
Alkynes
Alkenes
Arenes
R–CQN
Carboxylic acids and derivatives
Aldehydes
Ketones

C-Chemical Shifts

0
10–90
70–110
100–150
100–150
115–125
150–190
180–208
182–222

d = 3.4 ppm; for the CH3 group a triplet (1:2:1) at d = 1.7 ppm with a coupling
constant of J = 7.5 Hz. The multiplicity M for nuclei with a spin of I = 1/2 is:
M ¼ n þ 1:
In this equation, n is the number of equivalent neighboring nuclei. This simpliﬁed
rule is only valid if the chemical shifts of the coupling nuclei are suﬃciently diﬀerent
(i.e., they must diﬀer in their chemical shift by at least 10 times the coupling constant).
Coupling constants are not inﬂuenced by the strength of the magnetic ﬁeld. For ﬁrstorder spectra of nuclei with I = 1/2 Table 13 lists the multiplicities and the relative
peak area ratios. Due to the much lower natural abundance of the isotope in 13C NMR
spectroscopy, homonuclear coupling is usually not observed. For the sake of simpler
spectra, in general, coupling between 13C and 1H nuclei is eliminated by broad-band
decoupling. This means that the sample is irradiated with a broad-band radiofrequency in the spectral range of proton resonance.
(c) Signal Intensity. The height and the area of spectral lines are correlated with the
number of the corresponding nuclei. Therefore, the intensity data can be used to gain
important information for questions of molecular structure. If decoupling experiments

TABLE 13 Splitting Patterns in First-Order Spectra of
Nuclei with Spin = 1/2
Number of
coupling nuclei
0
1
2
3
4
5

Multiplicity

Relative signal
intensities

Singlet
Doublet
Triplet
Quartet
Quintet
Sextet

1
11
121
1331
14641
1 5 10 10 5 1
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are applied and for nuclei with low natural abundance, signal intensities must be
evaluated with special caution [13C; nuclear Overhauser eﬀect (NOE)].

4. Applications
The most important ﬁeld of application for NMR spectroscopy is the determination of
molecular structure. Especially for organic chemistry, this technique is an invaluable
tool to answer questions concerning the structure of molecules, their conformation,
and the assignment of isomeric forms up to the tertiary structure of high-molecular
biomolecules. Modern two-dimensional techniques [for instance, chemical shift vs.
coupling constants, chemical shift-correlated (1H, 1H or 1H, 13C) spectra] [50] provide
reliable assignments especially for very complex structures. If proton and 13C NMR
spectroscopy are applied and evaluated in combination, they can supply extensive
structural information even for mixtures of substances. Technical mixtures often can
be characterized well by simple summary values (e.g., the degree of branching of alkyl
chains, or the ratio of aliphatic to aromatic protons). Many nuclides of the periodic
system of elements exhibit a spin I p 0. These elements can be used as probe for
heteronuclide NMR spectroscopy. So the chemical shift of, for example, 19F, 31P, and
29
Si can be used for the determination of structures of ﬂuoroalkanes, phosphates,
phosphonates, phospholipids, or silicium-based substances. Further ﬁelds of applications of NMR spectroscopy are kinetic measurements, the determination of end
groups of polymeric or oligomeric compounds (ethoxylates, propoxylates), and
quantitative analyses. Trace analytical determinations are possible for special cases.
The coupling of NMR spectroscopy with chromatographic separation techniques is no
more than a pure academic exercise, but still is an expensive method due to the
relatively high requirements for the amount of substance per chromatographic
peak. The coupling of LC and SFC with 1H NMR is commercially available. Solidstate NMR spectroscopy requires special experimental conditions and instrumentation. It can be applied, for instance, to the characterization of structures of
nonsoluble polymers and heterogeneous catalysts, or to the study of wetting processes
on surfaces.

D. Organic Mass Spectrometry
As already mentioned above, mass spectrometry is not a genuine spectroscopic
method, as its base is not the direct interaction between electromagnetic radiation
and matter (chemical substance). In MS, elementary particles of diﬀerent energy and
charge (electrons, ions, and neutral particles), electromagnetic radiation (photons), or
thermal or electric energy interact with neutral molecules or atoms in the gaseous state
and produce ions from these sample particles, which are separated according to their
mass/charge ration (m/z) with diﬀerent resolutions by appropriate analyzers. To avoid
recombination of the produced high-energetic ions, the production and separation of
the ions must be performed completely in a region of high vacuum. The ions are
detected and their m/z ratio is displayed vs. their relative abundance. This chapter
brieﬂy describes the principles and the ﬁelds of application of organic mass spectrometry. The applications of MS for elemental analysis are presented in the chapter on
atom spectroscopy. Although one of the oldest instrumental analytical techniques, MS
is still today characterized by rapid cycles of innovation and development. That is why
within the scope of this context, only some basic aspects of MS can be touched. For a
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detailed description, the reader is referred to the relevant monographs of analytical
organic mass spectrometry [52–55].

1. Instrumentation
The essential building blocks of a mass spectrometer are shown in Fig. 13:


Sample introduction system
Ion source and acceleration
 Mass analyzer or ﬁlter
 Detector
 Ampliﬁer, data system, and instrument control.


Depending on the ﬁeld of application and analytical objective of the MS
instrument, many diﬀerent variants for each of the abovementioned building blocks
are available. In this chapter, only the technologically most important elements can
shortly be described. Today’s mass spectrometers are sophisticated and completely
computer-controlled instruments. The diﬀerent possibilities of coupling of mass
spectrometric detection with chromatographic methods produce an extraordinary
high density of information, which can only successfully be evaluated by powerful
computer hardware and MS-speciﬁc software.
(a) Sample Introduction System. A suitable amount of sample (in the range of less
than 105 g) has to be introduced without discrimination—as far as possible—into the
high vacuum system. In principle, the following three possibilities are available:
1. Indirect or batch inlet systems: Gaseous samples are conducted to the ion source via
a reservoir. Liquids or solids with suﬃcient vapor pressure (maximum boiling
point approximately 500jC) are externally vaporized and transferred to the ion
source via a diaphragm, which acts as a molecular leak.
2. Direct sample inlet systems: Samples that are diﬃcult to vaporize are introduced
directly into the ion source with the aid of a removable vacuum insertion probe,
which can be separately heated so that a suﬃcient vapor pressure is attained. A

FIG. 13 Block diagram of a mass spectrometer.
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sample amount of some nanograms usually suﬃces. An alternative variant is the
direct ionization by ﬁeld desorption inside the ion source.
3. Chromatographic inlet systems: The diﬀerent components leaving a chromatographic separation system are directly or indirectly transferred into the ion source.
The main diﬃculty is to pump oﬀ the large amount of gas load, which is produced
by the mobile phase, ensuring a stable high vacuum and that suﬃcient analyte
molecules reach the ion source and can be ionized. Coupling methods of GC-MS
[54] and LC-MS [55] nowadays have reached a very high level of development for
commercially available instruments. Essential elements are the interfaces between
chromatographic system and ion source of the mass spectrometer. Capillary GCMS coupling systems with direct coupling or open-split coupling have been
applied as a routine tool since many years ago. Technical problems for the LC-MS
coupling were much greater, partly due to the huge amount of liquid eluent that
has to be vaporized and vented oﬀ before transferring the analytes to the high
vacuum system. It would, by far, go beyond the scope of this chapter to describe
the great variety of interfaces that have been developed for the LC-MS coupling.
Today’s most successful systems comprise aerosol formation and ionization in an
integrated process, especially the technique of electrospray interface (ESI).
Coupling systems of mass spectrometry with the not-as-widely-applied methods
such as superﬂuid chromatography and capillary electrophoresis have proved to
function well, too.
(b) Ion Sources. The ion source has to generate (for the most part positive) an ion
from a neutral molecule (or atom). This requires energy that is suﬃcient to remove an
electron from the highest occupied molecular orbital (ﬁrst ionization potential).
During this process—usually in a nonspeciﬁc way—more energy is transferred to
the molecule than this ionization energy, so that the resulting molecular ion dissociates
or is fragmented to diﬀerent speciﬁc charged and neutral fragments. The ions are
accelerated by the mass analyzer and separated subsequently according their m/z
values. Some important types of ionization are characterized in Table 14. The type of
ionization is of deciding inﬂuence on the content of information of a mass spectrum. It
can be seen from Table 14 that, in principle, gas-phase sources have to be distinguished
from desorption sources. The most important gas-phase technique is electron
ionization (EI). Electrons are generated by heating a tungsten or rhenium ﬁlament
and collide with the gaseous sample molecules, forming vibrationally excited radical
cations (accessible mass range due to vaporization characteristics up to 1000 amu).
They exhibit excess energy and decompose to fragment ions. These EI spectra contain
a huge amount of information. In combination with the GC-MS technique, they are
applied for computer-assisted library search as well as for the interpretation of MS
spectra by using fragmentation rules and the experience of an expert of mass
spectrometry [53]. As a result of strong fragmentation, sometimes a molecular ion
cannot be detected. Soft techniques of ionization such, as for instance, chemical
ionization (CI) using (cat)ionic reagent gases (e.g., methane, ammonia, water, or
isobutane) give rise to mass spectra with much less fragmentation patterns, but in most
cases with a pronounced peak for the molecular ion. This is due to proton (M + 1)+ or
hydride transfer processes (M  1)+, or addition of the ionic reagent gas itself.
Considering the second important class of ionization sources (the desorption sources),
one can see that the energy is transferred via a surrounding solid or liquid matrix.

Desorption from an
embedding solid matrix
Desorption from, for example,
glycerol on an metal target
Desorption from a tungsten
wire emitter
Desorption from a nitrocellulosecoated target
Desorption from solids or liquids

MALDI

FD

PD

SIMS

Plasma desorption

Secondary ion MS

FAB

Gas/aerosol droplets

ESI

Electrospray
ionization
Matrix-assisted laser
desorption/ionization
Fast atom
bombardment
Field desorption

Gas phase

CI

Chemical ionization

Gas phase

Type

EI

Abbreviation

Electron ionization

Name

TABLE 14 Important Ion Sources in Organic Mass Spectrometry

High-energy ﬁssion fragments
from 252Cf
Energetic ions (Xe+, Cs+;
8 keV)

Ionized ﬁne droplets of solvent
molecules
Photons (UV or NIR laser
pulses)
Energetic atoms (Ar, Xe;
8 keV)
High-voltage electrode

Reagent gas ion (e.g., CH+
5 )

Energetic electrons

Ionizing Agent

Soft: ionized molecules of
higher molecular mass
Soft: ionized molecules

Hard: produces predominantly
fragment ions; GC-MS
Soft: ionized molecules;
GC/MS
Soft: ionized molecules;
LC/MS
Soft: high molecular masses;
polymers, biomacromolecules
Soft: ionized molecules of
higher molecular mass
Soft: protonated molecules

Characterization/application
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MALDI is, for instance, such a technique where the matrix—consisting of, for
example, UV-absorbing organic crystals such as sinapic acid—absorbs the energy of
laser pulses and transfers it to the dissolved analyte molecules, resulting in their
subsequent desorption from the matrix and (soft) ionization [56]. Several diﬀerent
desorption techniques have found their speciﬁc ﬁelds of application. Most of them
produce relatively simple spectra with nearly exclusively molecular ions and a very
high mass range. The techniques of atmospheric pressure ionization (APCI) are
responsible for the enormous success of the coupling technique of LC-MS. So the
technique of electrospray ionization (ESI) uses a capillary for the chromatographic
eﬄuent, to which a high voltage (3–5 kV) is applied. Small droplets are eluted, which
are transformed to aerosol particles of decreasing size by coulomb repulsion, and
during this process, the charge is transferred to the analyte molecules. Partly molecular
ions are produced with high charges, so that even molecules with very high masses can
be detected.
(c) Mass Analyzers. The ions, which are produced in the ion source and
accelerated, for example, with the aid of electrical ﬁelds, are transferred to the mass
analyzer, where they are separated according to their mass/charge ratio (m/z). The
necessary separation power or the resolution (R = m/Dm) depends on the analytical
problem to be solved. Available is a diverse equipment for the purpose of mass
analysis. Table 15 exhibits a selection of the most important mass analyzers, and
describes brieﬂy their separation principle, the maximum achievable resolution, and
some basic characteristics. For a more detailed understanding of the main principles of
the diﬀerent mass analyzers, the reader is referred to the corresponding chapters of
general analytical textbooks [1–3] or monographs on mass spectrometry [52,53].
Most common are quadrupole mass analyzers. They excel by their very compact
set-up, wide range of application, high robustness, and relatively low expenditure for
operation and maintenance. Their resolution for masses in the range of up to 1000 amu
allows to distinguish masses of 1 amu with high reliability, which is usually suﬃcient
for structure elucidation in the ﬁeld of organic chemistry. Short scan times make
quadrupole mass ﬁlters ideally suited for coupling techniques with chromatographic
methods such as GC-MS and LC-MS. As a consequence of these characteristics, they
have their ﬁrm place as intelligent detectors in modern chromatographic laboratories.
The ion trap technique as well has been developed to a powerful mass analyzer suited
for chromatographic coupling techniques. With relative little expenditure, it makes
accessible additional options (e.g., multidimensional MSn techniques), which allow to
observe the decay of fragment ions. But still the ion trap technique has its essential
strength on the ﬁeld of qualitative analysis. Electromagnetic sector ﬁeld instruments
mainly are applied as double-focusing analyzers, which have a wide mass range (up to
3000 amu) and can reach a resolution of 10,000 or more even for routine analysis.
Costs and expenditure for these instruments are much higher than for quadrupole
mass ﬁlters or ion traps. Sector instruments show excellent performance for highly
selective quantitative analysis. So they constitute an important tool for environmental
trace analysis [e.g., the ultra-trace analysis for polychlorinated dibenzodioxines and
furanes (PCDD/F)]. Most other analyzers described in Table 15 [e.g., the TOF and
Fourier transform ion cyclotron resonance (FT-ICR) technique] are mainly used in
combination with desorption methods, for instance the MALDI technique (TOF), or
for the study of high molecular mass biopolymers (FT-ICR).

Dynamic: ions are dispersed by variation
of a high-frequency voltage between
quadrupole rods
Three-dimensional quadrupole geometry
for ion storage; by variation of the
radio frequency, the diﬀerent ions are
ejected to the detector according to
their m/z
After uniform acceleration of ions, small
ions arrive earlier at the detector than
heavy ions; use of pulsed ion source

In a static high-ﬁeld magnet, ions are
excited by radiofrequency in a cyclotron
cell to diﬀerent frequencies and
amplitudes on circular trajectories;
conversion of the RF image current to
mass spectra by Fourier transformation

Quadrupole mass
ﬁlter

FT-ICR

TOF tube

Ion trap

Static: deﬂection of ions in the magnetic
ﬁeld (B)
Static: deﬂection of ions in the magnetic
ﬁeld (B) before or after focusing of
ions by electrostatic ﬁeld (E )

Principle of separation

(Electro)magnetic
sector ﬁeld
Double focusing
sector ﬁeld

Type

Up to 108

5000–10,000

100–1000

100–1000

10,000–100,000

5000

Maximum achievable resolution
(m/Dm) (approximation)

TABLE 15 Characterization of the Most Common Analyzers for Mass Spectrometry

Very high mass range, very high scan
speed, preferably combined with
desorption techniques (MALDI,
SIMS)
Highly sophisticated, very high mass
range, unmatched high resolution,
preferably combined with desorption
techniques; very expensive; most
important for biopolymer studies

Historically the ﬁrst separation
principle in MS
Versatile, high mass range and accuracy,
well suited for quantiﬁcation;
expensive, operation and maintenance
more diﬃcult
Short scan times, compact and robust
set-up, easy to handle, favorite for
GC-MS and LC-MS
Still in development; high mass range
possible; simple set-up; low
quantitative reproducibility; simple
MSn experiments (software)

Characteristics
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(d) Detectors and Data Systems. The detector has to produce electrically utilizable
signals from the ion current, which leaves the analyzer. In the early days of mass
spectrometry, photo plates have been used, or the so-called Faraday cage, which
collects the ions and conducts the electrical potential via a high-ohm resistance. The
voltage pulse is the measure of the collected ions. The Faraday cup is limited with
regards to its sensitivity and velocity. Nowadays, the most widely applied type of
detector is the secondary electron multiplier. If the separated ions collide with a
suitable surface material (e.g., coated with Be–Cu) of so-called dynodes, numerous
electrons are generated, which are accelerated and guided in cascades to further
dynodes. By consecutively striking 12–20 dynodes, the electrons are ampliﬁed by a
factor of 106–107. Besides the discrete dynode type, continuous dynode types have
been developed (so-called channeltrons with semiconducting surfaces), which
preferably are applied for quadrupole and ion trap instruments. For high-speed
mass spectrometry (TOF), arrays of channeltrons are used. In the course of further
acquisition and processing of signals, they are preampliﬁed, digitized, and afterward
handled by fast and powerful computers. They perform the instrument control (e.g.,
the adjustment of the analyzer) so that the required mass range of the ions is registered,
and also the acquisition and storage of the resulting data (e.g., the ion intensities vs. the
mass/charge ratio). During a capillary GC run with peaks of widths at half-height in
the range of seconds, this data acquisition must be performed in very short time
intervals with high scan rates. For the coupling techniques of chromatography and
mass spectrometry, these stored data can be presented in diﬀerent ways:


The complete mass spectrum for each chromatographic peak.
The total-ion chromatogram (TIC): The intensities of all registered ions during
the run of the chromatogram are added and plotted; this most resembles a
classical chromatogram.
 The single-ion chromatogram (SIM): The intensity of only one (or more
preselected) ion(s) during the run of the chromatogram is plotted.


2. Applications
(a) Structure Elucidation. The determination of the molecular mass can give ﬁrst
hints for the proof of a suspected structure of an organic (or inorganic) compound. It
must be ensured that the peak of highest mass can be evaluated as M+, (M + 1)+, or
(M  1)+. For that, often additional data are necessary, depending on the class of
compound under study, for instance, through the application of soft ionization
techniques (CI). Accurate masses (to 103 amu) can be measured with highresolution MS by applying an internal standard. From these exact masses, the
elemental composition of the possible organic compounds can be deduced,
especially for low molecular masses. EI produces spectra with numerous peaks.
Their inherent high content of information can be utilized for the identiﬁcation of
the compounds by computer-based library search (commercially available libraries or
institute and company-speciﬁc libraries). Generally, the analyst should critically
examine the results of a library search (‘‘score’’), as only approximately 5% of the
107 possible organic compounds are documented in MS libraries. Nevertheless, this
method of a fast and semiautomated computer-based evaluation supplies very useful
results, especially for the GC-MS analysis with EI spectra of mixtures with numerous
components. If necessary, these results can be complemented with a detailed
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interpretation of the fragmentation. This requires a lot of experience, and the
application of rules and expert know-how are extensively described in the special
literature [53]. Structure elucidation by interpretation of mass spectra should be
validated by additional information [e.g., by comparison of spectra of similar
compounds, by derivatization techniques, H/D exchange, data from further
spectroscopic studies (NMR, IR, and Raman) or chromatographic retention data
(retention indices)]. If products of organic syntheses in the ﬁeld of research and
development have to be analyzed, the consideration of possible and plausible ways of
reaction can be helpful to limit the number of possibilities and to come to more or less
probable results. Additional hints for the interpretation can be gained by applying
more sophisticated techniques [e.g., tandem (MS/MS) measurements], which allow to
observe and analyze the fragmentation routes of daughter ions. This technique
requires special equipment, for instance a mass spectrometer with three quadrupoles.
By collisions with helium atoms, fragmentations are generated in the second
quadrupole, which can subsequently be observed by mass analysis of the daughter
ions. Secondary ion mass spectrometry (SIMS) is a MS technique, which is especially
suited for the characterization of surfaces. They are bombarded with an ion beam, and
the sputtered secondary particles (organic ions) can be studied, for example, with the
TOF-MS technique. In materials science, this method can be used for the
determination of the spatial distribution of adsorbed compounds and for depth
proﬁling, to characterize surface layers of organic compounds. SIMS can supply
complementary information to other surface analytical methods [e.g., x -ray photoelectron spectroscopy (XPS) or Auger electron spectroscopy].
(b) Quantitative Analysis. An extraordinary high degree of selectivity and sensitivity for the components that have to be determined can be gained by applying mass
spectrometry as a detecting principle for chromatographic analysis. This technique is
best suited for very speciﬁc trace analysis in diﬀerent matrices (e.g., environmental
analysis for xenobiotics in soil or water, the study of metabolic pathways, or the trace
analysis of interfering by-products in technical mixtures). Using the technique of single-ion monitoring (SIM) means, on one hand, loss of information compared to full
scan runs but, on the other hand, substantial gain in sensitivity and selectivity compared to chromatographic analyses with nonspeciﬁc detectors, especially if one registers several characteristic ions evaluating their speciﬁc intensity ratios as additional
check.

V. ATOM SPECTROSCOPIC METHODS
The principles described above for the techniques of molecular spectroscopy
concerning the interaction between matter and electromagnetic radiation are equally
valid for the interaction of radiation of diﬀerent wavelengths—starting from the x-ray
range up to the visible light—with atoms. The basic set-up of spectrometer for atom
spectroscopic techniques is, in principle, very similar to that of an instrument for
molecular spectroscopy (Fig. 9).
Atom spectroscopy preferably uses:




Emission of radiation
Absorption
Fluorescence
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after excitation of atoms by the action of thermal, electrothermal, or radiation
energy.
Analytical literature describes a huge variety of combinations of systems for
excitation of atoms and signal generation. In this chapter, we restrict ourselves to those
techniques that are most signiﬁcant for practical analytical applications:


Atomic absorption spectroscopy after excitation by ﬂame or electrothermal
atomization (ﬂame AAS and EtAAS)
 Atom emission spectroscopy after atomization and excitation in an inductively
coupled plasma (ICP-AES); the possibilities of inorganic mass spectrometry for
elemental analysis after atomization in an inductively coupled plasma (ICP-MS)
are shortly mentioned.
 X-ray ﬂuorescence spectroscopy (XRF).

A. Atomic Absorption Spectroscopy
If chemical compounds (e.g., inorganic salts, complexes, or metal organic compounds)
are split into atoms in the gaseous or plasma state by the action of external energy, one
can observe the line spectra of the atoms with relatively small widths at half height
(approximately 102–103 nm) as emitted or as absorbed spectral lines. The
corresponding transitions are mostly found in the UV or Visible range of the
electromagnetic spectrum. They are induced by the excitation of electrons of
the outer shells, analogous to the situation of UV–Vis spectroscopy of molecules,
where electrons of HOMOs are excited to transitions into the lowest (unoccupied)
molecular orbitals (LUMO; see Chapter 3, Section IV.A). As an example, the
transitions of the electrons are presented in very simpliﬁed form for the sodium atom
well known for its characteristic yellow ﬂame. In its ground state, the electron
conﬁguration of the sodium atom is denoted as:
1s2 2s2 2p6 3s1 ;
corresponding to the occupation of the atom orbitals with the principal quantum
number n = 1, 2, 3; the orbital angular quantum number l = 0, 1 (s, p); and the spin
quantum number s = F 1/2. Due to magnetic interactions, orbital angular momentum
and spin momentum couple to the total angular momentum, characterized by the total
electronic angular momentum quantum number j = l + s. For l = 1 and s = F 1/2,
values for j can be j = 1/2 and j = 3/2. The electronic states for the sodium atom in its
ground state and its ﬁrst excited states can be formulated as follows:
Ground state: 3 2S1/2
 Energetically lowest excited states: 3 2P1/2 and 3 2P3/2.


Figure 14 illustrates the situation in the form of a simpliﬁed term scheme for the
sodium atom. For the sake of simpliﬁcation, all those orbitals are omitted, which are of
higher energy (above the 3p level, e.g., 3d, 4s, 4p, and higher) and unoccupied in the
ground state. If an electron is excited from the ground state into the nearly identical
ﬁrst excited states of the sodium atom 3 2P1/2 and 3 2P3/2, light is absorbed at
wavelengths of 589.6 and 589.0 nm. If the electron returns back to the ground state
of the sodium atom, a doublet of emission lines at the abovementioned wavelengths is
observed, as known from the spectral analysis of sodium-containing ﬂames. Real
emission and absorption spectra of atoms exhibit much more lines, as besides the
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FIG. 14 Simpliﬁed term scheme for the Na atom.

transitions from the ground state to the ﬁrst excited (energetically nearest) state,
further transitions to higher states from ﬁrst excited states to higher excited states up to
ionization of the atom are allowed. Similar transitions are possible for ions. The
heavier are the elements, the more complicated the spectra get.

1. Instrumentation
In principle, an atom absorption spectrometer consists of the components shown in
Fig. 9. Light source and sample compartment are characterized in more detail due to
their special features. So-called hollow cathode lamps (HCLs) are used as light source.
Between the cathode, consisting of the metal to determine and the anode, a voltage of
approximately 600 V is applied inside a tube ﬁlled with neon as an inert gas at a
reduced pressure of about 100 Pa and equipped with a UV-transparent silica window.
The resulting electrical discharge produces narrow (103–104 nm) and intense
spectral emission lines of the metal. Electrodeless discharge lamps (EDLs) are used
for volatile elements (e.g., for As, Sb, Se, or Te) [57,58]. The sample compartment in
AAS has the additional function of atomization. Two fundamental techniques of
atomization have to be distinguished: ﬂame and electrothermal atomization. In ﬂame
AAS, combinations of fuel and oxidant gases are usually preferred, with which very
high temperatures can be generated. Most common are combinations of acetylene and
air; higher temperatures (important for elements of very low volatility) can be achieved
with acetylene and nitrous oxide (N2O) as oxidant gas (maximum 3100 K). In general,
the burner is constructed in a long slot form, so that the light of the HCL is guided
through a laminar ﬂame of 5–10 cm path length. The diluted aqueous sample solution
is introduced into the ﬂame by an integrated nebulizer. For the analysis, the essential
steps in the ﬂame are:



Vaporization of the sample constituents
Dissociation and reduction to atoms
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Excitation of the atoms from the ground state by the radiation of the hollow
cathode lamp.

Ionization is a side reaction of these processes. Electrothermal atomization in the
graphite furnace (GF) has been alternatively developed [57,58]. In GF-AAS, the
sample solution is deposited into a cylindric tube made from graphite of approximately 40 mm length and 10 mm diameter. This graphite furnace is electrically heated
up to 3000 K. By programmed heating in a stream of an inert gas (argon), the sample
volume (addition of ca. 0.5 AL/s) is dried and ashed, before the sample constituents are
vaporized, dissociated, and excited as described above. Interfering emission lines, stray
light, and possible molecular bands of the light of the hollow cathode lamp are
removed by a grating monochromator, which is placed behind the graphite furnace. A
secondary electron multiplier is usually applied as detector. After ampliﬁcation and
digitization, the data are further processed with the aid of a personal computer, which
serves as well for a complete instrument control.

2. Characteristics and Applications
Compared to ﬂame AAS, EtAAS is the more sensitive technique. Under favorable
conditions, limits of detection can be reached with EtAAS down to 0.2 pg/mL for
elements such as Cd or Mg, whereas ﬂame AAS usually shows limits of detection not
below the nanograms per milliliter range. Additional advantages are the lower
necessary amount of sample, the (possible) higher selectivity, and the option to
analyze solids directly through the application of platform techniques.
In principle, AAS is able to determine only one element simultaneously.
Nowadays, fast lamp change units as part of modern instruments allow to determine
several elements sequentially in one run. The basis of quantitative analysis by AAS is—
as in photometry and UV–Vis spectroscopy—the Lambert–Beer law (Chapter 3,
Section II.C). Some special features of AAS cause deviations from linear relationships,
so that in general, one has to work with nonlinear calibration functions. Therefore,
quantitative determinations have to be strictly performed in the range of the
calibration measurements. Interference of the absorption signal can be of chemical
or spectral nature, for example:










analytes of sample and calibration solution not uniformly atomized and excited
matrix interference caused by certain anions (e.g., Ca and PO43)
loss of volatile elements in EtAAS during ashing
formation of carbides in the graphite furnace
thermal emission of atoms and particles
atomic ﬂuorescence
self-absorbance of emitted light caused by inhomogeneous temperature
distribution
solid particles generate stray light
broad-band molecular absorptions (e.g., from CN radicals).

Modern AAS instruments allow to manage or compensate the diﬀerent spectral
interferences due to diﬀerent technical measures (e.g., Zeeman AAS; background
compensation with the deuterium lamp) and computer-aided evaluation methods.
Numerous possibilities are successfully applied to limit chemical interference, for
instance the addition of chemical modiﬁers, change of atomization technique or ﬂame
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gases, hydride technique for volatile elements such as As, Sb, Sn, etc. Nearly 70
elements of the periodic system can be determined by AAS. Its essential strength is
trace analysis, but by steps of precise dilution, main and minor constituents of samples
can be determined with suﬃcient accuracy as well.

B. Atomic Emission Spectrometry (AES)
1. Instrumentation
The block scheme of an atomic absorption spectrometer is also very similar to that of
Fig. 9. As a special feature of AES, one has to consider that the light source of the
spectrometer simultaneously acts as sample compartment. Atomization and spectral
excitation of atoms take place in this sample compartment. The emitted light
subsequently is spectrally dispersed. It is transformed into an electric signal by the
detector (photomultiplier); the signal is ampliﬁed, digitized, and, at last, transformed
into analytical data by a computer. The heart of an AES is the atomizing unit.
Atomization and spectral excitation can be carried out in ﬂames, in electric arcs or
sparks, or in diﬀerently generated plasmas. By far, the most important technique with
the widest range of application today is atomization and excitation by means of ICP
[59,60]. This chapter will describe shortly the basic principles of ICP-AES. A plasma is
a high-energetic gaseous state characterized by the presence of cations and free
electrons. Most frequently, argon is used as plasma gas with temperatures of 6000–
10,000 K inside. The plasma burner or torch consists of three concentric tubes made
from quartz:


The outer tube, made from silica, conﬁnes and insulates the plasma.
The plasma gas is accelerated in the intermediate tube.
 The internal or injector tube serves as the injection of the sample solution, mostly
as liquid aerosol, generated by pneumatic nebulization.


At the head of the torch, there is a water-cooled induction coil with a highfrequency generator operating at 40 or 27 MHz with a power of approximately 1–2
kW. The plasma is ignited by the spark of a Tesla coil. The high-frequency ﬁeld partly
ionizes the argon and produces a high-frequency current. By cascade-like ionization,
ions and electrons in the coil are forced to move on circular orbits, generating high
plasma temperatures due to the high ohmic resistance. The spectral observation of the
emitted light can be accomplished along, or perpendicular to, the axis of the plasma.
Diﬀerent from AAS in AES, the monochromator has to fulﬁll the highest
demands concerning the resolution, as the spectra show extraordinarily many lines
as a consequence of the very high plasma temperatures. Modern atomic emission
spectrometers nowadays show a resolution in the UV range in the order of down to 10
pm (1012 m). High-quality diﬀraction gratings with high density and number of
grooves and special optical mountings with relatively high focal length are necessary in
working in a spectral range of 170–900 nm. Sequential spectrometers are used, where
the diﬀerent lines of the elements are measured one after the other and are detected by a
photomultiplier tube (PMT) as a single detector, or simultaneous spectrometers,
where multichannel detectors are applied [e.g., charge transfer systems such as the
charge-coupled device (CCD)]. This explains why ICP-AES instrumentation is much
more expensive than AAS.
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2. Characteristics and Applications
Quantitative multielement analysis is the main ﬁeld of application for ICP-AES.
Practically all elements of the periodic system can be determined. Matrix and chemical
interference are of no signiﬁcant inﬂuence due to the high plasma temperature. The
choice of the suitable emission line for each element is very important because of the
great number of lines in the spectra. The following characteristics make this technique
so important for trace element analysis:


High stability of the plasma
Low noise
 Short duration of the measurements
 High accuracy, sensitivity [many elements can be detected in the low parts per
billion (ppb) range], and selectivity


Just like other spectroscopic methods, ICP-AES is an indirect or relative method
of analysis, whose base is a sound calibration. In trace analysis, the calibration against
a standard is expressed by the following equation:
 
I
log c ¼ log cR þ m log
IR
where c is the concentration of the analyte; cR is the concentration of the calibration standard; I is the intensity of the spectral line of the analyte; IR is the intensity
of the spectral line of the standard; and m is a constant (in trace analysis, usually
m = 1).
Calibration functions of this type are mostly linear over several decades of
concentration.

3. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
The abovedescribed excitation in an inductively coupled argon plasma generates ions,
which can be separated according to their mass/charge ratio by coupling this
atomization and ionization technique with a mass spectrometer. In ICP-MS, for mass
separation, most commonly quadrupoles (see Section IV.D.1) are applied, or, if higher
resolution is demanded, double-focusing sector ﬁeld instruments are used [60]. The
most crucial step with this technique is the coupling of the high vacuum region of the
mass spectrometer with the voluminous stream of plasma gas at atmospheric pressure
and very high temperatures. Two small cones sequentially aligned within the axis of the
plasma—sampler and skimmer cone—can serve as an appropriate interface. A
supersonic fast stream of gas and ions is transferred through the small oriﬁces of both
cones to the high vacuum region and it is focused by ion optics. The high volumes of
gas are vented by turbomolecular pumps. Detection is accomplished by an electron
multiplier. Commercial instruments have usually a mass range of m/z 3–300. The
spectra show the diﬀerent natural isotopes of the elements. More than 90% of the
elements of the periodic system can be determined. For quantitative determinations,
the method of the internal standard or the isotope dilution technique is applied. In
general, lower limits of detection (down to 1–10 ng/L) than in ICP-AES can be
reached. Good precision and fast measurements are characteristics. Solid samples
have to be dissolved and diluted, as higher concentrations of salts cause interference by
blocking the interface. Therefore, limits of detection for solid samples are usually in
the range of 10–100 Ag/kg. Some molecular ions having the same mass as analytes can
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interfere (e.g., the molecular ion from argon and oxygen 40Ar16O+ isobaric to 56Fe+).
High-resolution mass spectrometry (R > 5000) can overcome this interference.

C. X-Ray Fluorescence Spectrometry (XRF)
X-rays are high-energetic electromagnetic waves with an energy in the range of 120–
0.12 keV and wavelengths of 0.01–10 nm. Diﬀerent processes can be observed if x-rays
interact with the electronic systems of atoms:


Coherent and incoherent scattered radiation
Attenuation of the x-rays passing through the matter
 Diﬀraction of radiation by crystalline substances
 Emission of electrons (photoelectrons, Auger electrons)
 Emission of x-rays (ﬂuorescence).


All these eﬀects can be used for diﬀerent x-ray spectroscopic methods. For
analytical purposes, x-ray ﬂuorescence is the most important technique. The following
simpliﬁed explanation of XRF is based on Bohr’s atomic model. An electron of the
inner shell (K-shell) is ejected by high-energetic x-rays. This highly excited state returns
back to the ground state in a sequence of processes, where electrons of subsequent
higher shells (for instance L-shells) ﬁll the vacancy in the inner K-shell following
quantum mechanical rules. This process is accompanied by the emission of x-rays of
lower energy than the exciting x-rays (ﬂuorescence). The wavelength of radiation is
characteristic for each element and the intensity of the ﬂuorescent radiation is a
function of the concentration of the corresponding element [61].

1. Instrumentation
The principal set-up of an XRF spectrometer is the same as for most spectrometers
and corresponds basically to Fig. 9. Figure 15 shows the scheme of a wavelengthdispersive instrument. A cooled x-ray tube is the source of radiation. Electrons
generated by high voltage from a cathode (e.g., a tungsten ﬁlament) meet an anode
made from a pure metal such as molybdenum, tungsten, or gold, and generate x-rays.

FIG. 15 Scheme of a wavelength-dispersive XRF spectrometer.
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They consist of a continuous spectrum (‘‘Bremsstrahlung’’) and x-ray lines characteristic of the element of the anode. The most intense lines are the so-called Ka lines
originating from an electron transfer from an L-shell back to a K-shell. The higher is
the atom number of an element, the shorter are the wavelengths of these lines. The
radiation is emitted from the x-ray tube through a transparent window made from,
for example, beryllium, and strikes the sample. The generated ﬂuorescence radiation
is directed by so-called collimators (e.g., metal foils from molybdenum), parallel to a
crystalline diﬀraction grating. Lithium ﬂuoride is a suitable material in a deﬁned
crystallographic orientation. By diﬀerent angular position H of the crystal, the
diﬀerent wavelengths of the ﬂuorescence radiation are brought to interference by
Bragg diﬀraction. To register the positively interfering radiation, the second collimator with its corresponding detector has to be synchronously moved on the
goniometer by an angle of 2H. Scintillation counters, ﬂow-proportional counters
and semiconductor [Si(Li)] detectors can be used for detection of x-ray ﬂuorescence.
Measurements with sequential instruments can last up to 20–30 min; for very fast
multielement measurements, simultaneous WD-XRF spectrometers have been developed, which contain a great number of crystal detector units. Modern instruments
are completely computer-controlled, so that even the necessary mechanical motions
of the goniometer table are performed with the highest precision. Besides the
wavelength-dispersive instruments, the more compact energy-dispersive spectrometers (ED-XRF) are used. Semiconductor detectors constitute an essential part of these
instruments, which can detect x-rays only in a very small range of energy. They are
said to be energy-discriminating. Therefore, the diﬀracting crystal and the collimators
are not necessary. These ED-XRF instruments are cheaper, have a lower resolution
and sensitivity, and can be used as mobile instruments.

2. Applications
Position and intensity ratios of the characteristic lines constitute a kind of ‘‘ﬁngerprint’’ for each element and can be used for its qualitative identiﬁcation. Elements
with atom number z9 (F) can well be detected, with the lighter elements showing
relatively high limits of detection. Expenditure for sample pretreatment is rather low
for solid or liquid samples. Suitable sample cups are ﬁlled with the sample and
covered with a ﬁlm of a polymer (e.g., polyethylene terephthalate). XRF exhibits a
broad range of applications, starting from qualitative multielement identiﬁcation,
semiquantitative evaluation, to accurate quantitative determination of main, minor,
and trace components of complex mixtures. For quantitative determinations, the
sample has to be homogenized and specially prepared (e.g., by milling, pressing of
pellets after mixing with suitable binder material, or formation of a glass pellet by
mixing, heating, and dissolving with a ﬂux material such as sodium tetraborate).
Special methods of evaluation are necessary for quantitative determinations, as the
calibration functions, in general, are nonlinear. This is caused by diﬀerent interactions between the matrix, exciting radiation, and resulting ﬂuorescence. Modern
instruments with their built-in computer-based evaluation procedures oﬀer extensive
possibilities for mathematical corrections of interelement eﬀects. External and
internal standards can be used for calibration purposes. With the external standard
method, the composition of sample and standard should be as similar as possible.
Typical applications for quantitative XRF analyses are, for example, the trace
analysis of sulphur or halogens (chlorine, bromine) in hydrocarbon-based samples;
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the determination of additives in polymers, silicium, and aluminum in detergents; or
semiquantitative determinations of samples after ashing to gain some information
about trace components.

VI. MISCELLANEOUS
A. X-Ray Powder Diffraction
Although single crystal x-ray diﬀraction supplies information concerning threedimensional structure, interatomar distances, bond lengths, and angles for crystalline
substances, x-ray powder diﬀraction for polycrystalline substances is usually applied
as analytical tool [62] (e.g., to identify inorganic, organic, and polymeric crystalline
phases). According to the Bragg equation:
k ¼ 2dhkl sin #
where k is the wavelength of x-rays; dhkl is the interplanar distance in the crystal lattice;
and # is the Bragg angle.
A diﬀraction pattern with peaks at diﬀerent Bragg angles # and of diﬀering
intensities Ihkl is produced by irradiating polycrystalline powder samples with monochromatic x-rays. Computer-aided library search helps to compare powder diﬀraction
patterns of samples with those archived in reference library ﬁles [63]. In this way,
crystalline phases can be unambiguously identiﬁed and quantitatively determined.

B. Surface Analysis
The surface of solids often shows a completely diﬀerent physical and chemical
behavior compared to their bulk characteristics. Wherever chemical or physical
properties of surfaces and interfaces have a decisive inﬂuence, analytical methods
are of utmost importance to describe, for example, the elemental distribution,
oxidation, and binding states of the upper atomic layers of surfaces. Some examples
for signiﬁcant ﬁelds of application of surface-analytical methods are:


Heterogeneous catalytic reactions
Wetting processes
 Adhesion behavior
 Characteristics of corrosion and brittleness
 Membrane properties.


Interaction of electrons with the solid surfaces is essentially the main principle
of relevant analytical methods applying scanning or imaging techniques [scanning
electron microscopy (SEM), transmission electron microscopy (TEM)] and the
generation of electrons from the solid surface by interaction with high-energetic
photons [XPS or electron spectroscopy for chemical analysis (ESCA)]. In XPS, the
kinetic energy of the emitted electrons is analyzed. From these data, the energy of
chemical binding, the kind of elements, and their oxidation states can be deduced for
the upper atomic layers. Due to the fact that these methods are not as important tools
for the analysis of detergents as the wet chemical, chromatographic, and spectroscopic techniques, and because of the very high degree of specialization, in this
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chapter, surface analysis is not described to a similar extent as the abovementioned
methods. The interested reader is referred to special monographs on these methods
[64–66].

C. Thermal Analysis
The most important thermal analytical techniques are:


Diﬀerential scanning calorimetry (DSC)
Diﬀerential thermal analysis (DTA)
 Thermogravimetry.


Thermal analytical techniques can be used to characterize samples by measuring
a physical property of the sample during a programmed temperature run. The most
common method, DSC, monitors the diﬀerences in heating power between sample and
reference during a program of heating or cooling, whereas sample and reference are
held at identical temperature. In DTA, the temperature diﬀerences between sample
and reference are measured by applying identical heating or cooling energy. In
thermogravimetry, during a programmed temperature run, the mass of the sample
is monitored under a deﬁned atmosphere. The evolved gases can be identiﬁed by
coupling with spectroscopic methods (e.g., mass spectrometry or infrared spectroscopy). It is common to these methods that they allow to observe diﬀerent types of
phase transitions of matter, and that they yield information for qualitative and
quantitative characterization of samples with the help of the corresponding temperatures and enthalpies (DSC). Typical ﬁelds of applications are:


Glass transition temperatures of amorphous polymers
Melting and crystallization behavior
Determination of purity
Determination of boiling and sublimation points
Monitoring of transitions of crystalline phases
Decomposition, oxidation, and desorption processes.







A detailed description of these methods and their applications can be found in
the special literature [67].
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40. Engelhardt, H.; Beck, W.; Schmitt, T. Kapillarelektrophorese, Methoden und Möglichkeiten; Friedr. Vieweg and Sohn Verlagsgesellschaft mbH: Braunschweig, 1994.
41. Padarauskas, A. Analytiker-Taschenbuch; Günzler, H. Bahadir, A.M., Danzer, K.,
Engewald, W., Fresenius, W., Galensa, R., Huber, W., Linscheid, M., Schwedt, G., Tölg,
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Verlag: Heidelberg, 1992.
43. Perkampus, H.H. UV–VIS Spectroscopy and its Applications; Springer-Verlag: Berlin,
1992.
44. Griﬃths, P.R.; de Haseth, J.A. Fourier Transform Infrared Spectrometry; John Wiley and
Sons: New York, 1986.
45. Colthup, N.B.; Daly, L.H.; Wiberley, S.E. Introduction to Infrared and Raman
Spectroscopy, 3rd Ed.; Academic Press: San Diego, 1990.
46. Socrates, G. Infrared and Raman Characteristic Group Frequencies; Wiley-VCH:
Weinheim, 2001.
47. Siesler, H.W.; Ed.; Near-Infrared Spectroscopy; Wiley-VCH: Weinheim, 2001.
48. Schrader, B.; Ed.; Infrared and Raman Spectroscopy; VCH Verlagsgesellschaft: Weinheim,
1995.
49. Schrader, B. Raman/Infrared Atlas of Organic Compounds, 2nd Ed.; VCH Verlagsgesellschaft: Weinheim, 1989.
50. Friebolin, H. Basic One- and Two-Dimensional NMR Spectroscopy, 3rd Ed.; VCH
Verlagsgesellschaft: Weinheim, 1998.
51. Braun, S.; Kalinowski, H.O.; Berger, S. 150 and More Basic NMR Experiments; WileyVCH: Weinheim, 1998.
52. Chapmann, J.R. Practical Organic Mass Spectrometry, 2nd Ed.; John Wiley and Sons:
London, 1993.
53. McLaﬀerty, F.W.; Turecek, F. Interpretation of Mass Spectra, 4th Ed.; University Science
Books: Mill Valley, CA, 1993.
54. Oehme, F. Practical Introduction to GC-MS—Analysis with Quadrupoles; Wiley-VCH:
Weinheim, 1999.
55. Niessen, W.M.A.; van der Greef, J. Liquid Chromatography—Mass Spectrometry, 2nd
Ed.; Marcel Dekker, Inc.: New York, 1998.
56. Karas, M.; Hillenkamp, F. Anal. Chem. 1988, 60, 2299–2301.
57. Welz, B.; Sperling, M. Atomic Absorption Spectrometry, 3rd Ed.; Wiley-VCH: Weinheim,
1998.
58. Haswell, S. Atomic Absorption Spectrometry: Theory, Design and Applications; Elsevier:
Amsterdam, 1991.
59. Moore, G.L. Introduction to Inductively Coupled Plasma Atomic Emission Spectrometry;
Elsevier: Amsterdam, 1989.
60. Jarvis, K.E.; Gray, A.L.; Houk, R.S. Handbook of Inductively Coupled Plasma Mass
Spectrometry; Blackie: Glasgow, 1992.
61. Lachance, G.; Claisse, F. Quantitative X-ray Fluorescence Analysis: Theory and
Applications; Wiley: Chichester, 1995.

Analytical Techniques
62.
63.
64.
65.
66.
67.

641

Klug, H.P.; Alexander, L.E. X-ray Diﬀraction Procedures for Polycrystalline and
Amorphous Materials; Wiley: New York, 1974.
McClune, W.F., Ed.; Powder Diﬀraction File (Organic and Inorganic); International
Centre for Diﬀraction Data (ICDD): Newton Square, PA, 2003–2004; www.icdd.com.
Woodruﬀ, D.P.; Delchar, T.A. Modern Techniques of Surface Science; Cambridge
University Press: Cambridge, 1988.
Goodhew, P.J.; Humphreys, F.J. Electron Microscopy and Analysis; Taylor and Francis:
London, 1988.
Briggs, D.; Seah, M.P., Eds. Practical Surface Analysis by Auger and X-ray Photoelectron
Spectroscopy; Wiley: New York, 1983.
Wunderlich, B. Thermal Analysis; Academic Press: San Diego, 1990.

Future Trends

In the years to come detergent analysis will of course be inﬂuenced by future types and
composition of commercial detergent products. Another interacting force will be the
further development of analytical science, especially analytical instrumentation.
As far as it is predictable now, the tendency in detergent product development is
leading towards more and more sophisticated detergent formulations. New ingredients may be introduced, that provide additional beneﬁt for the consumer even at low
concentration levels. The application of product is going to be made as comfortable as
possible by tailored formulation. Typical examples are automatic dishwasher agent
tablets that contain—besides the cleansing agent—water softener and rinsing aids.
Classical commercial raw materials and raw material compounds will be further
improved in order to achieve better performance or to enable the composition of
highly eﬀective products at lower costs.
The comprehensive analysis of these future detergents will require analysis
techniques that are, on the one hand, suﬃciently sensitive to detect low concentrated
ingredients and, on the other hand, powerful enough to allow for a very detailed
characterization of molecule structure.
In the ﬁeld of analytical science instrumental techniques will be improved
further. Their operation will be more and more simpliﬁed by computer-based
operation and data evaluation systems, that will make an application become a daily
routine, even by semi-skilled technicians. Highly sensitive and speciﬁc techniques, such
as HPLC-MS and MALDI-TOF-SIMS, may become broadly available and routine
tools. Multidimensional NMR techniques may be used more often for direct, highly
speciﬁc determination of ingredients without preseparation.
These future developments will lead to a further, nearly total substitution of
classical labor intensive separation and determination procedures by automated
instrumental techniques. An additional driving force will be steady pressure to save
costs by the reduction of expensive human labor.
But never forget: even in the future, deformulation of complex detergents
cannot be achieved without the expertise of highly qualiﬁed and experienced technicians and analytical chemists. In spite of huge progress made in fully automated
multicomponent analysis of detergents in production control, the desire of many
customers for an analysis robot, by which any detergent market product can deformulate within minutes, will remain a dream, at least in the foreseeable future.
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Aldehyde determination by HPLC,
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determination scheme, 135
Alkalis in cleaners, 75–76
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application of, 151
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determination with amine, 331
formula, 153
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Ammonia determination
by IC, 117
by titrimetry, 118
Amphoteric surfactants
determination of, 323
in shampoo, 347
infrared spectra of, 306
separation of, 337, 346
by postchromatographic reaction, 350
by prechromatographic reaction, 350
separation procedure, 132
Amylase, 472
antiredeposition eﬀect, 472
detection by PhadebasR tablets, 472
increased oxidation stability, 472
starch degradation by, 472
Amylase activity measurement
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by colorimetric methods, 478–480
Analysis of detergents
analysis process for detergent, 474
general procedure, 102
initial measures, 103
Anionic surfactants, 130
capillary electrophoresis, migration
behavior, 251
determination of, 262
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determination scheme, 130
hydrolysis of, 220, 258
in washing powder, characterization of,
279
indicators in TLC for, 220
separation of, 220
Antifoaming agents, 142
Antimicrobial agents, 63–65, 67–68
Antistatic agents, 294
APEO traces
extraction of, 555
metabolite isolation, 555
Atomic absorption spectrometry (AAS),
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Atomic emission spectrometry
element determination by, 114
Automatic dishwashing
machine care products, 13
product composition, 12
rinsing aids, 13
Average alkyl chain length, NMR, 161
Average degree
of condensation, 154
of ethoxylation by NMR, 168
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[Average degree]
of polymerization by NMR, 161
of propoxylation by NMR, 168
Bacillus subtilis, 471
Balance, hydrophilic/lipophilic, 149
Bathroom cleaners, typical composition
of, 18
Bentonite, 408
Benzene sulfonate, 514
Biocides, multifunctional, 525, 526
biosensors, for cationic surfactants,
367
Bleach boosters, composition of, 7
Bleach catalysts
analysis of, 460
structure, 441
Bleach systems
in dishwasher detergents, 62
in laundry detergents, 59–62
in toilet and hygiene cleaners, 62
Bleaching accelerators, 138–139
general determination scheme, 139
types/structure, 440–442
Bleaching agents, 138
active chlorine based types, 139
active oxygen based types, 138
reaction mechanisms, 441
stability of, 442
Bleaching systems, 439
identiﬁcation of, 443
Boron trace analysis, 572–575
by electroanalysis, CE, 574–575
by photometry, 573–574
by spectrometry, 575
Brightening colors
analysis of, 496–497
structures, types, 492–495
Bromcresol green
in semiquantative rapid test, 373
Bromthymol blue
in photometric determination, 323
in semiquantative rapid test, 373
Builder
by GC/GC-NPD, 569–572
raw materials, 389
Capillary electrophoresis, 117
Car wash/care
car polish, 32
car polish composition, 31
car shampoo composition, 30

Index
[Car wash/care]
prewash detergent composition, 30
windscreen cleaners, 33–34
Carbohydrates
colorimetric tests for, 530
determination by 1H NMR, 530, 532
structure of, 531
Carbonate
carbonate, 112
detection, 390
ﬂuorescent-whitening agents, 112
oxidizing agents, 112
quantiﬁcation, 116, 118, 391–393
urea, 112
CaroatR, 448–449
composition, 448
quantiﬁcation, 449
Carpet cleaning
after-treatment, 27
basic cleaning, 25
with cleaning powder, 25
stain removal, 24
steam-cleaning process, 26
Cationic surfactants
application of, 291
by indirect UV detection, 364
infrared spectra, 306
modiﬁer in capillary electrophoresis for,
365
separation procedure, 131
titration with tetraphenylborate, 324
types of, 291
Cellulase
degradation of cellulose ﬁbers, 472
detection by CMC test, 475
identiﬁcation by coloration, 475
pigment removing by, 472
Cellulose/starch derivatives, 530–535
Chloride
determination by IC, 116
titrimetric determination, 118
Cleaning agent, infrared of, 266
Cleavage
of alkyl sulfate with hydroiodic acid,
245
with hydrogen bromide, 197
with hydrogen iodide, 196
with lithium aluminium hydride, 197
C-length distribution
with hydroiodic acid of alkyl sulfates,
245, 283
CMC Trypan Blue, 475
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Cobuilder, 389 (see also Complexing agents)
Cocoamidopropylbetaine, 349
Colorants for detergents, 87
commercial types, 390
common types, 136–137, 138
general determination procedure,
136–137
Complexation behavior, 255
Complexing agents polymeric
general analysis procedure, 138
types, 137
Complexing agents/dispersants, 57–58
Conditioner
ion-spray mass spectrometric analysis in,
277
Conditioning hair rinse
formulation of, 299
Conductivity detector
for anionic surfactants, 232, 239
Cosmetic cleaners, composition of
detergent bars, 42
hair shampoos, 44
shower gels, 43
toilet soap, 41
tooth paste, 45–46
Cosmetic product
soaps in, 258
Cumene sulfonate, 513–514
Cyanuric acid, 461
DADHT, (see
Diacetyldioxohexahydrotriazine)
Dean Stark apparatus, 508
Degree
of ethoxylation, 238, 239, 245, 246, 261,
271, 273, 283
of quaternization, 308
Derivatization
acetate, 196
diazomethane, 243, 247
iodide-triﬂuoroacetic anhydride, 247
with methanol, 357
phenylisocyanate, 191
trimethyl orthoformate, 247
trimethylsilyl, 169, 193, 245
Desulfonation
of anionic surfactants, 243
micro, 244
Detection
conductivity, 219, 235, 239, 343
evaporative light scattering, 184, 219,
233, 343, 349
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indirect, 364
indirect conductivity, 235, 247
indirect photometric, 343, 353, 354
indirect ultraviolet, 235, 247, 254
negative ion, 278
photometric, 255
suppressed conductivity, 353
Detergent soaps in, 258
Detergent ingredients
alkalinity of, 109
Detergent pellets
sampling, 107
Detergent polymers, 56–57
determination, 397–401
polyasparaginic acid, 59
polycarboxylates, 59
Diaminostilbene brighteners
functional groups, 488
Diﬀerentiation of surfactants by HPLC,
233
Dishwashing, 8–14
Dishwashing liquids, composition of, 11
Disinfectants, 374, 375, 377 (see also
Antimicrobial agents)
Disinfecting cleaners, example for, 299
Disintegration of laundry tablets, 5
Distribution
alkyl chain length, 189, 193, 239, 283,
314
ethylene oxide, 168, 190, 191, 192, 194,
222, 239
homologue, 249
Distyrolbiphenyl, 488
Dryer sheets, active material for,
297, 298
Dye transfer inhibitors, 141
commercial types, 536
determination by pyrolysis GC/NSD,
536–537
Electrode
ion sensitive, 259, 260
solvent-resistant, 261
Electroosmotic ﬂow, 201
inﬂuence on, 249
Emulsifying agents
amines as, 294
nonionic surfactants as, 149
Endo-1,4,h-glucanase, 475, 480
Environmental matrices
internal standards, 552

Index
Environmental samples
preservation, 553
sampling of, 552
Enzyme class identiﬁcation
analysis process for detergents, 474
principles of, 473
Enzymes, 63–64, 140–141
basic analysis mechanism, 140
decomposition of, 106
Esterquats, 52
methylation of, 355
separation of, 343
Ethoxylate
broad-range, 150
ELISA of, 207
ester ethoxylates, 152, 158, 166
narrow-range, 150
Ethylene oxide content, 154
by hydrobromic acid cleavage, 196
by hydrogen iodide cleavage, 196
Ethylene oxide homologues
separation of, 222
Ethylene oxide/propylene oxide
copolymer, 152, 158, 166
infrared of, 158
ratio of, 168
European detergent regulation, 54
Exchanger
anion, 234, 235
cation, 245, 278
Extraction, 176
free polymeric acid, 436
hexane, 282
ion pair, 231
on-line, 231
photometric method, 324, 373
solid phase, 238
Fabric softeners
ditallowdimethylammonium chloride in,
294
formulations, 9
types of, 296
Fast atom bombardment, 166, 168, 171, 314
Fatty acid
alkanolamide, 151, 155, 164
alkanolamide, infrared of, 155
ethoxylate, infrared of, 155
Floor shine emulsion, 24
self-glazing eﬀect, 25
Flooring cleaners, 21
composition of, 22

Index
Flow injection
alizarin ﬂuorine blue in, 206
of cationic surfactants, 362, 363
Fluorescent whitening agents, 80 (see also
Optical brighteners)
Fluorimetry of cationic surfactants, 363
Foam boosters
amine oxides as, 295
Foam depressors, 516–517, 518
common types, 516
Foam stabilizers, 295
Foaming agent, 149
low-foaming, 150
Food trade/industry cleaners, 34–36
Formaldehyde, photometric determination,
518–519
Formula reconstruction, 142–144
Fraction
anionic, 247
soap, 219
Fractionation
of alkylbenzene sulfonate homologues,
235
of surfactant mixtures, 228
Fractioning of detergents, 119
by ion exchange methods, 126– 129
by liquid/liquid extraction, 124–125
by open column chromatography,
125–126
by solid/liquid extraction, 119–122
by solid-phase extraction, 123–124
Fragrance oils, 81–86
Fragrants, 142, 525–528
Furniture care products, 21
Furniture cleaning/care products
composition of, 21
Fusion, alkali, 245
Geraniol, 526
Germ reducing cleaners, 71
Germ reduction, 69
Glass cleaners, 17–18
composition of, 20
Glycerol monostearate, infrared of,
157
Hand dishwashing detergents, 10
composition of, 11
Hard surface cleaning, 14–28
Hardener elimination
by ion exchange, 389
by sequestering, 389
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Headspace SPME
principle of, 527
Heavy duty laundry detergents
compositions, 3–5
extrudates, 2
liquids, 2
market shares, 2, 4
powders, 1, 3
tablets, 2
Homologue distribution
by Hofman degradation, 360, 361
HyamineR1622, 257, 258, 260
Hybride plate, 221
Hydrogen peroxide, 460–461
formation of, 441
Hydrolysis
of alcohol ether sulfate, 283
of alcohol sulfate, 245
of esterquat, 357
with perchloric acid, 220
Hydrotropes, (see Solubilizers)
ICP-OES, 114
Inorganic acids, 72
Inorganic builder
general analysis procedure, 133–136
Institutional dishwashing, 27
Institutional hard surface cleaners, 37–38
Institutional laundry detergents, 36–37
Instrumental micro element analysis,
115
Ion chromatography, 115
cations, 117
inorganic anions, 116
mobile phase, 238–352
phosphate species, 117
Ion exchangers (IE)
commercial types, 127
silica based, 126
typical IE column, 127
Ion pairing chromatography, 239
Ion selective electrode, 239
Ionization
atmospheric pressure chemical, 266
chemical, 168, 314
chemical, atmospheric pressure,
168, 172
electron impact, 168, 314
ion spray, 318
matrix-assisted laser desorption, 266,
277, 314
Ion-pairing agents, 234, 238, 239, 278
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IR/NMR
sample assessment by, 110
Isocyanurates, 462
Kitchen cleaners
Kjehldal method, 115
typical composition, 18
Kongo Red, 475
LAS, synthesis of, 48
Laundry aids, 6–8
Layered disilicates
determination by XRD, 410
Layered silicates, 389
Leather cleaning/care, 28
Limonen, 525, 526
Lipase, 472
qualitative test, 476
triglyceride hydrolysis by, 473
Lipolytic activity
quantiﬁcation of, 481–482
Liquid detergent, ion-spray mass
spectrometric analysis, 277
Liquid heavy-duty detergent, 150
components of, 150
Lotus eﬀect, 28
Lovibond test for cationic surfactants, 373
Maintenance/care components, 88
ﬂuorocarbon resins, 93–94
polymer dispersions, 90–91
silicones, 91–93
waxes, 88–90
Membrane suppressor, 239
Metal cleaning, 39–40
Microscopical sample check, 109
MnTACN, 441
Mobility, electrophoretic, 254, 364
Modiﬁed soda, 393
Molecular mass, 308, 309
Molecular size, 184
Molybdenum blue method, 400
Motor vehicle cleaning, 38
N,N,NV,NV-tetraacetylethylenediamine,
(see TAED)
Nitriles based bleach activators, 441,
459–460
Nitro musk analysis by GC, 529
NOBS, (see Nonanoyloxybenzenesulfonate)
Nonanoyloxybenzenesulfonate, 440
1
H-NMR spectrum, 456
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[Nonanoyloxybenzenesulfonate]
application ﬁelds, 455
determination, 455–457
hydrolysis, 455
perhydrolysis, 455
reaction mechanism, 455
structure of, 440, 455
Nonionic ingredients
isolation of, 208
Nonionic surfactant
cobalt thiocyanate method, 175
extraction of, 176
ﬂow injection analysis of, 202
general separation procedure, 133
potassium picrate method, 176
CE separations of, 201
tetrathiocyanatocobaltate method, 176
titration
iodometric, 178
ion-sensitive electrode, 179
with tetraphenylborate, 178, 179
Nonionic trace determination
by CE, 563, 566
by GC, 561, 562, 564
by HPLC, 559
by IR-spectroscopy, 567–568
by MS, 566–567
by NMR, 568
by SFC, 563
Non-surfactant org. components
extraction of, 121
Nonylphenol
in food, 565
in mussels, 565
NTA/EDTA trace analysis
by LC, 569
by polarography, 568
Odor adsorbents, 27, 86
composition of, 28
o-Phosphate determination
by colorimetry, 118
by IC, 116
Optical brighteners
analytical separation techniques,
500–502
chemical properties, 495
deﬁnition, 487
detection methods, 498
extraction of, 498
ﬂuorescence eﬀect, 496
identiﬁcation, 498, 502–503

Index
[Optical brighteners]
isomerization of, 496
quantiﬁcation, 503–505
types/properties, 487–492
Optical whiteners, 140
Optode, 367
Organic acids, 73
Organic solvents, 508–512
common types, 510
determination by GLC, 509–510
determination by HPLC, 510–513
Orthophosphate determination, 399–403
PAG, (see Pentaacetylglucose)
Paintwork care
cleaner composition, 31
cleaning, 32
preservation/sealing, 32
PAP, (see Phthalimidoperoxycaproic acid)
P-determination
by classical methods, 114
by XRF, 113
Pentaacetylglucose, 441
Peracetic acid, 439, 449, 451, 462
Perborate, 439, 443
application ﬁelds, 444
identiﬁcation, 444
quantiﬁcation, 444
reaction mechanism, 444
monohydrate, solubility of, 444
tetrahydrate, solubility of, 444
Percarbonate, 449
application ﬁelds, 444
identiﬁcation, 444
quantiﬁcation, 444
structure, 444
Peroxycarboxylic acids, 462–469
analysis by LC, 466–468
determination by GLC, 464–465
electroanalysis, 469
spectrophotometric methods,
465–466
titrimetric determination, 462–464
Phosphate analysis
by electroanalysis, CE, 574–575
by photometry, 573–574
by spectrometry, 575
Phosphate species analysis
31
P-NMR, 407
capillary isotachophoresis, 407
by HPLC/IC, 405
by TLC, 405–406
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Phosphates
identiﬁcation/detection of, 396–397
types/properties, 396
Phosphoric acid esters
by NMR, 273
Photometry of cationic surfactants,
362, 373
Phototrode, 264
Phthalimidoperoxycaproic acid,
457–459
Physical detergent characterization
apparent density, 108
density, 108
particle size distribution, 108
pH-value, 107
viscosity, 108
Pigment colorants
crosslink degree, 126
exchange capability, 126
polymeric resin based, 126
structures, 490–491
Poly-(styrene-divinyl benzene)-gel, 223,
228, 235
Post-column reaction, 239
Potassium determination, 394–395
identiﬁcation/detection, 394
Potassium hydrogen sulfate, 448
Potassium monopersulfate, 448
Powder detergent
ion-spray mass spectrometric analysis,
277
Preservatives, 66–68, 142, 517–525
activity range, 70
aldehydes, 518–519, 520, 521
benzoic acid based types, 520, 524
isothiazoline-3-on types, 518, 523
QAVs, 522, 525
sorbic acid, 520, 524
Proteases, 471
commercial types, 477
detection of, 472
identiﬁcation in products, 477
identiﬁcation on IEF-Gel, 478, 479
serin types, 476
Proteolytic activity
quantiﬁcation of, 482–483
Pyrolysis, 362
Qualitative tests
boron-containing components, 112
Quarternary ammonium compounds
diﬀerentiation of, 323
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[Quarternary ammonium compounds]
extraction photometric determination,
323
separation of, 345, 354
Radiotracer, 374, 376
Residue, determination of, 375
Sample divider
conical, 106
rotating instrument, 107
Sampling of detergents
of bulk material/packages, 104–105
of laboratory samples, 105–107
Separation of
alcohol ether sulfate, 222
alkylbenzene sulfonate isomers, 252
anionics and cationics, CE, 367
diethanolamide, 183
diﬀerent hydrophobic groups, 223
functional groups, 219
ionic surfactants, 228
ionic surfactants by ion-pair
chromatography, 232
monoethanolamide, 183
polyethylene glycols, 182
soap, 258
sorbitan monolaurate, 183
sulfates and sulfonates, 240
surfactant classes, 333
surfactant mixtures, 230
surfactants, 350
Separation of detergent samples
scheme, 534
Sequestering agents, 389
Shampoo
components in, 266, 267
dioctyl sulfosuccinate in, 235
formulation of, 301
ion-spray mass spectrometric analysis,
277
lauryl ether sulfate in, 239
Shoe polishes
composition of, 29
Shower gel, formulation of, 301
Silicates
determination methods for, 410–414
identiﬁcation/detection, 409
types, 407–409
Soap, titration of, 258, 261
Soda, (see Sodium carbonate)
Sodium aluminum silicate, 389

Index
Sodium carbonate, 390
Sodium hydrogen carbonate
identiﬁcation of, 393
Sodium hypochlorite, 461
Sodium metasilicate
identiﬁcation by XRD, 409
Sodium sesquicarbonate, 390
Sodium tri[poly]phosphate
test for, 396
Softener, 396
ion-spray mass spectrometric analysis,
277
Soil antiredeposition agents, 142, 528–536
Soil release agents, (see Soil antiredeposition
agents)
Soil repelling agents, (see Soil
antiredeposition agents)
Solubilizer, 53, 76, 149, 513–516
determination by HPLC, 513–514
UV-spectrometric determination, 514
Solvay process, 390
Solvents, 141, 507–513
Solvents in cleaners, 75
Sorbitan monostearate, 157
Soxhlet apparatus, 120
SPE Sorption materials, 123
Speciality detergents, 6
Stain removers, 18
Sulfate determination
by gravimetry, 118
by IC, 116
by titrimetry, 118
Summary formulation characteristics
alcohol solubles/insoluble matter, 108
alkalinity, 108
solid/volatile content, 108
water solubles/insoluble matter, 108
Summary parameters surfactants
BiAS, 556
cobalt thiocyanate, 175
DBAS, 556
MBAS, 555
Surface active agents
colorimetric test for, 110–111
Surface tension, 255
Surfactant classes
in cosmetics, 377
in toiletries, 377
separation of, 333, 336
Surfactant trace analysis
DSDMAC by HPLC, 559
LAS by GC, 561–562

Index
[Surfactant trace analysis]
LAS by HPLC, 556–558
LAS by HPLC/MS, 558–559, 561–562
SAS by GC, 562
Surfactant trace extraction
by liquid/liquid extraction, 554
by SFE, 555
by solid/liquid extraction, 555
by solvent sublation, 554
by SPE, 553
Surfactants
categories, 47
commodity types, 46
diﬀerentiation of, by TLC, 221
esterquats, 52
hydrotropes, 53
IE separation according to Gabriel,
128
LAS, synthesis of, 48
polymeric types, 54
separation by ion exchange methods,
126–129
separation by SPE, 124
silicone surfactants, 53
specialty types, 50
speciﬁc properties of, 46
structure of anionics, 49
structure of nonionics/betaines, 51
TAED, 440, 449
application ﬁelds, 449
reaction mechanism, 449
TAED identiﬁcation
by 1H NMR, 452
by IR, 451
by TLC, 450–451
TAED quantiﬁcation
by GLC, 454
by HPLC, 453–454
by jodometry, 452–453
TAGU, 442, (see also Tetraacetylglycoluril)
Terephthalic acid esters, 535–536
Terpinen-4-ol, 526
Terpinene, 526
Tertiary amine oxide, titration of, 330
Tetraacetylethylenediamine, (see TAED)
Tetraacetylglycoluril, 442
Theoretical plate, 230
Thickeners, 78–79, 295
thickener action, 79
Titration
acid/base of amphoterics, 329
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[Titration]
by double wavelength spectroscopy, 264
cerimetric, 448, 462
iodometric, 447, 458, 462
neutralization, 258
of turbidity, 263
one-phase turbidity, 264
potentiometric, 255, 259, 282, 327
precipitation, 259, 325, 328
turbidimetric, 331
two-phase, 179, 261, 282
of amphoteric surfactants, 327
of anionic surfactants, 255–257,
261–262
of cationic surfactants, 325, 327
in cleaning agents, 257
with ion sensitive electrodes, 259
Titration indicators
2,7-dichloroﬂuorescein, 258
bromophenol blue, 255, 264
dimidium bromide, 256, 258
disulﬁne blue, 256, 258, 323, 325, 328
methylene blue, 255
mixed, 258
Toilet bowl cleaner
composition, 20
twin-tank system, 16–17, 19
Toluene sulfonate, 271, 513–514
Tooth paste, 230, 267
Total phosphorous content
determination, 398–399, 401–404
Trace detection, 249
Trimethylsilylation
for GC/MS, 169
for NMR, 161
Trona, 390
Trypsin, 471
Turbidimetry, 264
Two-dimensional correlation spectroscopy,
274
Ultracentrifugal mill, 10
Urea, 112, 513–514
UV Protection additives, 80
Visualization in TLC
bromocresol green, 223
bromophenol blue, 332
dehydrothio-p-toluidine-7-sulfonic acid,
222
Dragendorﬀ, 180, 182, 222, 223
eosine, 222
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[Visualization in TLC]
iodine vapor, 221
Leucomalachite green, 222
phosphomolybdic(VI)acid, 222
pinacryptol yellow, 221, 222, 281,
332
primuline, 222
thioﬂavine S, 222
Washing agent, 149
infrared of, 266
two-phase titration in, 257
Water determination, 507
by azeotropic distillation, 508
KF-method, 507
Water glasses, 407–408

Index
X-ray diﬀraction
component identiﬁcation by, 112
X-ray ﬂuorescence spectrometry, 113
X-ray photoelectron spectroscopy, 376
Xylene sulfonate, 513–514
ion-chromatography of, 239
Zeolite A, 390, 415
Zeolite builders systems
function of, 55
Zeolite P, 415
Zeolite X, 415
Zeolites
determination, 416–417
identiﬁcation of, 415
properties, 414–415

