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Preface
From September 28 through October 1, 1993, the German Colloid Society (Kolloid-Gesellschaft) held its biannual
General Meeting at the Research Center of Jtilich (KFA).
About 200 participants from Germany, other European
countries, and overseas attended this meeting. Forty-three
lectures and more than 50 posters on the main topic "Surfactants and Colloids in the Environment" and on different
fields of colloid chemistry were presented. The meeting was
supported by several companies and the Research Center of
Jfilich. Thanks to donation and the receipts from an industrial exhibition, we were able to sponsor the participation
of several colleagues from Eastern Europe and to invite
some protagonists of colloid chemistry from Germany and
abroad.
The meeting was inaugurated by the president of the
Kolloid-Gesellschaft, Prof. Milan Schwuger, Jiilich, who
welcomed the participants on behalf of the society. Greetings
were expressed by Prof. Ernst P6ppel, member of the board
of directors of the Research Center and Dr. Edda Mfiller,
responsible assistant director of the Federal Ministery for
Environment, Nature Conservation and Reactor Safety. Both
speakers emphasized the importance of colloid chemistry in
environmental research from the scientific and political
points of view.
The opening ceremony ended with the first highlight of
the conference. Three prizes were awarded to outstanding
colloid scientists by the Kolloid-Gesellschaft. The Wolfgang
Ostwald Prize was conferred on Prof. Wolfgang Helfrich
from the "Freie Universit~it Berlin" for his excellent studies
on vesicles, membranes, and liquid crystals. This award is
made for extraordinary lifetime achievements in colloid
science. Professor Dug,an Vu6eli6, Belgrade, was honored
for his contributions to zeolite synthesis and characterization
with the Steinkopff Prize which is sponsored by the
publisher of this journal and marks achievements in environmental colloid chemistry. The Zsigmondy Grant for
young scientists was conferred on Dr. Erwin Klumpp,
Jfilich, for his studies on the interaction of soil colloids,
pollutants and surfactants.
The scientific program started with the lectures of the two
senior laureates. Wolfgang Helfrich presented his latest
theoretical studies on "Pathways of Vesiculation". Du~an
Vu~eli6 spoke on "Physico-chemical Aspects of Zeolite-A
Synthesis and Application for Environmentally Safe

Detergents". Brief biographies of these two scientists and
their contributions also open this volume.
Contributions on the physico-chemical behavior of colloids and surfaces in the environment and their use in environmental technology demonstrate the high standard and
usefulness of colloid science in this field. Latest results on
the interaction of heavy metals and organics with soil
minerals, transport properties of pollutants, and the
relevance of surfactants as effective modifiers for natural interfaces were presented. Also, the use of colloids and surfactants in environmental technologies for soil remediation and
waste water treatment was emphasized. This volume comprises a choice of papers dealing with these subjects.
The studies presented in the open section were
widespread and, in most cases, fundamental. Many of the
lectures on general colloid chemistry, however, made clear
that the main subject of this meeting was not a specific one
isolated from other fields of colloid chemistry, but that
general colloid and environmental science can inspire each
other.
Latest results on the influence of charges on coagulation,
adsorption and ion exchange which were presented during
the conference will certainly influence the understanding of
the behavior of colloids and surfaces in the environment and
in remediation techniques.
Improvement of surfactant analysis will enhance the
possibilities for the observation of surfactants in the environment, e.g., enable early detection of possible accumulation
or differentiation of the components of complex mixtures.
Novel surfactant systems with interesting properties and applications were presented which will be environmentally important in the future or can be used favorably in remediation
techniques.
Many contributions dealt with alkylpolyglucosides, a
class of surfactants which is considered to be increasingly
important for applications due to their low toxicity, good
degradability, and other special properties. Another field of
interest was microemulsions. They may play an increasing
role as reaction and extraction media without hazardous
organic solvents.
Besides the scientific program, personal relationships between participants could be initiated and deepened during two
evening receptions, one held in the Research Center and the
other in the "Ludwig Forum" in Aachen. The spirit of in-
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spiration we felt while in this museum of modern art
meshed perfectly with the diligence demonstrated in so
many scientific contributions. Both elements will be
needed for genuine solutions of environmental problems.
Before we invite you to delve into this volume on
"Surfactants and Colloids in the Environment", we want
to acknowledge all who contributed to the success of this
meeting. We want to express special thanks to the
members of the scientific committee, Prof. G. Peschel,
Dr. W. yon Rybinski, Dr. S. Storp, Prof. H. Versmold,
and Prof. D. Woermann, who did a good job in planning
a blanced program.
We are also grateful to the companies BASF, C3Analysentechnik, Partikel-Analytik-Megger/ite GmbH,

and Perkin Elmer for supporting us by gift or advertisements in the program booklet, and to Collotec, Lauda,
KriJss, Malvern, Mtitek, and Stidchemie for their participation in the industrial exhibition. The publishers John
Wiley & Sons and Steinkopff-Verlag also contributed
financially to the meeting.
Further, we acknowledge the help of Mrs. R. Mengels
and Dr. B. Krahl-Urban from the Conference Service of
the Research Center for their support in organizing the
meeting. And, although space does not allow to name
everyone, we thank all the helping hands without which
such a conference cannot succeed.
Franz-Hubert Haegel (Jtilich)
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Opening address by the president
of the Kolloid-Gesellschaft
Prof. M. J. Schwuger

I would like to welcome you to the Planck Institute for Interface and
36th General Meeting of the Kolloid- Colloid Research, which is being
Gesellschaft, in Jiilich, and wish you established near Potsdam.
Overcoming the division of Gera pleasant stay and very successful
scientific discussions. I particularly many went hand in hand with overwelcome Dr. Edda Mtiller, repre- coming the division of science in East
senting the Minister for the Environ- and West. Before World War II, the
ment, Nature Conservation and conferences of the Kolloid-GesellNuclear Safety, and Prof. Dr. Ernst schaft were always also an opportuniP6ppel, representing the Board of ty for scientists from East and West to
Directors of the Research Centre meet each other. I am particularly
pleased to welcome scientists from
Jfilich.
This year's colloid conference is practically all East European coununique in many respects. It is the first tries in addition to our western friends
such conference following Ger- who have regularly presented their
many's reunification. The 1991 papers on these occasions. I hope that
General Meeting in Mainz had a the conferences of the Kolloidspecial character as a joint meeting Gesellschaft will, in the future conwith ECIS and, therefore, cannot be tinue to be events where scientists
from all over the world can meet each
regarded as representative.
Interface and colloid chemistry other. The fresh start this year is
was already at an advanced stage of greatly appreciated; we are in a posidevelopment in the eastern part of tion to welcome nearly 300 represenGermany before World War II. This tatives from 17 nations. It has been a
is illustrated by the schools of Leip- beneficial tradition of the Kolloidzig, Dresden, and Berlin which en- Gesellschaft to coopt members of
joyed worldwide reputation. This other, especially East European assoreputation was also maintained dur- ciations onto the Board. Following
ing the division of Germany, thus this tradition, we elected Imre D6k4ny
strong, synergistic impact may be ex- (University of Szeged), current chairpected for the future of colloid and man of the Hungarian Colloid
surface chemistry in Germany. The Chemistry Association, to our Board
significance of interface and colloid to succeed the late Erwin Wolfram.
chemistry in the new Federal States
We hope that the present situation
has been taken into account by the ap- will give a lasting, strong impetus to
pointment of Hans Sonntag (Berlin) the development of interface and coland Hans-J6rg Jacobasch (Dresden) loid chemistry in Germany and
to the Board of the Kolloid-Gesell- Europe.
schaft. We are particularly pleased
A further particularity of this.
about the foundation of the Max meeting is its topic: "Surfactants and

M. J. Schwuger
Opening adress by the president of the Kolloid-Gesellschaft Prof. M. J. Schwuger
Colloids in the Environment." Our special field of
research has decisively influenced progess in chemistry
and technology in the 19th and 20th centuries. The current industrial society would be inconceivable without
this special discipline since surfactants and colloids are of
great importance in connection with both everyday products and the latest technologies. Let me just mention
detergents, cosmetics, and recording tapes, which have
become indispensable in everyday life. The great
technological processes of raw material and energy production, of plastics and lacquer fabrication would also be
impossible without surfactants and colloids. Their enormous scientific significance is reflected in the production
figures. Approximately 5.5 million tons of surfactants
were produced last year in the statistically better accessible West European countries, the USA and Japan. Their
significance is due to their particular surface-active properties.
Surfactants can reach the environment via different
paths, either directly, e.g., in connection with pesticides,
or indirectly adsorbed in sewage sludge applied as fertilizer in agriculture. Surfactants are also encountered in
rivers and lakes. Apart from synthetic surfactants, nature
also produces surface-active substances by biodegradation, and even the human organism daily produces approx. 20 g of surfactants in the form of bile acids.

Various interactions lead to mobilization, remobilization,
and immobilization processes for organic and/or inorganic pollutants in nature. These physicochemical processes are vital for keeping our waters and drinking water
clean. The soils and sediments are sinks for various
chemicals whose penetration into waters must be
prevented. Since the extremely hot summer in 1959,
when hills of foam primarily consisting of surfactant-protein complexes were formed on our rivers and weirs, attention has been focused on the biodegradation of surfactants. This rather narrow approach must be regarded as
too simplifying. It should just be mentioned that the adsorption kinetics or organic pollutants is many times accelerated in the presence of surfactants, and adsorption
processes which take one to several weeks can take place
within minutes. Such qualitative and quantitative differences clearly show that these processes can take place
much more rapidly than would be possible by biodegradation. We therefore consider it our task to combine, for the
first time, all the knowledge available in the field of
physicochemical interactions in the environment and to
indicate future perspectives for the necessary
physicochemical investigations in the environment based
on the results of our conference.
I wish all participants a fruitful exchange of ideas and
thank you for your interest in this highly topical subject.
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Wolfgang Ostwald Prize 1993
awarded to Wolfgang Helfrich

Professor Dr. Wolfgang Helfrich,
Berlin, received the Wolfgang
Ostwald Prize of the KolloidGesellschaft for his fundamental
work on complex fluids and colloids,
in particular for his contributions to
the cooperative behavior of liquid
crystals and membrane systems.
W. Helfrich is a real pioneer in
these
interdisciplinary
research
fields. On the one hand, he made
novel experimental discoveries, on
the other hand, he developed basic
theoretical concepts which turned out
to be crucial for research in this area.
W. Helfrich has an extraordinary
intuition which often led him to
unusual insights. In many cases, his
colleagues first had some difficulties
to follow his line of thought. Thus, it
took more than 10 years until his
basic work on the physics of membranes was recognized in the physics
community. This has completely
changed, however, during the last
couple of years, and many researchers have now picked up his ideas
and extended them in new directions.

Curriculum vitae
Wolfgang Helfrich was born on
March 25, 1932, in Munich. He
studied physics at the universities of
Munich, Tfibingen, and G6ttingen.
Then he joined the group of Nikolaus
Riehl, the "Father of the fluorescent
strip lamp" at the University of

Munich, where he received his doctorate in 1961 for his experimental
work on "Space-charge-limited currents in organic crystals". In 1967,
he completed his "Habilitation" in
experimental physics.
From 1967 until 1970, he worked
at the RCA Laboratories in Princeton
where he was a member of an interdisciplinary group of physicists,
chemists, and engineers studying the
electro-optical properties of liquid
crystals. From 1970 to 1973, he was
at Hoffmann-La Roche in Basel,
where he invented, together with
Martin Schadt, a novel liquid crystal
display. For this invention, he received the Hewlett-Packard Europhysics
Award in 1976. Since 1973, W.
Helfrich has worked and taught at the
Freie Universit~it Berlin. His scientific achievements were also honored
with the Hennessy Prize for innovation ("science pour l'art") in 1993.

Liquid crystals
Wolfgang Helfrich has discovered
and explained several basic effects in
the field of liquid crystals. An overview of these phenomena, which
carry his name, is given in the
monograph "The physics of liquid
crystals" of Pierre-Gilles de Gennes,
winner of the Nobel Prize of Physics
in 1991.
A very important result of W.
Helfrich in this field was his explana-

4

R. Lipowsky
Wolfgang Ostwald Prize 1993 awarded to Wolfgang Helfrich

tion of the so-called "dynamic scattering mode". This
state arises from an instability which appears in a nematic
liquid crystalline layer between two electrodes. As soon
as the voltage exceeds a threshold value, convection roils
are formed in the layer. This instability was discovered
experimentally at the end of the 1960s. The underlying
mechanism, however, remained mysterious until W.
Helfrich gave a relatively simple explanation, in which
the electrical conductivity caused by impurities played an
important role. These phenomena of electro-convection
have been rediscovered recently in the context of
hydrodynamic pattern formation.
Further work on the electro-optical properties of liquid
crystals led to the above-mentioned invention of a novel
liquid crystal display. This display also consists of a thin
layer of a nematic liquid crystal which is situated between
two electrodes. However, the molecules are now anchored at the two opposite electrodes in such way that
their preferred direction is twisted within the layer. This
distortion of the nematic phase can be changed by the applied voltage leading to a change of the optical properties.
Almost all liquid crystal displays used today in watches
and other devices are based on this simple and rather
robust construction principle.

Membrane systems
The new field of membrane physics was co-founded and
substantially formed by Wolfgang Helfrich. It deals with
the structure and dynamics of membranes and vesicles in
aqueous solution.
The shape of lipid vesicles often deviates from a
sphere and, thus, cannot be determined by interfacial tension. Already 20 years ago, W. Helfrich developed a
"fluid shell theory" in which this shape is controlled by
the curvature and, thus, by the bending rigidity of the
membrane. Meanwhile, this approach has led to a very
fruitful interaction of experiment and theory and, thus, to
a quantitative understanding of the vesicle shape.
Fluid membranes are very flexible and already curve
as a result of thermal fluctuations. This flickering of the
membrane can be observed directly in the optical
microscope. In a stack or bunch of membranes, these
thermally excited bending modes lead to an entropically
induced repulsion between the membranes as first
predicted by W. Helfrich. This force has been confirmed

by scattering experiments on lamellar phases in oil water
mixtures.
Lipid membranes in a stack are bound together by attractive van der Waals forces. A systematic theory for the
interplay of attractive forces and entropic repulsion leads
to the theoretical prediction of a critical adhesion or unbinding transition. Such a transition was experimentally
observed by Wolfgang Helfrich and Michael Mutz for
stacks of sugar lipid membranes.
W. Helfrich also realized that lateral tension applied to
a membrane at first smoothes the bending undulations and
pulls area out of the membrane without affecting its
molecular packing. His quantitative predictions for this
effect were confirmed by experiments on vesicles. In addition, a lateral tension should strongly reduce the entropically induced repulsion of the membranes.
Therefore, the adhesion of membranes can be induced by
such a tension. W. Helfrich used this concept of tensioninduced adhesion in order to explain the experimentally
observed behavior of membrane bunches. However, he
then found some discrepancies between theory and experiment which led him to the idea that lipid membranes
can possess a "hidden" area reservoir. Some preliminary
experimental evidence suggests that this reservoir is provided by a superstructure of the membrane on suboptical
length scales.
W. Helfricb has made many more contributions to
membrane physics which I cannot describe here in detail
because of the restricted space. A few examples are: experimental and theoretical investigations on the behavior
of cylindrical vesicles which are similar to semi-flexible
polymers; theoretical contributions to the influence of the
Gaussian curvature on the membrane shape; the prediction that the bending rigidity is decreased by fluctuations,
an effect which was later rediscovered in the string
theories of high energy physics; the experimental observation of sponge-like phases of lipid membranes; and
theoretical studies on the influence of the electric field on
the bending rigidity.
Even though membrane science is still a rapidly
developing research field which provides many intriguing
and open problems, it is already clear today that further
progress in this area will be based, in an essential way,
on the concepts developed by Wolfgang Helfrich.
R. Lipowsky
Research Center Jiilich and MPI Potsdam
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Steinkopff.Prize 1993
recipient Du an Vu( eli

Professor Dr. Dugan Vu6elid was
born July 17, 1938 in Belgrade,
where he completed a Master of
Science degree at the Faculty of
Physical Chemistry of Belgrade
University in 1964. In 1970, he
received his doctorate in Physical
Chemistry, his thesis being "NMR
Relaxation of Molecules at Interphases," a field with only a few
publications at that time. Subsequently, he became assistant professor of
solid state physical chemistry at
Belgrade University. Since 1981,
Dugan Vu~elid has held a full professorship in Physical Chemistry of
Solid
State
and
Molecular
Biophysics. He spent most of his
scientific life at Belgrade University
and at the Research Institute of
General and Physical Chemistry, of
which he was the principal founder,
with the exception of three short
periods: in 1976, he worked at the Inorganic Department of Oxford
University, Great Britain; in 1980, at
the Magnetic Resonance Laboratory
of Stanford University, USA, and in
1991 as a visiting professor at the
School of Physics, Lomonosov
University, Russia.
His main achievements are in the
field of solid interfaces and molecular
biophysics as documented in more
than 100 papers in leading international journals. He followed and confirmed the almost forgotten van der
Waals hypothesis about sorbed
molecules being a separate thermodynamic phase rather than in-

dependently bound molecules. Between 1969 and 1975, he determined
many physico-chemical paramters
for sorbate-zeolite systems, as well
enthalpies, entropies, and heat
capacities as properties of dynamics
and relaxation. The phase transitions
of sorbed interphases have been
found to occur at temperatures below
those for the corresponding transitions in the bulk state. The discovery
of this phenomenon, especially for
water, is of great importance, not only for physical chemistry, but also for
molecular biology. During this
research on phase transitions, he
discovered the existence of a variety
of cation energy levels within the
zeolite framework. The cation sublattice was shown to depend strongly on
the competition between sorbed
molecules and cations. This has led to
the hypothesis that competition "excites" cations to higher energy
levels, thus making them more
mobile. Dugan Vu~elid was subsequently able to elegantly confirm this
by demonstrating increases in conductivity at elevated temperatures.
By this means, water complexes were
found within zeolite cages long
before their direct observation by
neutron diffraction.
NMR and non-isothermal methods
have always been Prof. Vu~elid's
main tools for research on complex
systems. His intensive use of both
these techniques has led to deeper
understanding of the extremely
complex kerogen molecules. It has

D. Vu~elid
Steinkopff-Prize 1993 recipient Du~an Vu~elid
been shown that the almost established hypothesis of the
origins of the high catalytic activity within amorphous
phases of oil shales and kerogens is not universally valid.
In reality, two systems exist, with high and low
catalytical activity, and free radicals playing the main role
in the latter. In the early 1980s, Prof. Vu6elid became interested in biophysics. Interphases provided the bridge to
this field because, starting from the membrane, the whole
cell may be regarded as an interphase. This approach
rapidly led to some outstanding results. First, a combined
bio-thermo-tropic effect was demonstrated for folic and
fatty acids. Second, the well known physiological
phenomenon that long chain fatty acids adsorb through
the wall of the digestive tract, in contrast to the short
chain ones which pass directly through the venal port,
was explained on the basis of thermodynamics, e.g., only
long chain fatty acids form micelles. Finally, the expectation of perturbation of water transport through membranes by the stronger hydrogen bond of D20 was confirmed and demonstrated for calcium channels.
A stronger tendency towards applied research has
always been a part of Prof. Vu~elid's character. Hence,
in the past few years he has tried to apply pure
biophysical methods to medical research. This has
resulted in a new method for the diagnosis of skin
diseases based on the propagation of acoustic waves
through complex skin interphases and to a new hypothesis
about the cause of Balkan nephropathy.
Laboratory research and its application alone was not
sufficient to fulfill Vu~elid's practical spirit, and so he
turned early towards industry. Many hundreds of his
devices, based on solid state and sorption chemistry, have
been incorporated into different production lines world
wide. His main achievement in industry has been the construction of zeolite plants all over the world, based on this
know-how.

As a consequence, his technical designs and chemical
processes must logically be cited here. In Bira6 (former
Yugoslavia), a large complex of five plants was finished
by 1990/91. There, zeolite-A was produced in huge reactors and the plant became the world's largest producer
(220 000 ton/year) as well as the quality leader (with
Degussa). The competition has, up to now, found it impossible to emulate the production process, based on
cheap but highly impure Bayerish liquid. A similar approach has been used in Italy, where the process is based
on the meta-stable cation distribution discovered during
Vu~eli6's fundamental research, thus giving zeolite with
a high exchange rate but without increasing the amount of
expensive caustic soda. As a result of environmental
demands (energy and material savings), a concentrated
and compact product is the future goal. For this type of
product the understanding of the surface properties of
solids are of key importance, and it is for this reason that
Prof. Vu6eli6 sees his fundamental and applied research
as being crucial. Many new products, with a variety of
surface properties, have already been produced in his
laboratories and tested on the pilot plant scale. It is to be
hoped and expected that Vu~eli6 will produce this new
generation of modified zeolites and compound similar to
zeolites on an industrial scale,
Of all his posts and awards, Prof. Vu6eli6's favorite is
his position as President of the IUPAB Commission for
"Radiation and Environemental Biophysics," because he
views it as "the ultimate duty of scientists to look into the
far future and to protect humanity."
Consequently the Steinkopff-Prize, dedicated to
achievements in solving environmental and industrial
problems via colloid and interfacial methods, was
presented in 1993 to Prof. Du~an Vu6eli6.
M. J. Schwuger (Research Center Jiilich)
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W. Helfrich

Wolfgang Helfrich
Fachbereich Physik,
Freie Universitfit Berlin,
Arnimallee 14,
14195 Berlin, FRG

Pathways of vesiculation

Abstract Possible ways of
producing bilayer vesicles are
reviewed from the theoretical point
of view. The emphasis is on
vesiculation driven by a negative
bending energy of spherical
vesicles, called spontaneous
vesiculation. A new model is
presented to explain the existence

Introduction
Vesicles are utilized today to encapsulate drugs and other
agents for protection and targeted delivery. They are
made of closed fluid bilayers, typically a single one, but
sometimes several or many. Lipid vesicles are often called liposomes, especially when multilamellar. A book on
liposomes written by D. D. Lasic and geared to their
medical applications has just been published [1].
In recent years there has been much progress in the
physics of vesicles, both experimentally and theoretically. It is no longer necessary to tear up bilayers by sonication or other means to produce fragments which close to
form small vesicles. Methods have been found to make
the spherically curved state of suitable bilayers
energetically more favorable than the flat state. This permits spontaneous vecisulation if the energy barriers
associated with cutting and resealing the bilayer are thermally surmountable.
Another method of transforming extended bilayers into vesicles is simple dilution. A positive bending energy
of the spherical vesicle is compensated, in a large enough
volume of water, by the negative free energy associated
with its entropies of translation and size distribution.
Budding, well-known from cell biology, is another,
dynamic method which could be envisaged to produce
vesicles. It requires a spontaneous curvature o f the

of onions, i.e. concentric spheres
of equidistant membranes.
Key words vesicles -- onion-like
membrane structures -- bending
elasticity

bilayer, which can occur only if the two monolayers composing the bilayer, including the adjacent solutions, are
out of thermodynamic equilibrium with each other.
In the following we consider vesiculation, in particular
spontaneous vesiculation, and we concentrate on
theoretical aspects. Apart from referring to existing
theory (a fair review would require more time and space),
we will propose a new theoretical model for "onions".
Simons and Cates [2], who introduced this graphic name
for multilamellar vesicles, were the first to deal with
onions in thermodynamic equilibrium. Unlike these
authors, we will assume the bending energies of the
spheres to be negative.

Bendingenergies
In order to express the condition for spontaneous
vesiculation in terms of curvature elastic moduli, we start
from the usual formula for the bending energy per unit
area of fluid bilayer
1
g =-KJ

2 + RK.

(1)

2
Here, J = cl + cc and K = Cl c2 are the total and Gaussian curvatures, respectively, with cl and c2 being the
principical curvatures, K is the bending rigidity and ~"
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the elastic modulus of Gaussian curvature. Equation (1)
holds for the symmetric bilayer, the two sides of which
are by definition equal or, more precisely, in thermodynamic equilibrium with each other. According to
(1), the bending energy of a spherical vesicle is
Esph

=

4 7r (2 I< + k) ,

(2)

while all other closed shapes have larger energies.
Vesiculation will be called spontaneous when Esph is
negative, i.e., 2 x + ~ < 0. Since K > 0, without known
exception, a sufficiently negative R is required for spontaneous vesiculation.
Whenever the condition of spontaneous vesiculation is
satisfied, the bilayer may be expected to split up into
smaller and smaller vesicles. Obviously, Eq. (1), being
quadratic in the principal curvatures, does not tell us
where this process stops. The fact that there is a limit can
be taken into account, in a natural but approximative
way, by adding to (1) a quartic term [3]. For the surface
of a sphere of radius r, we may write
1

/¢'
+--

r~

r4

g = (2K + ~ ) -

(3)

and
Esph

=

(

4 ~r 2 x + t? +

,

(4)

where to' is positive. Assuming a population of spheres
of equal size, we have the total bending energy
--; 2 x + R +
r

(5)

with A being the total bilayer area. The radius r*
minimizing this energy obeys
(r*) 2 -

2K'

(6)

2tc+k
In the ease of a negative K', a positive energy term of
order 1/r 6 could stabilize the size of the vesicles.
The bending rigidity K has been measured for
biological model membranes, i.e. lipid bilayers, and for
the bilayers of standard surfactants which in microemulsions form monolayers between hydrocarbon and water.
Lipid molecules usually possess two hydrocarbon chains
between 14 and 18 carbon atoms long and their bending
rigidity is typically (0.5--1)
10 -z9
J at room
temperature, i.e. at k T = 4 • 10-21 J [4]. The bilayers of
standard surfactants, having a single, relatively short
hydrocarbon chain, are more flexible with bending
rigidities near or a few times k T [5]. Another way of
lowering the bending rigidity is to mix surfactants of different spontaneous curvature [6]. As a rule, the bending
rigidity is determined from the mean square amplitudes of

individual thermal undulation modes or collectively from
the storage of area by all undulation modes as a function
of lateral tension. The higher flexibility of the bilayers of
standard surfactants agrees with the finding that they are
more easily broken and resealed than lipid bilayers.
The modulus of Gaussian curvature has no effect on
thermal undulations as its integral over a closed surface
depends only on the genus of the latter. It has been determined indirectly from the shape of pierced unilameUar
lipid vesicles [7] and, for monolayers, from phase
equilibria between an interface and one or two bulk
phases [8]. There are no measurements of the fourth
order modulus K'.

Spontaneousvesiculation
On the sole basis of bending energies, one expects a
multiply self-connected bilayer (e.g., a cubic phase) for
0 < k, a planar multilayer system f o r - - 2 x < £ < 0,
and vesicles for ~ < --2 x [8]. Since x is generally
positive, it is mainly the sign and magnitude of k that
determine the topology of a bilayer. The modulus of
Gaussian curvature, although hard to measure, has a simple physical meaning. It is the second moment of the
stress profile s (z) of the flat bilayer [10],
k = I z 2s(z) clz,

(7)

z being a coordinate normal to the layer. This relationship
is valid if the zero and first moments vanish, which are
lateral tension and the (negative) product of spontaneous
curvature and bending rigidity, respectively.
As the stress profile of the flat symmetric bilayer is
mirror symmetric with respect to the bilayer mid-plane,
it is sufficient to integrate (with z = 0 at the mid-plane)
over the upper monolayer. Its stress profile may be divided into two or three parts. First, the region of the
hydrocarbon chains which, because of their parallel
alignment, produce negative stress (push). Second, the
hydrocarbon/water interface with a @-function-like
positive stress (pull). Third, the region of the polar heads
of the amphiphilic molecules and beyond. The last region
may be negligible if there is little repulsion between the
polar heads because they are electrically neutral and of a
smaller cross-section than the hydrocarbon chains.
However, it can be predominant in (7) if the heads are
thick and, particularly, if they are charged and facing an
aqueous medium of large Debye length. These are the
situations in which spontaneous vesiculation has, in fact,
been observed.
The monolayers have a spontaneous curvature J0 and
a surface of inextension at a distance +z0 from the
bilayer mid-plane. Using these quantities, one can
transform (7) into [1 1]
/~ ~--- 2 (/~m - - 2 Z0 Km J0)

,

(8)
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where the monolayer moduli are marked by the subscript
m and x,, = (1/2)x. The relationship indicates that
spontaneous vesiculation can be brought about by a sufficiently positive monolayer spontaneous curvature.
Monolayer curvature is counted positive when it is convex toward the water.

9

The contributions of electrostatic double layers to the
bending moduli are extremely variable. Moreover, they
can be calculated, with certain reservations to be mentioned at once. The results obtained in Debye-Hiickel
[12--14] and Poisson-Boltzmann approximation [15--17]
are plotted in Figs. 1 and 2 versus surface charge density
for various Debye lengths. They were computed on the
assumption that the (uniform) surface charge and the surface of inextension coincide with the hydrocarbon/water
interface. Both elastic moduli are modified by surface
charge and the increase of x is always larger than the
decrease of k in Debeye-Hiickel theory. Fortunately, at
high but attainable surface charge densities and fairly
small Debye lengths, Poisson-Boltzmann theory predicts
the electrical part of --tic to be several times that of K.
Specifically, the negative electrical contribution to k can
be so large that the condition for spontaneous vesiculation, 2 x + k < 0, is satisfied even for lipid bilayers. Inspection shows, in addition, that k is likely to be larger
than given in Fig. 2. This is because the surface of inextension of the monolayer is probably not at the interface
but somewhere inside the layer. A precise theory is complicated because the negative lateral tension produced by
the electric double layer has to be compensated by a
positive "mechanical" tension. We know neither the
stress profile of this compensating tension nor its effect
on the "mechanical" part of bending elasticity. It is commonly implied (but not stated) that the compensating
stress resides in the surface of inextension and has no effect on mechanical elasticity.
Spontaneous vesiculation has been known for some
time, but the reason for it was not clear. One of the early
methods of detecting small vesicles was NMR [ 18]. Electron microscopy was also used early on [19]. More recent
investigations determine phase diagrams and characterize
the phases by means of electron microscopy. Perhaps the
first of these is a study by Kaler et al. [20] who examined
mixtures of cetyl trimethylammoniumtosylateand sodium
dodecylbenzenesulfonate. When dissociated in water, the
salts are oppositely charged surfactants. There are two
vesicular phases at dilutions of less than 5 wt % of surfactant with miscibility gaps towards lamellar phases at
lower dilutions. No vesicular phase was found near the
equimolar line of charge neutrality. We think that the
vesiculation was spontaneous and induced by surface
charge. However, its absence at charge neutrality might
also be due to the formation of an insoluble 1 : 1 complex
of the two surfactants [20].
Subsequently, Hoffmann, Meyer and coworkers identified spontaneous vesicles in a ternary system containing
dodecyldimethylaminoxide as surfactant and hexanol as
cosurfactant [21]. Increasing the cosurfactant concentration at fixed surfactant content, they found a continuous
range of lamellar phases. Small unilamellar vesicles were
followed by onions, a mixture of onions and extended
bilayers, and finally extended bilayers only. The phases
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Any planar multilayer system may be expected to split up
into vesicles at sufficient dilution because of the entropies
of translation and size distribution. In practice, the
sponge phase (L3 phase) was found to intervene in ternary or quasi ternary surfactant/water systems before the
vesicular phase was reached upon further dilution at a
bilayer concentration of about 1 wt % [27, 28]. This is
surprising because at lower dilutions it is only the bilayer
composition that controls which of the phases exists. A
possible reason for the preference of the sponge near the
vesicular phase may be an easier accommodation of interspersed vesicles (especially the larger ones) in the
sponge than in the planar phase. (Also, the (local) coexOther pathways of vesiculaUon
istence of the sponge with small vesicles will be
associated with a partial demixing of surfactant and
There are several ways of generating usually spherical cosurfactant. Both effects could help to explain why the
vesicles even when the bending energy of the symmetric L3 phase bends around the tip of the planar phase in the
bilayer is positive. The most common method in water corner.) Two theories have been proposed for the
biochemical studies has been sonication since the advent phase transition from sponge to vesicles. One is based on
of suitable sonicators. The bilayers are torn up by the the Ising model and allows a second-order phase transisound waves and their patches close again because of the tion [29, 30]. The other is in terms of a first-order phase
high edge energies of most bilayers. The size of the transition from the sponge to the vesicular phase, the benvesicles thus obtained decreases with the strength and ding energy of the vesicles being significantly larger than
duration of sonication, the limiting vesicle radius being k T at the transition [31].
about 10 nm. Lipid vesicles of this size are usually highly
stressed, i.e., the bending energies per unit area are very
large, and this makes them susceptible to mutual fusion
and aggregation (the latter being, perhaps, due to semifu- Properties of vesicles
sion, i.e. fusion of the outer monolayers).
Another way of enforcing vesiculation is to squeeze a
(lipid) dispersion through an extruder with a pore size
The membranes of lipid bilayer vesicles are usually not
needed to generate vesicles of the desired radius [22].
A rather gentle method to induce vesiculation despite in thermodynamic equilibrium. The exchange of lipids
a positive bending energy of the symmetric bilayer is to between the membranes of different vesicles is known to
destroy the symmetry, at least temporarily, by producing be very slow, with relaxation times up to hours or days.
a spontaneous curvature. This will give rise to the forma- Rupture of lipid bilayers usually requires high lateral tention of buds, i.e., spheres connected to the rest of the sion, and thermally excited pores seem to be very rare.
bilayer by a narrow constriction. If the buds break off Therefore, the number of vesicles is constant or changes
they become vesicles. A special kind of budding is that of very slowly. Equilibration including changes of topology
smaller vesicles from a larger one. The formation of buds appears to be much faster with the bilayers of ordinary
up to the fully constricted state has recently been studied surfactants, but the various relaxation times remain to be
in great detail on the theoretical side [23--25]. In ex- measured.
Even when the number of vesicles cannot change,
periments with lipid bilayer vesicles, the spontaneous
their
sizes will obey a size distribution function, provided
curvature needed to induce budding was obtained by
there
is a free exchange of surfactant molecules within
changing the temperature [26]. Another means of producand
between
the bilayers. In dealing with size distribuing spontaneous curvature would be an exchange of the
tions,
we
assume
for simplicity that the bilayer consists
outer aqueous medium. A difference in aqueous media
of
a
single
species
of amphiphilic molecules. The
has been invoked to explain the vesiculation from
distribution
function
is
easy
to calculate if the vesicles are
multilayer systems of suitable lipid bilayers that followed
unilamellar
and
spaced
wide
enough to behave like an
a change of pH [18]. However, it was also pointed out
ideal
gas.
It
is
of
a
universal
shape if, in addition, the
that spontaneous curvature is not necessary if the
vesiculation is spontaneous. It is difficult to imagine that vesicles are on average so large that the bending energy
the mechanism of budding transforms a whole multilayer of the spheres is not affected by the fourth-order term in
(3). The size distribution w (N) then takes the form [3]
system into vesicles.
A positive vesicular bending energy does not rule out
(9)
the existence of vesicles in thermodynamic equilibrium. w ( N ) - N e +aN/~T ,
occurred in a triangle extending into the water corner far.
Across miscibility gaps, they were accompanied by a
phase of cylindrical micelles and a disordered multiply
self-connected bilayer (sponge o r L 3 phase) at lower and
higher cosurfactant concentrations, respectively.
Although surfactant and cosurfactant are electrically
neutral, there seems to be a strong steric repulsion between the surfactant polar heads in the flat layer before
their spacing is increased by intercalated cosurfactant
molecules.
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where N is the number of amphiphilic molecules forming
the vesicle membrane and 2 ( < 0) is the chemical potential. The factor N in (9) stems from a dependence of the
effective bending rigidity K on the number N of molecules
in the bilayer [3, 32]
kT

I¢ = X o - - - - l n - .
8rt

N

(10)
2

Here, K0 is the bare bending rigidity which would be
valid in the (hypothetical) absence of thermal undulations. Other authors derived a logarithmic correction of
K [33] which is three times that in (10) and an analogous
correction of R [34] which we did not find. Adopting their
numbers would yield in (9) N 3/4 instead of N for the factor before the exponential function. If the vesicles are
small on average, the fourth order term in (3) may have
to be taken into account with a positive sign [3]. This
sharpens the size distribution by suppressing the smallest
vesicle sizes. The chemical potential ;t in (9) takes the
value that conserves the total number of surfactant
molecules.
If the number of vesicles is free to change, the same
types of size distributions derive from minimizing the
total free energy under the constraint of a fixed total
number of molecules [35]. The total free energy is the
sum of the free energies of the different vesicle sizes.
Each free energy contains the bending energy (2) or (4)
corrected according to (10) and a contribution due to
translational entropy. The latter may be expressed by
V
--kTln

(11)

--,

Ys giN

where nN is the number of vesicles of size N, v, the
volume of a surfactant molecule and V the total volume
of the surfactant/water system.
We remark that the total energy need not be negative
for the vesicular phase to be stable since the competing
phases, the planar multilayer system or the sponge phase
can have positive free energies. If van der Waals and
electrostatic forces are negligible, as should be the case
for dilute systems with a small enough Debye length,
there is only undulatory interaction in the planar
multilayer system. Its energy per unit area is
g.,,d = 0.2

(kT) 2
KZ 2 '

where z is the mean membrane spacing. Logarithmic corrections of this formula and the more complicated case of
the sponge phase are treated elsewhere [31].
Even stiff membranes (K > kT) will form vesicles if
the vesicular bending energy (2) is negative. Let us start
from the planar multilayer system to discuss this situation. If r* as given by (6) is on the order of the mean spacing z, loosely packed unilamellar vesicles of this radius
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can take up all the available bilayer area. However, close
packed onions seem a better solution whenever r* ,> z.
In order to estimate the size of these onions, we now
make the following three assumptions. First, the mean
stacking period p in the onions is uniform and the same
as in the original planar multilayer system. Second, all
onions are of equal size and the deviations of the outer
skins from sphericity in a close packed array are ignored.
Third, any entropies of translation and size distribution of
the individual onion skins are neglected. (One reason for
this neglect is the fact that in a multilayer system the local
fluctuations of membrane density are part of the undulations and cannot be treated separately.) With these
simplifications, the total bending energy of the system
may be written as
4 r t ( 2 x + £)m + 4r~ p2

4rt
-

(mp) 3

(,1

-

3

1 +-

4

+ ....

+

9

;)]

(12)

where m is the number of skins in each onion. Restricting
ourselves to m -> 1, we replace the finite sum by
1 _ rt2
2 m2
(13)
m=I
6
Minimizing the total energy (13) by varying m then leads
to
rc2

m -

x'

1

4 2x + Rp2

rt 2 (r*) 2

-

8

p2

'

(14)

where use is made of (6). The result suggests that the
onion size diverges as the negative energy 2x + R approaches zero.
Multilamellar vesicles with many equally spaced shells
have, in fact, been seen in electron microscopy [21]. The
equal spacing points to the effect of undulatory interaction. (The smoothness of the membranes seen in the pictures is probably an artefact resulting from membrane
area contraction during the rapid cooling [36].) A strong
repulsion between membranes is needed to avoid "empty
shells" in the center of the multilamellar vesicle where
the positive contribution of the quartic term to the
vesicular bending energy is largest. A primitive criterion
for the filling of the/-th shell is provided by the inequality
2x + k
12p 2

x'
+ ~

(kT)=
< 0.2 K z2 ,

(15)

which displays the bending energy (3) and undulatory interaction energy (10) per unit area on the left and right,
respectively. When the first term is omitted, which seems
reasonable for the smallest shells, (14) becomes
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K p2

(16)

for dilute systems with practically z = p. Estimating
(x'/K) 1/2 to be on the order of 10 nm, we find it possible
to satisfy the criterion for the innermost shell (l = 1), e.g.
with x --~ kT and p -> 10 nm. Note, however, that for
onions with 30 or more skins the negative bending energy
per skin will be less than kTfor ~c, Ikl on the order ofkT.
It is easy to see that the size of the onions decreases
dramatically if the innermost shell is not filled, which
amounts to dropping the first term in the series (12). To
generalize the theory, one has to take p to be variable and
express the total bending energy in terms of the radii of
the outermost and innermost onion skins. We refrain
from this exercise in view of many other uncertainties.
For instance, the nonspherical shapes of the outermost
skins, because of their additional bending energies,
should cause the phase transition from the onion phase to
the planar multilayer system to be discontinuous.
The first theory to explain the existence of onions was
developed by Simons and Cates [2]. These authors considered onions with slightly positive bending energies.
They omitted nonharmonic terms but took into account
the logarithmic dependence of the bending energy on
vesicle size and the entropies of translation and size
distribution, focusing on the case of two to five skins.
Our theory may be regarded as complementary to theirs.

How to encapsulate
If spontaneous vesiculation is to be used for encapsulation, some problems may arise from the dynamics of the
shape transformation. Let us consider planar bilayers
which have been charged (e.g. by a new pH) or changed
in composition (e.g. by withdrawing cosurfactant) so that
the vesicular bending energy becomes negative. The formation of vesicles can still be hampered by energy barriers. For instance, creating a spherical bud connected by
a narrow constriction to the rest of the bilayer requires the
energy 8 x K which is positive although 4 x (2 J¢ + R) is
negative.
Fortunately, a strongly negative modulus of Gaussian
curvature favoring vesiculation is likely, because of (8),
to be associated with a large positive monolayer spontaneous curvature that lowers the energy of bilayer edges.
The resulting "brittleness" of the bilayer has been revealed by electron micrographs of onions. In some systems,
the vesicle membranes were perforated or looked like
skeletons [21]. A brittleness of those bilayers may also be
anticipated on experimental grounds since the vesicular
phase is accompanied, on the side of lower cosurfactant
content, by a phase of cylindrical micelles. Generally, a

bilayer edge should be similar in structure and energy to
one half of a cylindrical micelle. The brittleness of the
bilayer should lower the energy barriers of vesiculation,
permitting it to proceed, e.g., via the formation of bilayer
patches which recombine and close to form vesicles. (Patches of perforated bilayer as intermediate, unstable structures seem natural if the vesicles originate from cylindrical micelles.)
Vesicles made of brittle bilayers will be leaky. In
order to keep encapsulated material inside, they must be
sealed. This can be accomplished by changing the conditions again so that the planar state is preferred over
vesicles. The change may have to be rapid in order to prevent the formation of large onions or flat bilayer.

Conclusion
We have listed possible pathways of vesiculation and considered in some detail spontaneous vesiculation as defined
by a negative bending energy of the bilayer sphere, i.e.,
4x (2 K + R) < 0. To meet this condition, a generally
positive bending rigidity, x, has to be overwhelmed by a
negative modulus of Gaussian curvature, R. Recalling
that k equals the second moment of the stress profile, we
discussed surface charge and, more generally, monolayer
spontaneous curvature as means to achieve a strongly
negative ~?.
The possibility of tuning R is not the only advantage
offered by mixed bilayers. Another is a decrease of the
bending rigidity which arises when the surfactant
molecules differ by their monolayer spontaneous curvatures [6, 37]. It reflects an adjustment of the local surfactant concentrations to the local monolayer curvature
or, so to speak, of spontaneous to actual monolayer curvature.
In addition, the possibility of demixing favors phase
separation. The coexistence of micelles and bilayers in
two separate phases has recently been explained in terms
of the demixing associated with differences in monolayers curvature [38]. A significant demixing in the same
phase between small vesicles and extended bilayer, planar
or sponge, could upon up new ways of controlling spontaneous vesiculation.
The present treatment of "spontaneous" onions contains several simplifications, among them the concept of
fixed equidistant "shells" and the neglect of deviations of
the onion skins from the spherical shape. There are many
questions which remain to be addressed. For the purpose
of encapsulation, it could be interesting to find surfactant
bilayers forming onions with a hollow interior, i.e.
several empty shells.
Acknowledgement I am grateful to M. M. Kozlov for discussions.
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Physico-chemical aspects
of zeolite-A synthesis
and application for environmental
safe detergents

substances like perborate or peracids.
Abstract Synthesis of zeolites is
Appearance of huge quantities of
characterized by a long lag
zeolite in the environment (precostal
crystallization period. However, this
and sludge fertilized field) might
period is not dead; many
have negative side-effects. However,
precrystallization processes are
results with six microorganisms
active, leading to nucleation,
followed by rapid crystallization. The (Staphylococcus aureus -- gram
positive, Escherichia coli -- gram
most lag-active species are
negative, Bacillus subtilis,
complexes of aluminum and, to a
lesser extent, silicium and sodium. If Thrichophyton mentagrophytes,
these complexes are exposed to non- Candida albians and Aspergillus
fumigatus) show significant
equilibrium conditions or outside
bactericidal effects. The effect is
stress, modified zeolite-A can be
highest for the dangerous
obtained. This zeolite has a few
Thrichophyton mentagrophytes fungi;
properties important for surfactants:
already 0.1% of zeolite suspension at
significantly higher rate of Caz÷
20°C is sufficient. In this respect,
exchange, lattice windows large
and due to high affinity for heavy
enough for Mg:÷ binding (21 mg
metals, zeolite suspension at 20°C is
Mg2÷ per g zeolite) and increased
sufficient. In this respect, and due to
sorption capacity for nonionics and
the high affinity for heavy metals,
co-polymers. -- In connection with
zeolite behaves as an environmental
trends (compact detergents) the
cleaner. Results with different algal
outside zeolite surface area plays an
species are not conclusive within the
important role. Only under nonlimited laboratory period of
equilibrium conditions can zeolite
examination that has been conducted.
synthesis lead from low (1.3--2.6
m2/g) to high surface area (9--12
Key words zeolite-A -- synthesis
m2/g). Modification can also be
-- impure raw material -- particle
made, respective catalytic or
size -- ion exchange capacity
inhibitory properties for bleaching
-

D. Vu~elid
Belgrade University,
Faculty of Physical Chemistry
and Institute of General
and Physical Chemistry,
P.O. Box 550,
Studentski trg 16,
Belgrade, Yugoslavia

Introduction
Although less than 20 years have passed since the first
patents [1, 2] of zeolite-A as inorganic builders, its usage
in laundry detergents reached 1.1 million tons in 1993,
and is still growing [3].
Zeolite-A synthesis in the laboratory was known long

-

before its usage in detergents [4]. Being in crystal form,
it seems that physical properties should be stable and
unchangeable. Based on that, in the beginning,
involvement of zeolite as insoluble material in washing
powder demanded significant changes of detergent
formulations. As formulations became more sophisticated
and new trends appeared (compact detergent) new
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physico-chemical characteristics of zeolite itself were
needed. Fortunately, zeolite-A properties can be varied to
some degree, not only during synthesis, but also in the
processing (filtration and drying), so these requirements
have been achieved. This is especially valid for two important factors: rate of exchange and crystal-surface.
Many papers and an extensive review [5] of zeolite
cleaning action and zeolite-based detergents have been
published. Surprisingly, in spite of millions of tons of
production, except for craftsmans patents, very few
papers and no review of synthesis from this point of view
have been published so far.
There are two, basically different, syntheses: solutehydrothermal and precrystallization of solid kaolin (or
other natural aluminosilicates). The latter, due to difficulties in obtaining high quality, has not been used in
Europe (and only partially in the USA) and is not discussed in this paper. Readers are referred to papers [6--10].
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OH

I

NaO~Si--OH

I

and tetrahedral aluminate:

OH
OH
I
HO--A1--OH
I
OH

Na ÷ ,

an aluminosilicate gel is precipitated. Crystallization
begins after a long "induction time," from 1 to 20 h,
depending on the experimental conditions (temperature,
A1203, H20 and SiOz concentrations).
There are two basic hypotheses about a possible mechanism:
Gel hypothesis

Mechanisms and kinetics of hydrothetmal
zeolite-A crystallization
From the chemical point of view the reaction is very simple; mixing silicate- and aluminate-solution in excess of
water leads to small zeolite crystals of fixed
stoichiometry. If the silicate-solution is water glass with
a ratio SiO2/Na20 of 2 (very common in detergent
zeolite production) and aluminate-solution obtained from
AI(OH)3 dissolution in NaOH (also usual) with a ratio
Na20/AI203 of 2, the chemical reaction can be presented
in a simple way:
Na20 • 2 SiO~ (aq.) + A l z O 3 " 2 Na20 (aq.)
H2Q~. Na20 • A1203 • 2 SiO2(~yst.~ + 2 Na20 (aq.) (1)
Equation (1) is very useful for many purposes:
a) analytical determination of all reactants is presented in
oxide form;
b) stability of aluminate solutions depends on
Na20/ALO3 ratio;
c) crystallization field is determined within the
NazO/AI203/SiOjH20 ratio;
d) some properties such as crystal size, exchange rate,
and induction period are sensitive to some ratio.
Factors a, b, and c are important for production, and for
the application properties. Species from Eq. (1), of
course, do not exist in solution. For the crystallization
mechanism, reaction with real species should be
presented. In an ideal case, when waterglass consists of
monomeric species only, the reaction is given by:
NaH3SiO4 (aq.) + [AI(OH)4]-Na + (aq.)
H2_o Na[A102 • SiOz] • 3 H20~t.) + Na + + OH- .

Flaningen and Breck [11], Flaningen [12], McNicol et al.
[13]. Nucleation "precursors" are slowly formed during
gel ripening (induction period). Once formed through
reorganization of silica- and alumina-tetrahedral units,
they initiate the nucleation process followed by rapid
crystallization and crystal growth embedded in the amorphous gel matrix. The possibility of crystallization directly from the gel without liquid phase [14] gives strong support to this hypothesis.
Liquid phase hypothesis
First proposed by Barrer [15] and Kerr [16, 17], and later
by many others [18], nucleation is the result of
polymerization of aluminate-silicate-tetrahedral and
possibly more complex ions in the liquid phase. When the
"current" of nuclei exceeds a critical size, fast crystal
growth starts, supplied continuously with silicate and
aluminate units from gel dissolution. Aluminosilicate
species found in solution by Raman and 29Si-NMR spectroscopy [19--21] and the possibility of obtaining zeolite
directly from liquid phase, omitting gel stage [22], favor
this concept.
At present, there is an inclination towards liquid phase
crystallization, although, no doubt, both mechanisms appear simultaneously or consecutively, or one of them
dominates depending on crystallization conditions.
Industrial processes always occur with overlapping
mechanisms and a significant role of gel/liquid interface.
The typical example is an early production process.
Waterglass and aluminate-solution are simultaneously
mixed at 90°C with ratios of:

(2)

(2.8--3.1)Na20:A1203:2 S i O 2 " (70--100) H20. Under
these conditions the following results were obtained:

Although the chemical reaction given by Eq. (2) seems
quite simple, the underlying mechanism is very complex.
Immediately after mixing tetrahedral silicate monomers:

a) Amorphous gel is surprisingly stoichiometric: SiO2/
A1203 = 2.3 which corresponds to the fusion of 7
silicate with 3 aluminate tetrahedra. NazO/Alz03 ratio
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Scheme 2:
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Fig. 1 Changes in A1203/SIO2 ratio in solid-phase and ion exchange capacities (IEC) during zeolite-A synthesis. (Conditions:
Na20/AliO3/SiO2/H20, 3.6/1/2/108 at 80°C simultaneous mixing)

,

is always close to 1 and sodium can be temporarily
released with water addition followed afterwards by
fast auto adjustment to the previous value. Aluminum
ions can be also washed out, but not so easily as
sodium.
b) Around 15% of AI203 and 2% of SiO2 are left in bulk
liquid. These concentrations are stable dring the induction period.
c) The induction period lasts for about 2.5 h, followed by
fast crystallization ( - 40 min). Before the crystals are
large enough for the appearance of an XRD pattern
there is an increase of ion exchange capacity (IEC), so
this can be used as a sensitive indicator (Fig. 1).
d) Beginning of crystallization is marked by fast decrease
of aluminum concentration in solution (decrease in
A1203/SIO2 ratio) and increase of IEC, Fig. 1 (also
Figs. 2 and 3). When the concentration of Al-ions in
solution drops or IEC increases to 60--70% of their
final values there is always a small increase of silicate
concentration in solution (2--5 % of total Si present),
marked in Fig. 1 with two arrows.
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Fig. 2 27AI-NMR spectra in the course of synthesis. (NMRBruker MSL 400 MHz. Synthetic conditions as in Fig. 1)
Under these conditions the concentration of Si in solution is too small for observation by NMR, so only 27AINMR can give as much information about solution as
solid phase. The results are shown in Fig. 2. In solution,
only one sharp line belonging to monomeric tetrahedral
aluminium exists (the same is true for 295i n o t shown).
The intensity of this aluminum is decreasing, following the
patterns in Fig. 2. The very broad peak (59 ppm) belongs
to amorphous tetrahedral Al-from the gel. In the course of
the action, this peak became narrower and shifted to 58.3
ppm, which is typical for tetrahedral zeolite aluminium.
During the whole process (except maybe immediately after
Si increase in solution) alumino-silicate species in solution
were not found. It confirms that the process is going within
gel phase and if solution crystallization exists, it amounts
to only 2--5 % of total yield.
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tetrahedra]- without contribution to M0. In zeolite
cavities sodium ions became mobile, especially in the
presence of water [23, 24], thus contributing to M0.
c) Behavior of the proton is very peculiar. Initially, there
are changes in the proton T~. Just before or when the
crystallization starts, the proton is inactive. During
rapid crystallization protons are again involved
significantly. A very acceptable explanation is as
follows. During gel ripening (reorganization, growth)
many hydrogen bonds are broken and formed. This is
a real induction period during which nucleation
precursors are formed. In the nucleation period many
nuclei are formed without involvement of hydrogen
bonds. Finally, when crystals of significant size start
to grow, water entrapped in cavities starts to form a
few ordered complexes known as zeolite water by formation of many hydrogen bonds with lattice oxygen
and coordination with sodium [25].
Surface hypothesis
Based on the presented results, the major steps in the
mechanism given by simple chemical Eq. (2) can be
followed:

Fig. 3 Trrelaxation time and concentration of different nuclei in
the course of the zeolite-A synthesis. 1H-1H-NMR;
Z3Na-23Na-NMR; 27AI-27A1-NMR (synthesis conditions as in
Fig. 1). The method is based on fast conversion from 7"1 measurements to measurements of intensity of NMR signal M. At the zero
time signal is dynamically cancelled so, above, abscissa intensities,
and below, changes in relaxation T~ are obtained

Using a special pulse sequence of T~-relaxation time
it is possible to monitor in milliseconds changes in the immediate surroundings of all nuclei in solution except Si
(low sensitivity). Results are shown in Fig. 3. Three main
conclusion are obvious:
a) There are changes in T1 for all three species, during
gel ripening. This is possible only if species in solution
are in equilibrium with the gel during its reorganization processes. Equilibrium is fastest with large gel
surface area, where, due to lowest free energy and
flexibility of end chains, first crystallization nuclei
occur.

b) Crystallization affects both T~ and concentration of
corresponding species in solution. The decrease in A1ions corresponds to the chemical analysis. The increase in sodium concentration is an apparent one,
because chemical analysis showed no changes in
sodium concentration. The apparent increase is the
contribution of sodium ions from the zeolite cavities.
In gel, sodium is strongly fixed in proximity of [AI-

1) Gel "building blocks":
Mixing waterglass and aluminate solutions under the
above conditions in many experiments always led to an
average SIO2/A1203 ratio - 2 . 3 3 . This demonstrates
the existence of gel "building blocks" with the same
average ratio, but randomly ordered (amorphous), of
size 100--300 ,~ [12]. Many ring structures must exist
because crystallization with Li + and Na + takes place,
but not with larger K +. The surface part of these
"building blocks" is represented in Scheme 1.
The structure is porous because fast exchange between
protons from H20 and all sodium in the gel exists.
Under the above conditions, most free Si-O are protonated conversely, aluminate tetrahedra in the gel are
almost fully deprotonated and compensated by Na +
(Na20/A1203 ratio being 0.8--1). Links between
"building blocks" consist of weak (hydrogen bond of
Si-OH) and strong (SiO2) bridges. The latter are very
probably responsible for the higher level of silica in
the gel (SIO2/A1203 = 2.30). The former are the
markers for the building block growth. (There are
numerous proofs, for example when Na20/H20 ratio
is increased, there is deprotonation of Si-O-H groups
slowing building block growth, which leads to smaller
zeolite particles at the end). Under different conditions, the first step, of course, will lead to different
"building blocks" (some of them very peculiar).
2) "Precursor" step:
This is the main event in the basic theories of firstorder phase transitions, not only in crystallization of
zeolite-A. Like the "computer simulation method," in
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the gel it is also an trial-and-error probe as detailed
below. In solution, due to the high mobility of ions,
many structures with different potential and free
energies are formed within very short time (nano or
pico second scale).
The interaction of species leads to a potential energy
representing an ordered "precursor", the future
crystal structure. The probability of finding hundreds
of ions in the right positions in "one shot" is negligible. Any structure needs time to reorganize. However,
high surface energy (disorder force) tends to cause
dissolution, without giving time for complex
reorganization and growth. Lifetime of a complex is
related to the ratio between AEi(prec.)/AEi(surf.), Eq. (3)
[261.

ri - A exp

AEi(prec.)]
k mEi(surf.)d

(3)

AEl(prec.) =

E~o~-- E~ = AE (interaction or potential
energy of level "i" in precursor)
Esol. = (energy of species in solution);
AEi~urf.) = surface energy of corresponding complex.
= frequency factor.
A
This equation and the simplified model, schematically
shown below, give a general idea about mechanism of
"precursor" formation.
In a single "time shot," a few species are linked
together. Interaction energy depends on their number
and the correctness of their positions. The more of
them, and the more of them in good positions, the
greater is the drop in potential energy, the longer is the
life time of the complex. Free surface energy decrease
with increasing number of complex members leads to
additional prolongation of lifetime. In this manner, r
behaves as a self-trial-and-error probe. Short r, "big
error," leads to fast dissolution. The longer r, the
longer is the supply of energy and species from solution, so the complex might eventually grow to reach a
critical size, after which the whole process becomes
spontaneous.
However, long r does not exist in solution, because of
extremely low probability of achieving a high number
of constituents and a high number of them in good
positions by the random process. In this model,
"precursor" represents a complex with species in the
right positions with long enough time r to get
necessary energy and material (from surroundings) to
reach the critical size for crystal nuclei.
Even though the number of "shots" is higher than
109--10 lz per second the induction period for such a
complicated structure as zeolite-A would be too long

in solution. On the other hand, due to the slow mobility of species within gel, "shots" do not exist; only
slow reorientation within building blocks is possible.
There is no problem with free surface energy, because
the energy of chemical bonds within "blocks" surpasses the free surface energy, but the induction
period would be too long or imperfect zeolites crystals
should grow.
Surprisingly except by Sand [27], the gel surface was
not considered as a phase for precursors to be born and
grow to crystallization nuclei, although it optimizes
both concepts. Among the amorphous structure of
"building blocks" some parts must be correct because
they correspond to maximum interaction. These unfinished but correct parts on the surface are the sites
with the highest probability for precursors to be formed. There are constant single "shots" of ions from
solution. Because the problem of free surface energy
dissolutions does not exist (similar to that for bulk
gel), correct species at the correct positions (highest
bonding energy) slowly but steadily build precursors.
The competition of species, with highest binding
energies, for the same site represent a self-sufficient
trial and error selection.
Structures of gel are much more spongy than compact,
so many precursor sites exist. The equilibrium of
SiOz (aq.) ~ SiO4 (gel) is shifted towards gel much
more than [AI(OH)4]- (aq.) -~ A1Oz (gel), indicating
stronger Si-O than A1-O bonds.
Consequently, surfaces of the "building blocks" consist of mainly the Si-O protonated end groups
(Na20/A1203 in the gel is always between 0.9--1. It
confirms domination of SiO end groups mainly
responsible for the gel SIO2/A1203 ratio 2.33). Shots
of aluminate and sodium ions from solution complete
"precursor" formation. Very probably, there is fusing
in space of many neighboring Si-O end groups, so that
there is not only formation of one precursor, but its
growth at the same time as well. The results from
Fig. 3, as well as the results from chemical analysis,
are in full agreement with this mechanism: small,
steady decrease of A1 in solution, no changes in
sodium, and nor or slight decrease of Si-ions
(chemical analysis). In these two steps, crystal
engineering, like genetic engineering, can be done.
Decreasing protonation on the end Si-O groups results
in smaller crystals and, consequently, higher rates of
exchange can be obtained. Additionally, the energy
field profile, at the bottom of the potential well shown
above, would bring significant changes in position and
binding energy of sodium. This will affect all three
key parameters: IEC, rate of exchange, and selectivity
of the final zeolite-A crystals.
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3) Nucleation step:
The growing precursors cause gel shrinking and
breaking of many bonds. If the size exceeds the critical
radius spontaneous nucleation begins. Aluminate-ions
from solution intensively support the nucleation process and the beginning of crystal growth. Both gel- and
solution-silicate participate in the nucleation process.
Only surface silicate between two nucleation sites
from the gel is released into solution.
In this step little or no crystal engineering can be done.
4) Crystal growth step:
Crystals from nuclei of the size - 1 gm,
supply of ions from solution, grow up
(Larger crystals are thermodynamically
During this step crystal surface and
modified.

with constant
to 5--6 gm.
unstable).
size can be

Kinetics:
Althouth the mechanism is very complex, kinetic
curves, usually S-shaped, can be given by a simple
equation [28]:
Z - - 1 - - e -~',"

(4)

Z = ratio between mass in the gel of time t (Z,) and
mass of the final crystals Zn, k and n are constants.
Zhdanov [28] proposed a model with nuclei formed in
the gel from solution precursor. Crystal growth is a
pure solution process. For the crystallization of
zeolite-A (conditions close to this paper) calculations
based on best fitted experimental data, n = 4 and k =
11.5 • 1 0 - 9 h -4, were obtained.

The basic factors governing synthesis
and physico-chemical properties of zeolite-A
As it was described above the mechanism of zeolite
crystallization is a very complex one based on several
steps each depending on both thermodynamic and kinetic
factors. It is not a big surprise that many of them govern
zeolite-a synthesis. The main physicochemical factors are
listed below:
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1) Composition of reactants
The crystallization field of zeolite, Fig. 4, has been
reexamined and changed singificantly [18] since
Milton's patents [4]. Compositonally, the ranges:
SIO2/A1203 2.06--6.8 and H20/Na:O 30--200 are
widely accepted at present [18].
However, Kostinko was the first, in his outstanding
paper [29], to recognize crystalline zeolite-A as a
metastable state and, consequently, bring "lifetime"
as a necessary parameter. Figure 5 shows real experiments and in Fig. 6 a scheme of the general time
behavior is presented. After 1 h, Fig. 5a, a mixture of
amorphous, zeolite-A and X exists. After 3 h Fig. 5b,
amorphous, zeolite-A and zeolite-A + hydrosodalite
(HS) coexist, depending on the Na20/SiO2 and
SiO2/Al:O3 ratios. Zeolite-A, depending on
Na20/A1203/SiOz/H20 ratio, can transform in time
into pure HS or X-zeolite, or mixtures of the two.
Transformation times decrease with temperature increase. Transformations of this kind, e.g., zeolite-A
--, HS can be achieved easily in less than 3 h. (Under
special conditions hydrosodalite can be less stable than
zeolite-A. In this process, in the course of the reaction,
HS is formed first and, subsequently, the synthesis of
zeolite-A is achieved via crystallization of HS. This
reverse transformation is very useful when low purity
raw material is involved. The production of more than
200000 t of zeolite ZIB-I in Bira~ between
1986--1991 was based on this reverse transformation.
Rather than using the crystallization field, it is better
to regard the influence of constituents in terms of the
acceleration/deceleration of crystal transformations.

Na20/Si02 influence:
The influence is the same as for the H20/Na20 ratio
(below), but less pronounced, especially when masked
by a strong HzO/Na20 effect or high temperature. It
is not strange because the Naa~ -~ HO--Si--gel
equilibrium is affected in both cases.

Primary effects
1) Composition of reactants. Na20/A1203/SiO2 ratio;
2) Influence of water. HzO/Na20 ratio;
3) Temperature.
Secondary effects
4)
5)
6)
7)
8)

The nature of the reactants and their pre-treatment;
Order of mixing;
Gel pre-treatment (low temperature of gel aging);
Reaction catalysts/inhibitors;
Seeding.

Na20

AI203

Fig. 4 Patented batch compositions for the synthesis of
zeolites-A, X, and Y. Coordinates expressed as mole percent
[41
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Many experiments confirmed the strong influence of
Na20/SiO2 ratio on PSD (particle size distribution)
and APS (average particle size). For SiO2/A1203 = 2
(waterglass in alkaline solution, T = 90 °C), a drop of
Na20/SiO2 from 2.0 to 1.2 is accompanied by APS
increase from 2.5 to 4.7 Ixm. The effect is depressed
at higher SiO2/A1203 ratios, but in all cases it is
significant, strongly supporting the role of Na20 as
an inhibitor of the growth of SiO-groups in gel precursors and during nucleation formation.
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Si 02/A 12Os:
The increase of SiO2 leads to an almost linear increase in reaction time, Fig. 7. The results are to be
expected because an enriched ratio of SiO2/A1203 in
the gel results in larger building units and, consequently, more time for precursor ordering (longer induction
time), and more silicate bonds to break (longer nucleation time). The increase of Na20/SiO2 ratio, as a
stronger effect, cancels the influence of SiO2/A1203
starting from 2.4, Fig. 7a. An increase in Na20 increases the number of Si-ONa end groups and so
smaller building blocks are formed, cancelling the effect of the SiO2 surplus in the gel. H20/Na20 does
not change the influence of the SiOJAl~O3 ratio as
much as the Na20/SiO2 ratio, indicating that the
overall influence of water is less an equilibrium but
more due to concentration increase of all constituents.
The influence of SiO2/AI20~ on PSD and APS is the
opposite to the Na20/SiO2. However, increase in the
SiO2/A1203 ratio over 2.2 leads to an opposite sharp
decrease in APS. Under these conditions, due to the
very slow kinetics of SiO~sol.) ~ (SiO4)~l~, a very
low amout of [ A I ( O H ) 4 ] - is left in solution and slow
precursor growth depends on slow gel reorganization,
so many small nuclei appear with a release of excess
SiO4 into solution.
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Fig. 6 Effect of reaction time on zeolite
phase transformation. Keys to symbols indicate species detected [29]
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2) H20/Na20 influence
This ratio has greatest effect on reaction time, Fig. 8 a
[30]. A decrease in ratio by twofold results in an
almost fivefold time decrease.
The results are in good agreement with the above
model. The equilibrium between Na20(sol.)
HO--Si--gel in which, when water decrease shifts
towards deprotonation of silicate tetrahedra, automatically producing smaller building units with many
Na-O-Si end groups in the gel. This results in fewer
groups to order, better developed gel surface (shorter
induction time); more small-sized precursors will lead
to more nuclei (shortening crystallization time). Both
effects are well illustrated by Fig. 8 a. The effects are
enhanced at higher temperature due to the increase of
deprotonation with temperature.
As well as reaction time, this ratio affects, in the same
way, the particle size distribution (PSD) and its mediana, Fig. 8b. The results are based on the same
mechanism as for the reaction time and represent additional experimental evidence for the above hypothesis.
3) Temperature
This is a pure thermodynamic effect, influencing all
the steps involved in the reaction time. An increase in
temperature leads to a decrease in reaction time, more
pronounced for the induction period than for the

OJO ' ~ ~ ,
I

°~,°°°°

5
crystal diameter [/u ]

1'0

Fig. 8 Influence of HzO/Na20 ratio on zeo]ite-A crystallization rate (a) and on crystal size distribution (b)

crystal growth rate. This corresponds to lower activation energies of formation of precursors and nuclei,
50 kJ/mol as compared to 76 kJ/mol for the crystal
growth rate [27], Fig. 9a [30].
Being a purely thermodynamic factor, temperature
should not affect PSD or mean size of crystals. The
results of Fig. 9b confirm the latter, but PSD became
narrower on the low size side, indicating involvement
of kinetic factors at low temperature.

4) Nature of reactants
It has been known for a long time that the source of
silicate component may significantly change the reaction time and the particle size, Fig. 10 [30].
Depending on its origin, 29Si-NMR revealed the existence of different silicate anions in solutions,
[31--33], Fig. 11 [33].
Silicate solutions consist of many forms: Q°-monomer
(A); Ql-dimer (B) or other end groups; Q~-cyclic
trimer (C); QLmiddle groups (D) of chain or cyclic
silicate anions; Q~-prismatic hexamers (E). The intensities (-concentration)) and linewidths (rate of

22

D. Vu~eli6
Physico-chemicalaspects of zeolite-A synthesis
ZeoLite

Zeotite A [%]

a)

80"C

100

~°"
I

SO

Si02-FillerlVulkosil)

60"C

70eC

100

I

A [%]

a)
[Alkalinity: H20/No20 : 20
Si02-Source : No-SilicateSolution
K20-Content: O]

-

BET-Surface /
C o ~ - Surface"

Si02-Filler(Durosil)

180 m21g
100 m2/g

ffS~,m2/g.,,"'"Z'88 m2/g
t 30m2/g¢.. -.."
11 m2/g

/

e

50-

/
/
/
/
oS /
ssS ../

/

~

/
=,"

~ I '
"

Si02-Gel

/

.."

(Alkalinity:
H20/Na20= 40
Ternpera'(ure:7 O* C

KZO--Content:
O)

o,,°"

Time I hours]
Time [hours]

N

N'~ "I O0

b)

N .100
No

--

b)

50-

SO"
A
~

80*

SiOTFille (Carman Surface: lOOm2/g)
ulkosil)

70"

~,~ Si02-Filler (C.Surf: 30m21g)
,/s ~(Durosil)

¢:.
e# .~*
p.,..-,"

,~o,,,"

.......... •.... Si02--Gel ( C.Surf: 11 m2/g)
............
"-%

%%~

~

%'%%

I

5

IfO

cresol diameter [p]

I'0

Fig. 10 Influence of SiO2 source on zeolite-A crystallization
rate (a) and on crystal size distribution (b) [30]

crystol diameter [p ]
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exchange between species) of these forms are quite
different for silicate solutions from different origins.
(There is strong deprotonation with temperature increase, enabling polymerization). The incorporation
of trimers or cyclic anions in gel will lead to many
wrong structures in gel building blocks, consequently
changing the reaction time and especially PSD.
Similar results can be obtained with identical silicate
solutions, but different Na20/SiO2 ratios, Fig. 12
[34]. Pre-treatment, heating or cooling over some extended time (which is always the case in production)
can seriously change the equilibrium of silicate
species. One non-practical example, but one showing
drastic changes, is shown in Fig. 13 [35].
On the other hand, the waterglass used in practical
production is shown in Fig. 14. This waterglass consists mainly of polymeric units: many end groups Q',
cyclic trimers Q~, with the dominant species being
cyclic tetramers Q2 and Q4Q3. Monomers represent
only 1--2 % of all units. For this kind of waterglass

the induction period is much longer in comparison
with waterglass in which monomers, dimers, and
single chain units are dominant.
Conversely to the complex behavior of silicate,
aluminate-solution is very simple, it consists of
monomeric units only and, so far, all attempts to prove
the existence of dimers have failed.
5) Mixing order
This is an important parameter because different starting gels are obtained. Gels formed by adding silicate
solution into aluminate and vice versa due to inhomogeneity, need more time in the induction period
than gels formed by simultaneous mixing, Fig. 15.
The former are more sensitive to the different kind of
impurities and should be avoided or used depending on
the situation.
Gels, also, are of different consistencies, which is important for equipment design.
6) Gel pre-treatment
Aging of gel at low temperature shortens reaction time
and decreases PSD and APS [28]. The mechanism is
compatible with the surface gel model. At low temperature, due to low reactivity, builiding blocks are
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Fig. 11 29Si-NMR spectra of sodium silicate solution Na:Si
= 2 at 20°C, obtained from different sources, a) From
waterglass solution Na:Si = 0.6; b) From amorphous silica
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smaller and the growth of precursor to a critical size
is slower, so many building blocks have time to
reorient and become "precursory." In that way, more
nuclei are formed and, consequently, smaller crytals
are obtained. However, although aging temperature
causes significant effects, it is too slow to be of practical use.

7) Reaction catalysts inhibitors
For a long time the influence of cations (inorganic or
organic) has been known to be of significant importance for zeolite crystallization. To a much lesser extent, it is valid for anions, too. The main consequences
are on: 1) type of zeolites; 2) reaction time; 3) crystal
properties: PSD, APS, morphology, habitus and
crystal surface characteristics. Except when cations
are "templates," the basic understanding of this influence is vague. Salting-out effects and chaotropic
properties of anions and cations have been proposed
[36]. The lyotropic orders similar to Hofmaster's
series were first reported as support for these effects
for ZSM-5 zeolite [37].

all
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-90

-100

Chemical shift,5 (ppm)
Fig, 13 29Si-Spectra of tetramethylammonium silicate as a

function of time after heating to 100°C for (a) 5 rain, (b) 2 h,
(c) 4.5 h, (d) 4.75 h. (e) 45 h [35]
Only a few papers exist about zeolite-A synthesis,
although it was found very early that K + ions can
seriously inhibit crystallization and PSD, Fig. 16 [30].
Anion effects ("active anion") have been published
[38]. The importance of different silicate anions was

24

D. Vu~eli6
Physico-chemical aspects of zeolite-A synthesis

a)

J

I
-70

1
-80

PPM

I
-90

I

-100

b)

Fig. 14 29Si-NMR spectrum of plant waterglass SiO2/Na20
=2

discussed above. It has been stressed (wrongly) that
for high zeolite quality only monomeric or dimeric
silicate anions are needed [39]. The ready availability
of relatively high purity materials (waterglass and
aluminum hydrate) was the main reason for the lack of
interest in this important area. However, half a million
tons of zeolite-A have been produced in alumina plant
(Bira~; know-how: Institute of General and Physical
Chemistry, Belgrade) from green liquor (Bayerish liquor) as a source of the aluminate component. This
process, unique at present, becomes important due to
very low production cost. The process is strongly affected and directed by different anions, cations and
complex organic molecules, the concentration of
which can be as high as 20 % or more. Depending on
the constituents, the process can go completely
through the liquid phase (large crystals) instead of
through the gel. Many new rules are valid and some
of the old ones are suppressed; for example, the influence of Na20/SiO2. In this process, even, where
the same high IEC and the same PSD are achieved,
XRDs are always different, indicating different cation
distributions within the zeolite cages, Fig. 17. A complex mechanism controls this kind of process, depending on the nature and quantity of foreign species.
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Beside strong "templating" and salting-out effects, the
competition for the binding sites in gel and sorption of
organic compounds both in the gel and in the crystals
are most important. Sorption leads to a decrease of
surface free energies, affecting induction and nucleation processes. The presence of different cations
disturbs gel ~ solution cation equilibrium, leading to
salt-out or salt-in. In both cases the mechanism can be
switched from gel to solution. Sometimes both
mechanisms can exist, one beside the other.
8) Seeding
There is a controversy about seeding of zeolite-A.
However, at least there is a positive effect of seeding
for X and hydrosodalite which always remain in small
quantities in reactors, especially after wrong synthesis. It seems that the same is the case with amorphous aluminosilicate left on the reactor walls.
4'

Fig. 15 27A1-NMR spectra from the gel obtained with different mixing order, a) waterglass into aluminate solution; b)
simultaneous mixing of waterglass and aluminate solutions; c)
aluminate into waterglass solution. Conditions: 2.8 Na20/
A1203/2 SIO2/85 H20 at 80°C
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Fig. 17 XRD of zeolite obtained from different Bayerish liquids.
a) and c) Sherwin Plant, USA, courtesy of Reynolds; b) Worsely
plant, Australia, courtesy of Reynolds; d) Bira6, former
Yugoslavia; e) Kaiser, Gramercy Plant, USA, courtesy of Kaiser

Physico-chemical properties of zeolite-A
affected by process or equipment design
For industrial synthesis, engineering design, large
volume and real time can significantly change laboratory
conditions and basic factors. The same is valid for the rest
of the process. Environemental or cost restriction may
also become prevailing. Optimization of basic and
engineering factors are the secret state of art of all producers and only a small part of it can be found in patent
literature. Nevertheless, some general factors are common to all hydrothermal processes.
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Na20/A12Os/SiO2/H20ratio

These affect gel consistency and environment. Gel is
coarse in the beginning, but highly thixotropic at the end
of the induction period, which creates a lot of problems
for the pumps, stirrers, and valves. To eliminate these effects, increase of Na20, increase in H20, and overall
low concentration of all components are desirable. The
increase in Na20 is positive for reaction time and
PSD/APS, but negative for production cost. Water increase is as much negative for the process as for the cost
(longer reaction time, larger PSD and APS, more energy
for heating, a small yield).
The ratio SIO2/A1203 affects the mother liquid. High
aluminium content is forbidden due to strong environmental restrictions (less than 1 ppm in EC waste
waters). High silicate (to suppress A1) content is
undesirable due to silicalization of energy units
(evaporator).
2) Order and rate of mixing
Simultaneous mixing is time saving and leads to high
quality. However, gel consistency causes a lot of problems for equipment. Addition of waterglass to aluminate
solution or vice versa is easier for equipment but more
costly, and special precautions must be taken to obtain a
high quality product, if low quality starting materials are
used. Today, the former process is widely accepted.
Mixing rate, which does not seem to be an important
factor in laboratories or pilot-plants, is very important in
production. Fast mixing is limited by dosing and pumping
systems, so if reactors are of large volume (positive for
production cost), a significant period of time (20--90
min) is needed. In the case of long mixing time, the first
portion will crystallize before the last, leading to wide
PSD and reverse transformation of zeolite-A to
hydrosodalite can even start (usually seen as oscillation of
IEC in a reactor). In the opposite case, short mixing time
( - 10 min) produces a large mass of gel, cousing problems for pumps, stirrers, valves and, consequently,
homogeneity.
3) Homogeneity
This is the main factor of reactor design which affects all
the major properties of zeolite (IEC, PSD, morphology).
Coarse gel in the beginning and a thixotropic one at the
end both cause serious problems for large reactors. For
good homogeneity high shear agitation is recommended
[40]. Turbine stirrers, crown gear dissolvers, dispersing
pumps, and centrifugal pumps or their combinations can
be used.
From all the items presented above, it is clear that
small reactors are better, but with high performance
costs. Reactors of about 100 m 3 with yield of 120 kg/m 3
are typical [41, 42]. However, huge reactors of as much

1200 m 3 (BiraG former Yugoslavia) are in use, and so
are small ones of 25 m 3 (Zeolite Mira, Italy).
4) Agglomeration
This is an important property for handling and washing.
There are two sources of agglomeration processes. The
primary (from reactor), and the secondary one, during
finishing of already crystallized zeolite-A.
Factors influencing primary agglomeration are:
a)
b)
c)
d)
e)
f)

Na20/A1203/SiO2/H20 ratio
mixing condition
homogeneity
foreign species (the most important being organics)
temperature
reactor profile

Because the surfaces of crystalline zeolites are
negatively charged, pure crystal aggregation is not possible. Agglomeration of crystals are results of remnant
silicate-anions (from solution or gel) and sorbed organic
impurities (by electrostatic forces or hydrogen bond) are
always involved.
Besides crystal agglomerates, amorphous agglomerates, with a high ability to grow are always present. Different factors influence agglomeration processes
in different ways. These are also some of the key "knowhow secrets" of all producers.
The secondary agglomeration occurs mainly at two
places: filters and dryers. Effects are opposite. On the
filters disagglomeration (if washing exists), and in the
dryers fast growth of primary agglomerates take place. It
is interesting that in both cases water seems to be the main
force, although bringing opposite results. For filtration
the role of water is to decrease pH and Na20 which is
known in the presence of OH- to be a good bridge
material. In drying, agglomeration through water
hydrogen bridges, and not through Si-O-Si bridges, is
desirable. Of course, what kind of bridges and what size
of agglomerates will be formed depends on drying temperature, drying time, and dryer design.
5) Free flowing
This powder characteristic is completely tailored in a
spray dryer, depending on the size/form and surface sorbed species of agglomerates only.
6) Sedimentation
Today, zeolite suspension has an advantage over powder
only if a zeolite plant is directly linked to the detergent
producing plant. Because zeolite crystals have a high
tendency for sedimentation (making, if allowed, tough artificial sedimentary rocks in reactors and tubes),
special precautions are needed; permanent stirring or addition of some suitable organic compounds (e.g., fatty
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alcohol polyglycol ethers [431). Low particle size (1--2
[xm) and all factors influencing it, seems, at present, to be
the only way to decrease this undesirable zeolite crystal
characteristic.

Properties of zeolite-A important
for cleaning process
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Zeolites, including zeolite-A, have many properties, but
only some of them are important for cleaning.

--7

40

1) Particle size distribution (PSD);
average particle size (APS)
Both characteristics are important for two reasons:
a) rate of ion exchange is linked directly to PSD and
APS;
b) large agglomerates incorporate within the fiber texture; instead of softening the fabric, they make it
coarse and powdering.
In Fig. 18a typical PSDs of powders are shwon. The
narrow PSD in Fig. 18a, with APS 43 ~tm, is a typical
distribution for good powder quality. In contrast,
although average particles are smaller, - 3 ~tm, the
long tail between 6 and 20 ~tm represents an unacceptable powder, Fig. 18b. Finally, in Fig. 18c, a
bimodal example is given. Generally, APS 4--5 ~t and
narrow PSD: 90% below 10 ~tm, 96% below 15 and
100% below 20 ~tm, respresents a typical high quality
zeolite powder.
As was discussed above, practically all basic and
engineering factors are involved in PSD, while APS is
the result of basic factors only. Although several
patents deal with good PSD in a crystallizer (for example [44]) to obtain such PSD in the powder as a final
product is not easy. For handling of the powder it is
important to avoid dusting and improve free flow. For
these purposes a typical powder has PSD of agglomerates between 200--500 ~tm. The binding forces
ought to be strong enough to prevent dusting during
handling and storage, but weak enough to allow rapid
dispersal in solution with PSD 2--20 txm. IF hydrogen
bonds are responsible for secondary agglomeration,
usually good results can be achieved.
2) Ion exchange capacity (IEC)
Strong selectivity (binding) of zeolite-A towards
divalent cations (calcium) is the basic function of
zeolite-A as a builder.
In simple form, the reaction may be represented by
Eq. (4).
Na+Z + M R+ (sol.) ~ MZ+Z + 2 Na + (sol.)

(4)

40

20

Lu 4~u 6~u 8~u lo,u

20,u

Fig. 18 PSD from production: a) quality according to
manufacturing standard; b) good APS, long tail does not meet
standard; c) bimodal PSD due to reactor inhomogeneity

Classical thermodynamics can be used to obtain the
equilibrium constant and free energy for this equation.
The results for Ca 2+ and Mg 2+ (the only important
ions in washing) in Table 1 show high affinity of
zeolite-A to bind Ca 2+ and low for Mg 2+. High affinity for Ca 2+ is the basic builder characteristic most
important for the washing process (see the classical
paper from Schwuger and Smolka [45]).
For practical purposes, it is more convenient to deal
with the amount or maximum amount, Ore, ("exchange capacity") of exchangeable ions [46].

Cd+-ion exchange capacity (IEC):
This is the most important property of zeolite-A as a
builder. In pure binary solutions of Ca z+ and Na + it
depends only on the concentration of Na ÷ (the values
of C~,+c~ in solution are realistic because they reflect
real washing conditions -- all ionic surfactants are present in the form of sodium salts), and Ca z+ ions in
solution (Fig. 19).
Calcium binding increases with temperature
(positive standard enthalpy AH ~ in Table 1 [47, 48].
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Table 1 Thermodynamics and kinetics of
ion exchange in zeolite-A

Exchange [47]

T (°C)

AGo

Na + ~ 1/2 Ca2+ ~

25
65

--2.68
--4.69

12.2

Na ÷ --* 1/2 Mg2+

25
65

3.26
1.20

18.6

* Diffusion
coefficient

Ca

Ca: Mg
2:1

Ca: Mg
1:1

1.67
10
14
28
47
44

1.70

1.38

D X 1015
at 25 °C
(mZ/s)
Ca24-

Crystal
size, (Ixm)
unknown
4.5
3.4
2.1
1.5

.9

AH o

K~

kJ (g equiv.) -1
8.66
27.8
0.0717
0.427
Ca: Mg
1:2

.62

Mg ref.

.18 [49]**

this paper

* Measurement of D depends strongly on the method and conditions used. Error of three
orders of magnitude can be expected [50] although Dca2+ were published in the range
10-10--10-15 m2/s. However, when one method is used the results within one paper
as a relative parameter are acceptable (e.g., row or column in the above table).
** Crystal size unknown.
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referred, it is a very high standard because 10 out of
12 Na + from each elementary cell have been exchanged.
IEC, being a thermodynamic constant for stoichiometric crystal, should not depend on any factor, basic
or engineering. Only kinetic factors (e.g., if 10 min is
not enough for equilibrium) could play some limited
role. Agglomerates outside of the standard mentioned
above or the occurrence of partial reverse transformation to hydrosodalite should be responsible for IEC
decrease (reported decrease in IEC with APS 1--2 lx
has never firmly confirmed).

;s

2b
CCo0

(*d)

Fig. 19 Ca2+ exchange isotherms of zeolite-A in the presence
of NaC1. Temperature, 22 - 1°C; time, 1 h. Drawn curves and
Qm values are calculated [46]
From the results of standard free energy AG ° and
equilibrium constants Kc presented in Table 1 and in
Fig. 19 one manufacturing standard is widely accepted: IEC at 22 + I ° C in hard water (30 ° d - 2 1
mg/l Ca 2+) after 10 min ought to be above 160 mg
CaO/g of dry zeolite, this value is 95 % of Qm (under
these conditions Qm is 168 mg CaO/g) and 81% of
total Na ÷ in zeolite (Qto,,~ 197 mg CaO/g zeolite).
Regardless of which of these values production IEC is

Mg 2+ exchange:
The affinity for Mg 2+ is very low (Table 1). Expressed in practical terms (conditions as for Ca z+ IEC), it
is between 12 and 17 mg/g zeolite. The explanation for
this low affinity seems to be of a kinetic nature.
Although the pure ionic radius of bare Mg 2+ is
smaller than that of Ca 2+, the hydrated one is larger,
so Mg 2+ cannot pass through the channels. To let it
pass through, stripping energy is needed. For Mg 2+
this energy is higher than for Ca 2+ (Table 1). Diffusion coefficients support this hypothesis [49, 50].
There is a controversy about the desirability of this
low Mg 2+ IEC. For cleaning purposes it is beneficial
[51], but in contrast, magnesium silicate precipitation
on machine heaters is highly undesirable.
Simultaneous Ca 2+ and Mg 2+ exchange:
An exchange from pure Ca 2+ or pure Mg 2+ solutions
is a rare event in practice. Usually, there is a mixture of
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Table 2A IEC in hard water with 30°dH

Table 2B IEC in hard water with
16.8 ° dH

29

IEC in
30 dH Ca2÷
(mg CaO/g)

IEC in
30 dH Mg2÷
(nag MgO/g)

I E C i n 3 0 d H C a : M g = 3:1
IEC total
(nag CaO/g)

Ca 2+ IEC
(mg CaO/g)

Mg2÷ IEC
(mg MgO/g)

ZIB-5
ZIB-6

160
169

17
35

158
155

153
145

4
10

Sample

IEC in
IEC in
IEC in 16.8 dH Ca:Mg = 3:1
16.8 dH Ca2+ 16.8 dH Mg2+
(mg CaO/g)
(nag MgO/g)
IEC total
Ca2÷ IEC
Mg2+ IEC
(mg CaO/g)
(mg CaO/g)
(mg MgO/g)

ZIB-5
ZIB-6

148
147

Sample

14
29

124
125

Ca 2+ and Mg > ions in different ratios. In mid-European water the average hardness is 16.8°d with
CaZ+/Mg 2+ ratio between 3:1 and 2 : 1 . Under these
conditions, Ca > IEC is about 20% depressed, due to
the influence of Mg 2+, Table 2B. The effect is much
less pronounced in hard water (30°d), Table 2A.
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1,35mM

3) Exchange rate/depletion rate
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Fast reaction of Ca 2÷ in solution with anionic surfactants and inorganic components (silicate, carbonate)
leads to undesirable non-soluble products in the
washing process. The rate of exchange (rate of Ca 2+
concentration decrease in solution-depletion rate)
ought to be competitive with these reactions. A typical
high quality manufacturing standard demands, from
3 mM Ca 2+ solution (16.8°d) the following depletion
rate:
1 min
10 min

less
less
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0.5 mM Ca 2+
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less

1.0 mM Ca >
0.5 mM Ca 2÷

at 30°C
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Zeolite of 4 ~tm diameter, although matching this
specification, due to slow diffusion through
framework, is inferior to sodium triphosphate (STP)
or Na2CO 3 in Ca 2+ binding power, Fig. 20. Under
real conditions, the diffusion coefficient of Ca 2+,
Table 1, decreases ( C a > / M g 2+ competition), decreasing (10--15%) the depletion rate as well. By decreasing APS, Fig. 21, it is possible to increase the depletion rate, even to surpass the depletion rate of
Na2CO3.

Fig. 20 Competitive depletion rate between, STP, Na2CO3
and zeolite-A

4) Sublattice metastability
Up to now, the exchange properties of zeolites were
regarded as transitions between one energy level in the
zeolite and another in solution. However, Na+-posi tions within zeolite cavities are not uniform. In
dehydrated zeolite, 8 Na ÷ are located in the plane of
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Fig. 21 Dependence of depletion rate on zeolite-A APS. 1)
ZIB-5 5.1 txm; 2) D-90 4.2 Ixm; 3) D-91 3.3 txm; 4) ZIB-A2
2.2 Ixm; 5) ZIB-A1 1.2 Ixm

six-membered rings displaced in a cage, 3 are in eightmembered rings, and 1 in four-membered rings
displaced in a cage [52]. Hydration moves all of them
into new positions. Water, through hydrogen bonds, is
in the proximity of the framework, while all sodium is
shifted from the rings. The 8 from six-membered rings
are more mobile, while 4 (less shifted from eight- and
four-membered rings) increase less in mobility [531.
The redistribution of sodium positions as a consequence of hydration is shown in Fig. 22. Reflection
planes 110 and, to some extent, 100,210, 311 and 321
are the most sensitive to water (for that reason these
planes are better omitted for crystallinity determination). The loss of the water complex in the vicinity of
six-rings occurs between 120 and 170°C [25] followed
by significant increase of all (except 100) water sensitive reflections. Loss of water from the eight-ring
complex, at a temperature between 190 ° and 220°C,
has a small effect on the 311 and 321 planes only.
Analogously, the quilibrium positions of Ca 2+ after
ion exchange are: 3 in a cage hexacoordinated facing
six-rings, 3 are four-coordinated, a little displaced
from the eight-ring, in sodalite (fl-cage) [54]. Besides
these equilibrium positions many others exist (e.g.,
very mobile sites in four rings). If during synthesis
sodium ions can be "frozen" in metastable positions
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Fig. 22 XRD dependence on temperature, ZIB-5

Fig. 23 Depletion rate of zeolite in metastable cationic state.
ZIB-5 5.1 ptm, M-6 metastable 5.2 ~tm M-6A metastable 6.0
~tm
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avoiding the problem of dust in zeolite production
(small APS), metabstable sub-lattice (although with
APS of 6 ~tm) is as fast as D-zeolite of 3.2 Ixm.
5) Parameters depending on raw material impurities
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The zeolite qualities in detergent standards include:
color, amount of iron, heavy metals, and arsenic. All
of them depend on impurities in waterglass, caustic
soda, and aluminate. When these raw materials are of
good quality, waterglass made from sand (SiO 2 99%
minimum, Cr 3+ below 10 ppm) and AI(OH)3 (iron
below 200 ppm, gibbsite 0.1% maximum, heavy
metals below 5 ppm) zeolite quality standards can be
achieved easily. However, when cheap and highly impure raw materials are used, special measures in the
process have to be taken. For example, the simplest
method is the addition of iron-complexing agents [55].
If synthesis is carried out under conditions such that
the precursor gel has high porosity (large pores) impurity co-precipitation in the precursor stage can be
avoided. In Bira6, the production of ZIB zeolites from
Bayerish liquid (containing impurities up to 22%,
among them 1000 ppm of iron, 100 ppm of heavy
metals) and sand, (96--98 % of SiO2) is based on this
process. A second example process in Tallin, Estonia
is based on sand with only 85--86% of SiOz.
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Fig. 24 Increase of depletion rate with APS decrease (top and
middle) and high depletion rate with zeolite in metastable cationic state (bottom)
(for example by a temperature jump) they will have
higher IEC and rate of exchange independent of the
crystal size. The typical examples are shown in
Fig. 23. Although, the crystal size of M-6A is about
6 txm, Ca 2+ IEC's is 170--186 mg/g zeolite, and
depletion rate increased two times (from 1 to 0.48 mM
after 2 min). Obtained in this way, the crystals show
significant IEC for Mg 2+, indicating not only new cation distributions, but also more open structures, Table
2 (series ZIB-6).
The mechanism responsible for this structure and
behavior is not known. Very probably, the complex of
water -- aluminosilicate framework and sodium formed at the precursor stage gives rise to a sublattice with
more mobile cations. The temperature jump does not
allow molecules of water and sodium to settle down into their equilibrium positions. (A process based on a
nonequilibrium cation distribution is realized in
Zeolite Mira, Italy). The two different approaches,
APS decrease or formation of a metastable cation
sublattice, are illustrated in Fig. 24. As well as

Color: Zeolite has to be white powder. The degree of
whiteness depends on the method and standard used in
the measurement (CIE LAB-Hunter; MgO, BaSO4,
CIBA as white standard). Although BaSO4 as a
secondary standard [56] is more stable than MgO, the
latter, due to its diffuse reflectance, is better for
powdered materials. The zeolite manufacturing standard demands the reflectance against MgO to be:
Minimum 96%
at 550 nm
wavelength
(yellow-green)

Minimum 95 %
460 nm

Minimum 91%
375 nm

(blue)

(blue-purple)

This demand for whiteness is very stringent, especially
at 375 nm, because zeolite reflectance decreases in this
range, so this is almost an idealized value.

Iron, heavy metals, arsenic:
The above discussion is fully relevant to these impurities, because the color originates, mainly, from
their presence.
For iron the manufacturing standard demands:
250 ppm as a total
40 ppm chelatable
Heavy metals (expressed as Pb) below 10 ppm
and arsenic below 3 ppm.
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6) Flowability
Zeolite powder has the lowest flowability of all
detergent powder components. Bridging in the silos
and screwers is a common event. An improvement can
be obtained by modifying the surface by sorption of
different additives (e.g., Silanes [57]), or modifying
the surface as early as the induction period, as was
discussed above.

Detergent zeolite feed-back

Zeolite ion exchange properties had been known for a
long time before their potential power for usage in the
washing process was recognized. However, to be a
detergent ingredient zeolite has to be cleaning active and
compatible with other formulation components.
Therefore, big changes in detergents formulation were
necessary.
From these changes, feed-back demands for zeolites
properties resulted. Four periods of this inter-influence
can be recognized.
The period 1973--1980
In this period, all major physicochemical parameters in
complex surfactant -- zeolite systems were obtained ([5]
and refs. cited therein):
ion exchange (selectivity: Ca-'+ , Mg 2+) and counter
ion effects;
-- zeolite surfactant interaction. Cationic surfactant sorption;
- - dye-stuff sorption (observed);
--zeolite cleaning properties (carrier mechanism, soil
removal);
-pigment and perborate stabilization;
-- first zeolite formulations;
-increase of incrustation as negative side-effect.
-

-

During this period, except for ion-exchange capacity,
zeolite properties were accepted as they were.

Zeolite was used mostly in slurry forms and more attention was paid to preventing sedimentation than to the
zeolite quality. For this reason standards for zeolite quality were simple: IEC around 150 mg CaO/g zeolite,
crystallinity 100%, and the crystals to be rounded at the
edges to avoid fiber damage during washing.
In this period the physico-chemical basis for cleaning
performances was firmly established [5]:
-- positive effects of Mg > and Na + in combination with
zeolite-A on detergent performances;
--zeolite electrophoretic mobility (negatively charged
surface) decreases with pH decrease. (Practical consequences; positive heterocoagulation and anionic sorption on zeolite during rinsing phase of washing);
-- adsorption of dyes and inhibition of pigment transfer;
-- zeolite as nuclei for crystallization of sparingly soluble
salts.
The third period (1985--1990)
In this period, the main changes in detergent formulations
happened: introduction of cobuilders [59--63], ZERO
STP formulations [60, 64] and significant changes in
overall detergent composition [65].
The introduction of co-builders (acrylic/maleic acid
polymer) was shown to prevent incrustation of Ca > salt,
even if it was not added in stoichiometric quantities
("threshold effect") [62]. This automatically brought
possibilities for 100% substitution of STP and involvement of NazCO3 as an important pH washing regulator,
Fig. 25 [66]. An average amount of these substances in
modem detergents is:
Zeolite-A
Na2CO3

20--25 %
10-- 15 %

middle molecular weight polymers of acrylic and maleic
acid 3--5 %.
Inerustalion
[%1

8

The second period (1980--1985)
Withtin this period, detergent production based on partial
substitution of STP by zeolite started. It was found that
[5, 58]:
- - S T P and zeolite interaction leads to a decrease in
washing powder and to increased incrustation. Optimum for STP/zeolite detergent is 20/20 (in weight

3

25
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0

%);

4

/,

t,

4

is as high as 3--5%, as compared to
0.1--1% for detergents without zeolite;
redeposition effect is the same or a little better with
zeolite.
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Fig. 25 Incrustation dependence of zeolite, polycarboxylate,
Na2CO3 ratio [66]
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Fig. 26 Changes in detergent composition and washing effects between
(1970--1988) [65]
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bleaching agents (compact or normal) and liquid
detergents with zeolites are already on the market.
Besides the involvement of zeolite, decrease in washing
Bulk density of dried detergent slurry is between 300
temperature, due to environmental energy saving appeal, and 330 g/1 in most spray towers. To increase bulk densiwas the main factor influencing surfactant changes. The ty the part of powder added without spraying (post addipercentages of both anionic and nonionic components in- tion) must increase substantially, too. Usually, water and
creased. Significant increase of nonionics (Fig. 26; [65, nonionic are mixed with powders and agglomerate in a
67]) especially with short ethoxy chain became very effi- fluid bed (shugi-mix or similar) leading to the compact
cient, for the removal of oily and greasy soil. Silicates product ( - 7 0 0 g/l). Without Na2SO4 filler (concentrate
became incompatible with zeolites (in slurry causing detergents) more and more powder is added in post addiphase instabilities, haziness or separation) decreased tion. For ultracompactness dry neutralization (sulfonic
seriously to 1--4%.
acid (LAS/NaOH) is even necessary.
Feed-back from these changes brought new demand
Dry mixing technology brought to center stage surface
for zeolite-A quality. Although copolymers decreased properties and powder particle interaction forces. The
zeolite incrustation, the presence of Na2CO 3 in high consequences were: zeolite surface charges and sorption
percentage brings undesirable competition for Ca 2+ properties became as important as, for example, IEC.
followed by insoluble CaCO3 formation. The increase of
IEC and specially of the rate of exchange became more
important. In many cases, the straightforward conse- 1) Sorption properties
This is an old story, starting with early papers by
quence is the need for narrow PSD and lower APS.
Schwuger [68--70]. High sorption was found, due to
The consequence of increased nonionics is their partial
negatively
charged zeolite surfaces, only for cationic
or total postaddition. Therefore, zeolite post-addition insurfactants.
The sorption of nonionic is very low if the
creased and its sorption characteristics became important.
surface is not first pre-treated with cationic surfactant
If sorption is low, dusty products will be obtained, and if
[70]. However, at the same time, it has been recognizit is high, lumpy products will be obtained.
ed that zeolite surfaces can be changed not only on a
Finally, powder zeolite substitutes zeolite suspension
purely electrostatic basis. Sprayed zeolite from
almost completely. This brought a flowability standard.
detergent slurry without any cationic surfactant can
adsorb even negatively charged benzo purpurine dyes
to some extent. Positively charged methylene blue is
The fourth period (since 1990)
sorbed much better (two orders of magnitude), inThe main characteristic of this period is the increase of
dicating that the zeolite surface is still negatively
detergent bulk densities from 500--600 g/1 up to
charged. Besides charges, hydrophobic or hydrophilic
700--730 (compact) and in the second stage to 800--1000
properties and the value of specific surface area (BET)
g/1 (ultra compact). Besides this, detergents without
are important. The results for four different zeolites
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Table 3 Zeolite characteristics important for dry mixing
Rn 1.12I

Type

APS
(gm)

BET
(m2/g)

IEC
(mg CaO/gz)

ZIB-5
ZIB-5A
M-1
M-2

5.1
3.7
4.1
3.5

1.25
2.60
2.70
9.40

163
165
172
183

1,10f
1.08

1.06

160

1.04

[

1.02

[

140

120
e,,
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Fig. 29 Sorption of maleic/acrylic copolymer CP-45 on different zeolites-A, zx-ZIB-5, O-ZIB-5A, D-M1, o-M2
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Fig. 27 Sorption of LAS on different zeotites-A, zx-ZlB-5,
e-ZIB-5A, D-M1, o-M2
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Fig. 28 Sorption of nonionic Dobanol-45 on different zeolites-A,
zx-ZIB-5, o-ZIB-5A, D-M1, o-M2
(from production) are shown in Table 3, and Figs. 27,
28, and 29. Zeolites ZIB-5 and ZIB-5A are from Bira~
production and differ in APS and BET surface area only. M-1 and M-2 are from production in Zeolite Mira.
M-2 contains cations in metastable states.
From the results presented in Figs. 27--29 the following general characteristics are obvious:
a) Sorption is much higher than was published for nonionics [69] or expected for a negatively charged
surface. A possible explanation is that the present

results were obtained under a simulation of mixing
conditions, and not by sorption from solution [68,
69]. Under mixing conditions the pH is significantly lower (9--7, consequently increasing sorption).
b) BET surface area can be used as general indicator
of sorption properties (higher sorption). However,
APS reflects surface area only for the products obtained in the same process (ZIB-5 and ZIB-5A).
Sample M-1 from a different process has the same
BET although APS is higher than ZIB-5A. This is
especially valid for zeolites M-2 with cations in
metastates, which have a very high surface area (independent of APS close to ZIB-5A).
c) Neutral nonionic (Dobanol-45) has sorption three
orders of magnitude higher than negatively charged
LAS. However, relative to the others, LAS sorption on the M-2 is much higher than the corresponding increase for nonionic, indicating less negatively charged surface (closer proximity of the cation
sublattice to the zeolite surface). In this respect
ZIB-5 is the most negatively charged zeolite so far.
d) Large molecules, like maleic/acrylic copolymers
(average m.w. 70 000) are sorbed only very slightly (CP-45) or not at all (CP-7). In the case of CP-45
selectivity towards acrylic copolymers was found.
In Fig. 29 this affinity is represented through the
coefficient Rn, referring to the ratio between
acrylic and maleic in solution after sorption on the
zeolite.
From the presented results for concentrated detergents, zeolite surface area ought to be a new imporant
parameter. However, high surface area means a
tendency towards bridging and a reduction in free
flowing (in the process more lumps can be expected).
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"Biopresto"). Consequently, many standards were
derived from powder. However, if liquids are to
follow the zero phosphate tendency, the solution for liquid detergents must be zeolites of 2 g size, to avoid
sedimentation [72].

On the other hand, good flowability (low sorption,
small surface area) leads to more dusting. Combinations of surface charges and BET surface are future
items on the zolite manufacturing standard agenda.
High zeolite sorption affinity for the dyes lately found
application in compact detergents without bleaching
agents. Products are based on the known effect [71]
that zeolite in combination with surfactant (dodecylsulphonate) and dye transfer inhibitor (polyvinylpyrrolidon) are such good binders of dye that perborate
can be omitted and white and colored textiles can be
washed together.

Catalytic/inhibitory action of zeolite-A
It has been known for a long time that traces of heavy
metals (Fe, Mn, Co) can catalyze perborate decomposition. Very early, due to the high affinity of zeolites for
heavy metals, it was recognized that zeolite-A can play an
inhibitory role for perborate decomposition both during
storage and during washing, slowing oxygen release [68].
The tendency towards washing at lower temperature
brought the demand for oxygen release at 40°C leading
to the development of activators. Ethylene diamine tetraacetic acid salt (tetraacetyl-ethylene diamine, TAED) is
widely used in Europe. The influence of zeolite on perborate -- TAED system is very peculiar, Table 4. Zeolite
blocks oxygen release, not only in pure perborate, but in
perborate-activator systems as well. Of the two metal ions
tested Fe ions in zeolite act as an inhibitor, but Mn-zeolite
acts as a catalyst. If these two are combined, oxygen
kinetics can be modified to obtain release during the
whole washing process.

2) Dry neutralization (ultracompact)
The reactions of thin films on solid surfaces and the interactions of particles with and without thin films during mixing are extremely complex problems. A few
basic facts are known at present:
-- zeolite can be efficiently used (in combination with
neutralizing agents) for dry neutralization of fatty
or LAS acids. The main problem with fatty acids is
phase separation, while with LAS it is caking in
equipment during neutralization and mixing;
- - i n both cases the surfaces of zeolites and other
powder particles present play a key role;
--important surface properties are: area, charges,
water permeability, presorbed species and cation
sublattice distribution;
- - during neutralization, a significant part of crystal
structure is destroyed, if zeolite surface pretreatment was not performed.

Zeolite-A and the environment
It was shown, before huge production started, that
crystalline zeolite-A is non-toxic and environementally
benign [73, 74]. However, in the last decade soluble
aluminum toxicity has been confirmed ([75] and refs.
cited therein) leading to questions about zeolite itself.
Maltoni's finding [76] in connection with carcinogenic effects was denied later by himself [77] and is not con~idered reliable.

From all of these parameters, at present only surface
area (BET) is ready for standardization.

3) Liquid detergents
Up to now zeolites were used almost exclusively for
powders (the best known exception is Unilver's Italian

Table 4 Activity (lo2) of zeolite-A on
catalytic decomposition of sodium perborate at 40°C

(mg)

BO33TAED (1.4%)
(mg)

Zeolite
type

1

5

--

3
4
5
2
6
7

5
5
5

---5
5
5
5

No.

8

BO~-
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Zeolite
(mg)

lo2
(10-8 A/cm2)

--

--

NaA
Na9FeloA
Na4Mn4A
-NaA
Na9Fe~oA
Na4Mn4A

5
5
5
5
5
5
5

23
5
3
28
5
5
5
25
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Fig. 30 Dissolution of 0.1
(curve "a") and 0.0I%
(curve "b") suspensions of
Na2Ca5 zeolite

zeolite, was 5.3) after 1 h releases only 0.95 % of total A1
in zeolites. This brings the value of free A13+ to - 0 . 2
ppm which is far below EC water standards. A part of the
low solubility comes from the high buffering capacity of
0.1% zeolite suspensions, but results are similar with
0.01% of zeolite suspension (curve b in Fig. 30); "Acid
rain" with pH = 4 will bring only 0.8 ppm of free
aluminum in solution.
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Dissolution of zeolite-5A
Sodium zeolite-A is not stable below pH 7 and dissolves
to the A13÷ forms and sodium silicate. However, in
waste water it is not in the sodium but mainly in Ca 2+
form (zeolite-5A) which is more resistant to acid attack,
Fig. 30. To simulate acid rains, even addition of water
with pH = 3 in an amount to produce 0.1% zeolite
suspension (pH of final suspension, due to alkalinity of
Table 5 Effect of zeolite-5A addition to aquarium of algae Chara
Gymnophylla

tt/m ( m V )
Membrane
potential

Cyclosis
(~tm/s)

Control --142 -+ 20 67 - 5
n = 10
n = 10

pH
pH
Mortality
starting fifth day (%)

7.4

7.6

2
(100)

0.1%
Zeolite

--102 + 17 64 + 11 7.6
n = 10
n = 16

7.8

1.8
(80)

0.5%
Zeolite

--103 + 7
n = 11

7.9

1.7
(60)

67 --- 8
n = 20

7.9

Ecotoxicoloty
If free aluminum from zeolite in running water or in the
ocean is not harmful, there is a question about its accumulation in coastal river water or in lakes. Toxicity of
zeolite-5A up to 0.5 % is presented in Table 5, with very
sensitive eco-indicator algae Chara gymnophylla.
It is obvious that zeolite in solution affects membrane
potential, decreasing it by 30--40 % Cyclosis is not touched and mortality on the short term is unaffected. From
these results it can be seen that no toxicity results in the
short term from zeolite 5A accumulation. However, to
see what kind of changes will appear due to membrane
potential decrease, a few more years (seasons) are
needed.
Bacterial activity of zeolite-A
The sodium form of zeolite shows low activity or, in
some cases, supports bacterial growth (trichophyton mentagrophytes and Aspergillus fumigatus), Table 6. Conversely, with small amounts of heavy metals, especially
Cu 2+ and Zn 2+ (not shown) there is a tremendous inhibitory effect, Table 6. Except for Candida albicans at
high microorganism concentration (MO), in all other
cases depending on contact time, 100% sterility can be
achieved. This is very important for people working with
sewage sludge and farmers using it as a fertilizer. All
microorganisms (except Bacillus subtilis) presented in
Table 6 can cause disorders of different organs
(respiratory, digestive or skin) in humans. In this way,
zeolite in sewage tanks, through ion exchange, binds
heavy metals, sterilizing microorganisms and behaving as
a double natural filter.

Table 6 Bacterial effect of zeolites
(0.1% suspension 20°C)

Biocidal efficiency

Nas.4CUl.8

Contact
time
(min)

NaA zeolite

Esche~chia coK -ATCC 25922

15
30
60
120

0
0
99
100

0
0
50
50

0
0
50
75

0
0
0
0

Staphylococcus
aureus
ATCC 25913

15
30
60
120

60
86
93
99

0
0
50
50

40
50
50
30

0
0
0
0

Microorganism
MO

105 MO/ml 107 MO/ml 105 MO/ml 107 MO/ml
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Table 6 (Continued)

37

Biocidal efficiency
Microorganism
MO

Contact
time
(rain)

NaA zeolite

Bacillus
subtilis

15
30
60
120

100
100
100
100

0
0
100
100

0
0
0
0

0
0
0
0

Trichophyton
mentagrophytes

15
30
60
120

100
100
100
100

25
60
76
--

--100
--140
--100
--200

0
0
0
0

Candida
albicans

15
30
60
120

90
82
100
100

--23
--13
--23
--23

0
0
50
50

0
0
0
0

Aspergillus
fumigatus

15
30
60
120

90
80
80
80

75
75
60
70

6
--80
--100
--110

0
0
0
0

Na8.4Cu~.8

105 MO/ml 107 MO/ml 105 MO/ml 107 MO/ml
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Predicting synergism in binary mixtures
of surfactants

Abstract Chemicals in the
environment continue to cause
concern. One method of decreasing
the environmental impact of
surfactants is to design new
molecules that are more efficient
and effective in their interfacial
activity. New types of surfactants
with two hydrophilic and two or
three hydrophobic groups in the
molecule, called gemini surfactants,
exhibit these characteristics. When
properly designed, they can be as
much as three orders of magnitude
more efficient in reducing the
surface tension of aqueous solutions
than comparable conventional
surfactants. A second method is to
use mixtures of known surfactants
that exhibit synergism in their
interfacial properties. This paper
will discuss the second method.
The requirements, in quantitative
terms, for the existence of synergy
in mixtures of surfactants have
been elucidated for several
interfacial phenomena. They
involve an interaction (13) parameter
whose various values, for mixed

Introduction
Chemicals in the environment continue to cause increasing concern. One method of addressing this problem is to
design chemicals that are more efficient and effective at
doing the job for which they are now used. Thus, chemists are synthesizing new insecticides and herbicides that

monolayer formation at different
interfaces and for mixed micelle
formation in the solution phase, can
be determined from surface,
interfacial, or adhesion tension data
on the individual interface-active
components and at least one
mixture of them. This, together
with relevant data on the individual
components, permits one to predict
not only whether the mixture will
exhibit synergy, but also the ratio
of the two surfactants needed to
reach the point of maximum
synergism and the value of the
investigated property at that point.
Since synergy depends so greatly
on the value of the 13 parameter,
this discussion will also cover the
effect on the 13 value of the
chemical structures of the interfaceactive components of the mixture,
the nature of the interface, and the
molecular environment.
Key words Surfactants -Surfactant mixtures -- Synergism
Surfactant interactions -- 13
parameters
-

-

are effective at much lower concentrations than products
that were used previously. This means smaller amounts of
chemical by-products and waste products to be removed
from industrial plant effluents. In the field of surfactants,
new materials with two hydrophilic groups and two or
three hydrophobic groups in the molecule (gemini-type
surfactants), when properly designed, are at least one
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order of magnitude and sometimes more than two orders
of magnitude more surface-active than comparable conventional surfactants with the same hydrophile-lipophile
balance.
Another approach to increasing the efficiency and effectiveness of surfactants is to use mixtures of them that
exhibit synergy. When synergy exists, the mixture of two
surfactants exhibits better interracial properties than
either surfactant by itself.
We have done considerable research on both these approaches to increasing the efficiency and effectiveness of
surfactants and thus decreasing their environmental impact. We are currently intensely investigating the
chemical structure/property relationships in gemini surfactants and for many years now have investigated
synergy in mixtures of surfactants.
In this paper, I should like to cover the basic concepts
involved in investigating synergy in binary mixtures of
surfactants and to discuss some of the surfactant-surfactant molecular interactions that result in synergy. Some of
the findings obtained from the study of surfactant-surfactant interactions can be used to suggest surfactant-pollutant interactions that can result in the enhanced removal
of these contaminants from industrial wastes.
For a mixture of surfactants to exhibit synergism in its
interfacial properties, the different types of interface-active molecules in the mixture must attract each other. Interactions between surfactants are measured by the socalled 13 parameters: 13° for interaction in the mixed
monolayer at the aqueous solution/air interface; 13m for
interaction in the mixed micelle in aqueous media; 13[L
for interaction in the mixed monolayer at the liquid/liquid
interface; 13[s for interaction in the mixed monolayer at
the liquid/solid interface. The more negative the value of
the 13 parameter, the stronger the attractive interaction.
Using the nonideal solution treatment (often called the
"regular solution" treatment), 13° and 13m values can be
easily determined from surface tension-concentration
curves of the individual surfactants and at least one mixture of them at a fixed molar ratio of the two surfactants;
13[L, from interfacial tension-concentration curves; 13~s
from surface tension- and contact angle-concentration
curves. 13 parameters can also be estimated from a
published table containing values for more than 100 surfactant pairs [1].
The theoretical basis for this approach has been
demonstrated previously [2]. From the thermodynamics
of solutions, it can be shown that:
uC12 ~-

=

(l--X,)

X~ ln(u C,2/XI C °)

= 1

(5)

(1 - - X , ) 2 ln[(1 - - u) C , z / ( 1 - - X , ) C °]

13° =

In (a C12/X1C °)

,
(6)
(1 - - X x ) 2
Equation (5) is solved numerically for Xt, which is
then substituted in Eq. (6) to yield 13°. Analogous equations (7), (8),
(x]n): In(a, clm2/x~ CT)
= 1
(7)
(1 -- XTt)2 In[(1 -- u,)C~2/(1 -- X~)C~]
In (U 1 Clm2/x7 C1)
13m =.

(1

(8)
-- XT) 2

(X]n = mol fraction of surfactant 1 in total surfactant
in the mixed micelle
C~, C;n, and C~2 = critical micelle concs, of surfactants 1, 2, and their mixture, respectively.
13m = interaction parameter for mixed micelle formation in aqueous solution)
were derived by Rubingh [3] for evaluating 13m, the interaction paameter for mixed micelle formation, using the
critical micelle concentrations (CMC) C7, C~, and C72,
of surfactants 1, 2, and their mixture at a given value of
u, respectively, instead of C °, C °, and C~z. In this case,
Eq. (7) is solved for X]", the mole fraction of surfactant
1 in the mixed micelle. The experimental evaluation of
13° and 13m is shown in Fig. 1.
When interaction is strong I 13° [ > 5, it is necessary,
in calculating 13° and X~, to take into consideration the
changes in the area per surfactant molecule at the interface. In that case, the following equations should be used
[4]:

xl
(1 - - X1)2

X l f 1 C°1

( 1 - - u ) C12

to produce the same surface tension value of the solution,
at a given temperature. X1 is the mole fraction of surfactant 1 in the total surfactant in the mixed monolayer and
f, and f2 are the activity coefficients of individual surfactants 1 and 2, respectively, in the mixed monolayer.
The relationships
f~ = exp[13° (1 -- X1)2]
(3)
f2 = exp [13°X~1
(4)
are used for the activity coefficients. (This is the nonideal or regular solution assumption.) 13° is the interaction parameter for mixed monolayer formation.
Equations (1), (2), (3) and (4) yield

(1)
AC °,

where u is the mole fraction of surfactant 1 in the total
surfactant in the solution phase, C °, C °, and C~2 are the
molar concentrations of individual surfactants 1 and 2 and
their mixture at a given value of u, respectively, required

U C12

YA° V

X1 C o

RT

ln--

(2)

In

(1 - - a ) C12
(1 - - X , ) C °

---- 1 .

/
Ao[
RT

Aav

_

X,A ° +
__

(1 - - X i ) A

°

Aav
XlA~ + (1 --X1)A
(9)
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l t _ ~ c12

Log C
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Fig. 1 Experimental evaluation of 13° or 13m. Q) Surfactant 1.
(~) Surfactant 2. (~)Mixture of surfactants 1 and 2 at mole
fraction, ct, in the solution phase

oC2 A°[

In-13°=

x, c o

Aav ]

1--

nT

X,A ° + ( 1 -

x,)A °

Fig. 2 Synergism in surface tension reduction efficiency or in

mixed micelle formation. Q) Surfactant 1. Q Surfactant 2. Q
Mixture of surfactants 1 and 2 at mole fraction a in the solution
phase. Synergism in surface tension reduction efficiency: C~2 <
C°, C°. Synergism in mixed micelle formation: C~ < CT~,C~n
From these, we obtain

• (10)
(1 -

X1) 2

l n C ~ 2 - - 1 n C O = l n X ~ - - l n c t + 13° ( 1 _ X ~ ) 2 .

A°, A°2, Aav = surface area of surfactants 1, 2, and
their mixture, respectively, at the air/water interface
(from the slope of y-log C plots).
We have shown these approaches to be valid for
calculating [3° by comparing the value of X1, obtained in
the fashion, with the value of X~ obtained by an entirely
different method, using the Gibbs adsorption equation.
Very good agreement was found [2, 4]. Having validated
this approach to calculating [3° , we then proceeded to investigate the phenomenon of synergism quantitatively.
There are various types of synergy in interfacial
phenomena. The first type that I wish to discuss is:

The efficiency of surface tension reduction by a surfactant
is measured by its solution phase concentration required
to produce a given surface tension (reduction). Synergism
in this respect is present in a binary mixture of surfactants
when a given surface tension (reduction) can be attained
at a total mixed surfactant concentration less than that required of either surfactant by itself (Fig. 2).
The conditions for the existence of synergism of this
type are obtaining by starting with the basic equations
~c,~ = Xlfl c o
(1--a)

C,2 = ( 1 - - X , ) ~ C

°

f2 = exp [13°X~] .

C12 <

ClO, C 0 .

Thus,
lnXl--lnGt

+ [3° ( 1 - X ~ )

2 < 0.

(12)

When synergism exists, a minimum will be represent
in the C12 vs. ~t curve, i.e., dC12/dct = 0 at the point of
maximum synergism.
From Eqs. (1) and (3),
1
ct

213° (1 -- Xl) d X l l
dct

1

dX 1

1

213 ° (1 - - X~) dX1

X1

dc~

a

d0t

D

=0

or
dml

Xl

da

a l l - - 213°X1 (1 - - X~)]

From Eqs. (1) and (2), we obtain

(2)

ct

X1 C Oexp ] 13° (1 -- Xl )2]

1--ct

(1 -- X,) C~ exp[13° X~

(3)
(4)

J

Since C12 c a n never be 0, dC12/da = 0 when

(1)

and
f~ = exp [13°(1 -- X~)2]

The condition for synergism in this respect is:

dC12
[~_~1 dx~
-- C12
*
dct
da

Synergism in surface tension
reduction efficiency [5]

(11)

(13)

(14)

which becomes, upon rearrangement and conversion to
logarithmic form,
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lnX1 - - I n ( 1
--lna

--X1)

surfactant (with the larger value of C °) must be used in
smaller amounts to get maximum synergism.
When attractive interaction between the two surfactants is strong, and [3° is much larger than In (C°/C~),
then a* = 0.5 and equimolar amounts will give maximum synergism, irrespective of the (C°/C~) ratio.
The minimum surfactant in the solution phase required
to produce a given surface tension value is given by the
expression:

+ In(1 - - a)

+ lnC°l/C~

+ f3° ( 1 - 2 X ~ )

= 0.

This becomes
1

dX 1

XI

d~t

dX1

1

+
(1

da

-- X1)

1

1

213° dX1

(1 - - a)

tl

dt~

-0

or

C12 =min,

dXl

C°explf~°If~°--ln(C~/C°)-21
. 2 f ~ o

(18)

X 1 (1 -- X~)
-

d~t

(15)

ct (1 -- ct) [1 -- 213°X~ (1 -- X~)]

Combining Eqs. (13) and (15)
X1 = ct*,

(16)

where ~t* is the mole fraction of surfactant 1 in the total
surfactant in the solution phase at the point of maximum
synergism.
That is, when dC~2/da -- 0, the mole fraction of each
surfactant in the mixed monolayer equals its mole fraction
in the solution phase. Substituting (16) into the relationship (12) and Eq. (14), we obtain the following conditions
for synergism of this type to exist:
1) [3° must be negative.
2) ID°l > I ln(C°/C °)l

.

The first condition means that the two surfactants must
have an attraction for each other; the second that this attraction must be stronger than the difference between the
natural logarithms of the two concentrations needed to
produce this same surface tension (reduction) of the solvent. Therefore, to maximize this type of synergism, two
materials with strong attraction for each other (large
negative [3° value) should be used.
On the other hand, if it is not possible to use two surfactants with strong attraction for each other, then the two
surfactants should be selected with a C O value approximately equal to C~. Under this condition, In C°/C °
0, and any negative [3° value will produce synergism.
To obtain maximum synergism in surface tension
reduction efficiency, the two surfactants should be used
at a mole fraction, a* (of surfactant 1 in the total surfactant in the solution phase), given by the expression
a* =

In (C°/C °)

+ ~°

(17)

This is also the value of X*, the mole fraction of surfactant 1 in the total surfactant in the mixed monolayer at the
interface at the point of maximum synergism. When C
C °, then a* is =0.5, meaning that equimolar
amounts of the two surfactants should be mixed to give
maximum synergism. When C~ ¥ C °, a* decreases
with ln(C°/C°), meaning that the less surface-active

The larger the difference between the absolute value o f
[3° and In (C°/C °) for a given value of 13°, the smaller
will be C12.mi.. When C O = C O, then C12,min =
C Oexp 13°/4. In this case, the larger the negative value of
13°, the smaller will be C~2,m~..
Note that in all these relationships describing
synergism, only the value of ~° and properties, C O and
C O of the individual surfactants must be known. Some
data are shown in Table 1.

Synergism in mixed micelle formation [S]
Synergism in this respect is present when the CMC of the
mixture is lower than that of either surfactant of the mixture by itself (Fig. 2). One might seek this type o f
synergism when one wishes to solubilize a pollutant in a
micellar solution and consequently desires micelles to
form at as low a surfactant concentration is possible.
By a treatment similar to that described for surface tension reduction efficiency, we have shown [5] that the condition for synergism in this respect are:
1) 13m must be negative
2) 113~1 > l ln(C~'/C~)

,

where [3m is the interaction parameter for mixed micelle
formation, obtained from the CMC values C? and C m,
of the two individual surfactants and the CMC value,
C~, of at least one mixture of them at a given mole
fraction, 0t.
At the point of maximum synergism in mixed micelle
formation, the mole fraction, ctm'*, of surfactnat 1 in the
solution phase equals its mole fraction in the mixed
micelle, X m*, and is given by the relationship:
ln(C~/C~)
[~m* = X m* =

+ ~m

(13)

213m
The CMC at the point of maximum synergism, i.e.,
the minimum CMC, Clr~,min, that the mixture can attain,
is given by the relationship:
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Table 1 Synergism in surface tension
reduction efficiency at various interfaces
(21)

Interface

~1 ( ~ )

43

C°l

C20

C12 exptl

Cl2,calcd.

x 103 M

x 103 M

x '103M

x 103 M

1.91
1.32
3.31
1.93

1.51
0.55
2.59
1.41

0.78
0.46
1.58
0.81

0.77
0.47
1.55
0.79

C~

C~

x 104M

x 104M

CM
12,exptl
X 104M

CM
12.calcd.
× 104M

5.5
4.4
5.3

124
98
106

4.1
2.7
4.3

4.5
2.9
4.6

N-octyl-2-pyrrolidinone/C12SO3Na
mixture: 0.l M NaC1 (aq.);
25°C; n = 70 -- 7 = 32 mN/m

Table 2 Synergism in mixed micelle
formation in aqueous solution
(in the absence or presence of a second
liquid phase)
N-dodecyl-N-benzyl-N-methylglycine/
C12SO3Na mixture (22)
(H20, 25 °C)

Air
Hexadecane
Teflon
Parafilm

0.53
0.23
0.53
0.53

Interface

cq (etf)

Air
n-Heptane
n-Hexadecane

(0.46)
(0.30)
(0.45)
(0.45)

0.69 (0.80)
0.95 (0.93)
0.95 (0.87)

Since all of these relationships describing synergism
involve the values of the relevant 13 parameters, it is
instructive to see how these values are affected by the
structures of the two surfactants in the system and the
Some data at various interfaces are shown in Table 2.
microenvironment (pH, ionic strength) in which they
exist. Determination of the 13 values of mixtures containing a variety of structural types of surfactants also
provides
very useful information on the interactions of
Synergism in surface tension reduction
various
structural
groupings at interfaces and in mixed
effectiveness [61
micelles. Such information provides insights into possible
This exists when the mixture of surfactants at its CMC interactions of surfactants with pollutants adsorbed at
reaches a lower surface tension value than that obtained interfaces or solubilized in micelles, and may suggest
new methods for enhancing the removal of pollutants
with either surfactant of the mixture at its CMC.
from waste streams by surfactants.
The conditions for this to occur are:
Values of the 13-parameter, both for mixed monolayer
l ) 13a - - 13m must be negative.
formation at an interface and for mixed micelle formation
I t-*0'CMC
m
~1
* C2 I
in aqueous media, indicate that the interactions between
2) [ 1 3 ° - - 13ml > lln c0,CMC Cp] '
the two different surfactants are dominated by
electrostatic forces [1]. Attractive interactions are
where ~.CMC, cO,CMCare the molar concentrations of strongest when each surfactant has a charge of opposite
individual surfactants 1 and 2, respectively, required to sign. When one surfactant is charged and the other has no
yield a surface tension value equal to that of any mixture net charge but is capable of acquiring a charge of opposite
sign (e.g., by accepting or losing a proton), then
of the two surfactants at its CMC.
The first condition means that, for this type of attractive interaction is somewhat weaker. When the
synergism to exist, the two surfactants must have greater second surfactant has no net charge and is incapable of
attraction for each other in the mixed monolayer at the acquiring a charge of opposite sign, then attractive
interface than in the mixed micelle in the solution phase. interaction is even weaker, and when the two surfactants
This is usually obtained when the two surfactants are have charges of the same sign, then attractive interaction
oppositely charged and have approximately equal is weakest. Some data are given in Table 4.
The greater negative 13 values for the CI2SO4Na + - hydrophobic chain lengths. From the second condition, it
can be shown [6] that when both surfactants have C~2N+(CH3)3Br - system, compared to those for the
approximately the same surface tension values at their CsSO4Na + - - CsN+(CH3)3Br - systems are due to closer
CMCs, then almost any negative value of (13° - - [3m) will packing of the oppositely-charged head groups in the
yield synergism of this type. Some data at various former system. The strong interaction in the C~2SO3Na +
- - C14N(CH3)20 system is due to acquisition of a
interfaces are shown in Table 3.
I

(14)
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Table 3 Synergism in interfacial tension
reduction effectiveness at various
interfaces (22)
N-dodecyl-N-benzyl-N-methylglycine/
CIzSO3Na mixture: H20, 25°C

Table 4 Effect of charges of head
groups on I] parameter values (25°C;
pH 5.8--5.9)

Tab. 5 Ionic-zwitterionic interactions
(25°C; pH 5.8--5.9)

Interface

Air
n-Heptane
n-Hexadecane
Isooctane
Heptamethylnonane

~1 ((x~)

.y1CMC

a/CMC

,,CMC
112,expt

(mN/m)

(mY/m)

(mN/m)

(mN/m)

.028
.051
.051
.05l
.051

32.8
1.8
3.5
2.0
2.8

39.0
7.7
9.9
8.3
9.6

28
1.1
1.4
1.0
1.3

(.047)
(.042)
(.047)
(.042)
(.048)

,,CMC
~"
1min,calc.

29.9
0.6
1.4
1.3
1.1

Mixture

I~°

1)m

Ref.

CsSO4-Na+--CsN(CH3)~-Br- (H20)
C 12SO~-Na+--C12N(CH3)~Br- (H20)
C12SO~-Na+--CI4N(CH3)20 (0.1 M NaC1)
C12SO~-Na+--C12N+(Bz)(Me)CH2COO- (H20)
C12SO~-Na+--ClzN+Hz(CH2)2COO- (0.1 M NaBr)
C12SO~-Na+--CsPyrrolidinone (0.1 M NaBr)
CI2SOyNa+--C12(OC2H4)8OH (0.1 M NaCI)
Ct2SO~-Na+--LAS (0.1 M NaC1)
C 12SO3Na+--CTF15COO-Na + (H20)

--14.2
--27.8
--10.3
--5.7
--4.2
--3.1
--2.6
--3.0
+2.0

--10.2
--25.5
--7.0
--5.0
--1.2
---3.t
--0.3
--

16
16
13
11
11
11
17
18
15

Mixture

[3o

[~m

Ref.

CI2SO~---C12N+H2(CH2)2COO- (0.1 M NaBr)
CIzPyr+Br---C12N+Hz(CH2)2COO - (0.1 M NaBr)
CI2SO~Na+--C 12N+(Bz)(Me)CH2COO- (H20)
CI2N+(CH3)3Br---CI2N+(Bz)(Me)CH2COO - (H20)
C t2SO~-Na+--C10N+(Bz)(Me)(CH2)2SO~- (H20)
C 10SO~-Na+--C10S+(CH3)20- (H20)
C10N+(CH3)3Br---CI0S+(CH3)20- (H20)
CI2SOyNa+--C8 Pyrrolidinone (0.1 M NaCI)
C12Pyr+Br---C8 Pyrrolidinone (0.1 M NaBr)

--4.2
--4.8
--5.7
--1.3
--2.5
--4.3
--0.6
--3.1
--1.6

--1.2
--3.4
--5.0
--1.3

11
11
19
19
19
20
20
11
11

positive charge by the amine oxide as a result of
protonation of the oxygen in the presence of an anionic
surfactant, even at pH 5 . 8 - - 5 . 9 [7]. In similar fashion,
the
zwitterionics,
C12N+(Bz)(Me)CH2COO and
C14N+HzCH2CH2COO - , accept protons (although to a
lesser degree than the amine oxide), in the presence of an
anionic surfactant. This is also the reason for the
attractive interaction (although weak) in the C12SO;Na +
- - C s N ~ system and in the C12SO3Na+--C~2(OC2H4)8OH
II

O
system (see below). It is noteworthy that when hydrocarbon chain and fluorocarbon chain surfactants with
charges of the same sign are mixed, there is repulsive
reaction, as indicated by the positive value of the fl
parameter. This produces demixing in the monolayer or
separate micelle formation [8--10].

--4.3
--0.5
--

The ease with which a zwitterionic surfactant can
accept or lose a proton at a fixed pH in the presence of
a second, charged surfactant determines the magnitude of
its interaction with anionic and cationic surfactants, as
measured by the value of the D parameter [11]. Some
data are given in Table 5. The ampholyte,
C~2N+H2CH2CH2COO - , which is capable of both
gaining and losing a proton, interacts almost equally with
an anionic or a cationic surfactant. On the other hand, the
betaine C12N+(Bz)(Me)CH2COO - , which is capable of
accepting a proton but incapable of losing one, reacts
much more strongly with an anionic surfactant than with
a cationic. The sulfobetaine, C10N+(Bz)(Me)CH2CH2SO3,
which is a much weaker base than Ct2N+(Bz)(Me)CH2 C O O - , interacts more weakly with the anionic
C12SO3Na+.The sulfoxide, C10S(CH3)20, which, like a
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6 Anionic-zwitterionic interactions:
effect of pH (25 °C)
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Tab.

Mixture

pH

13o

I~m

Ref.

Ct2SO3Na+--C12N+ (Bz)(Me)CH2COO- (H20)
CI2SO~-Na+--CI2N+(Bz)(Me)CH2COO- (H20)
C12SO~-Na+--Ct2N+(Bz)(Me)CH2COO- (H20)
C12SO3Na+--C14N(CH3)20 (0.1 M NaC1)
CI2SO3-Na+--C14N(CH3)20 (0.1 M NaC1)
CtzSO~-Na+--CIz(OC2H4)8OH (0.1 M NaC1)
C12SO~-Na+--CIz(OCzH4)8OH (0.1 M NaC1)
C12SO~-Na+-LAS (0.1 M NaCI)
CIzSOyNa+-LAS (0.1 M NaC1)

9.3
6.7
5.0
5.8
2.9
10.1
3.1
5.8
2.9

--2.9
--4.9
--6.9
--10.3
--13.5
--2.47
--2.64
--0.3
--0.3

--1.7
--4.4
--5.4
--7.0
-----0.3
--0.3

19
19
19
13
13
17
17
18
13

betaine, is capable only of accepting a proton, shows a
similar tendency only to interact significantly with an
anionic surfactant. This is true also for the N-alkyl pyrrolidione, - - C s N ~ , which, although formally unchargH

O
ed, has a zwitterionic resonance form similar to that on
an amine oxide [11]).
Since protonation plays so significant a role in ioniczwitterionic interactions, it is to be expected that these interactions will be greatly influenced by the pH of the
system. Some data on anionic-zwitterionic interactions
are shown in Table 6, together with data on some anionic
interactions with non-zwitterionics for comparison.
For the betaine-containing mixtures, the carboxylate
group of the betaine has significant basicity, and attractive interaction with an anionic surfactant, which itself
has little basicity, increases with decrease in the pH. This
reflects the increasing cationic character of the betaine as
a result of increased protonation of the carboxylate
group. Similar results are obtained with the amine oxidecontaining mixtures. On the other hand, the CjzSO3Na +LAS mixtures, in which neither surfactant has significant
basicity, show no change in [3 values when the pH is
lowered, while the C12SO3Na+-Clz(OC~H4)8OH mixtures
show only a very small increase in the absolute values of
the [3° values, reflecting the weak basicity of the polyoxyethylene chain.
Recently, we have been investigating [12] surfactantsurfactant interactions where one of the surfactants has
two hydrophilic groups and two or three hydrophobic
groups in the molecule (gemini surfactants), specifically,
anionic surfactants of this type. We have found that
anionic surfactants of this type interact much more
strongly at the aqueous solution/air interface than comparable surfactants with only one hydrophilic group and
one hydrophobic group in the molecule, with both nonionic and zwitterionic surfactants. This is not unreasonable since, as we have seen, attractive interactions are
dominated by electrostatic forces and one would therefore
expect a doubly-charged molecule to interact more
strongly. However, interaction at the aqueous solution/air
interface is stronger also for molecules having two ionic

heads and two or three hydrophobic groups than for comparable molecules containing two ionic heads and only
one hydrophobic group. Data are shown in Table 7. In all
the cases investigated, the absolute values of 13° were in
the order: two heads and two tails > two heads and one
tail > one head and one tail.
On the other hand, in mixed micelle formation, the
presence of more than one hydrophobic group in the surfactant molecule tended to inhibit micellization and
decreased the interaction in the mixed micelle (decreased
the negative value of 13m). We feel that this is because of
the difficulty of incorporating a surfactant with multiple
hydrophobic groups into a spherical or cylindrical
micelle.
An interesting by-product of this study was some insights into the effect of multiple ether linkages in the
molecule on interfacial properties and interactions with
other surfactants [13]. The molecules under investigation
have the structures shown in Fig. 3. Those with multiple
ether linkages in the molecule showed a smaller increase
in their interaction with an amine oxide with a decrease
in the pH of the system than molecules without multiple
ether linkages. Data are shown in Table 8.
In addition, surfactants with multiple ether linkages in
the molecule showed much weaker interactions than expected with polyoxyethylenated nonionics. Data are
shown in Table 9. We have suggested [13] that the double
Table 7 Effect of number of hydrophilic and hydrophobic groups
on 13° and 13m;0.1 M NaCI, 25°C (12)
Mixture

~o

~m

CIoMADS--CIzEO7
CloDADS--CIzEO7

--1.8
--6.9

--0.9
--0.8

CIoMAMS--CI4N(CH3)20
CloMADS--C14N(CH3)20
CjoDADS--C~4N(CH3)20

--4.7
--8.3
--9.9

--3.2
--7.5
--2.4

Cj0MADS -- monodecyl diphenylether disulfonate;
C~0DADS -- didecyl diphenylether disulfonate;
Ct0MAMS - - monodecyl diphenylether monosulfonate.
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Table 9 Molecular interactions of some geminis with polyoxyethylenated nonionics; pH = 5.8, 0.1 M NaCl, 25°C (13)

010H21--O ?
CloH21-O~__~
SOaNa

Mixture

13o

[3m

Ct0DADS--CI2EO7
C8C1C8--C12EO7
C10OC10--C12EOs
CIoE3C10-CI2EO8

--5.9
-- 1.5
--3.2
--1.5
--1.6

--0.8
--0.2
+ 0.7
--0.6
--0.4

C12SO3Na--C12EO8

--2.6

--3.1

o,/x./so~,

C~DADS

C8C8C8--C12EO7

c~__~o_, o

/--< , o / ' - - / - ,

CloHa<O

C8H17-0 2
CH3- Q~

so~

>
d
O

Table 10 Anionic-anionic molecular interactions: 0.1 M NaC1,

O

08H17-~ ,
o,./,,,./SO3Na

25°C (13)

CloH21-Ox~
cL,,,,x/soa~
C~0E__aC~

Mixture

pH

[30

~rn

CsCICs--CI2SO3Na

5.9
2.9
5.8
2.9

--0.7
--2.7
--0.3
--0.3

+0.7
--0.9
--0.3
--0.3

C8C1C8--C12SO3Na
LAS--C12SO3Na
LAS--CI~SO3Na

C8H~7-0 2
C8H17-Q~
C8H17o,.,/..../so~

Fig. 3 Structures of gemini surfactants investigated

Table 8 Effect of pH on molecular interactions of some geminis
at the a/w interface; 0.1 M NaC1, 25°C (13)
Mixture

pH

13°

C10DADS--C14N(CH3)20
C10DADS--C14N(CH3)20
CsC1C8--C14N(CH3)20
CsCICs--C14N(CH3)20
C8C8C8--C14N(CH3)20
C8C8C8--C14N(CH3)20

6.0
2.9
5.8
2.9
5.8
2.9

--7.3
--9.2
--6.8
--7.8
--4.9
--5.5

negative charge in these molecules increases the tendency
of some of the oxygen atoms in the molecule to acquire
a proton, thereby decreasing the net negative charge of
the anionic surfactant. With decrease in pH of the system,
this protonation is enhanced. Consequently, these
molecules interact less strongly than expected with amine

oxides at decreased pH. Even at pH 5.8--5.9, there is
sufficient protonation of the ether oxygens to decrease the
molecular interaction with polyoxyethylenated nonionics.
Finally, in contrast to the very weak interaction between two anionics without multiple ether linkages in
their molecules, irrespective of pH, a mixture of an
anionic surfactant of the gemini type with multiple ether
linkages in the molecule and an anionic surfactant without
multiple ether linkages shows an increase in attractive interaction between the two different types of surfactants
when the pH of the system is decreased. Data are shown
in Table 10. We feel that this protonation of some of the
ether oxygens may explain why anionic surfactants containing a few oxyethylene groups adjacent to the ionic
group are considerably more surface-active (lower CMC,
larger pC20-1og of the concentration of surfactant to
reduce the surface tension of the solvent by 20
raN/m-values) than the corresponding surfactants without
those oxyethylene groups [14], in spite of the watersolubilizing character of the oxyethylene group. It may
also explain why anionics containing a few oxyethylene
groups adjacent to the ionic group interact synergistically
with other anionics containing no oxyethylene groups in
themolecule [151.
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Environmental specimen bank of the
Federal Republic of Germany Significance of surfactants

Abstract Environmental
contaminants in water, soil, and
air, as well as changes in their
concentration with respect to space
and time may be quite effectively
detected by the analysis of
appropriate indicators (biomatrices
from different levels of the food
chain, sediments, sludges, dusts)
which accumulate these chemicals
by several orders of magnitude.
However, regular monitoring of
the environment should not be
restricted to presently known
substances. The suitable storage of
representative indicator specimens
allows also the retrospective
analysis of chemicals which are not
detectable at present or which have
not been regarded as environmental
pollutants so far.
Therefore, the German
Environmental Specimen Bank
(ESB) of the Federal Government
was established in 1985 with the
purpose of storing representative
samples from the terrestrial and
aquatic environment as well as
from human beings for future
decades without any change in
chemical composition.
In spite of its relatively limited
time of operation, the ESB has
already obtained a variety of
promising results which support not
only the success of legislative
regulations (introduction of
unleaded fuels, ban of
pentachlorophenol), but demonstrate

also the decrease of pollutants in
rivers due to reduced industrial or
municipal discharges. Moreover,
the effectivity of new technologies
with respect to environmental
protection may be traced back by a
specific and retrospective
characterization of suitable indicator
samples.
In addition to its routine
program, the Institute of Applied
Physical Chemistry of the Research
Centre Jfilich (KFA) is performing
basic studies on the speciation of
selected elements such as arsenic,
mercury, and tin, and the
determination of new compounds.
In this respect, surfactants play an
important role because they can
influence the immobilization or
remobilization of pollutants in soils
or sediments. The mobility of other
chemicals in such matrices can be
estimated, if surfactant
concentrations are known. With
that, a prediction of possible
contaminations of ground or surface
waters is possible. Selected
examples will be discussed in
detail.
Key words bioaccumulation -biomonitoring -- environmental
specimen bank -mobilization/immobilization of
pollutants -- retrospective analysis
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Introduction
One of the most urgent tasks of the environmental protection policy consists in the regular monitoring of pollutants
in water, soil, and air, as well as in various stages of important food chains (plants, animals), finally leading to
man. However, this monitoring should not be restricted
to the determination of stationary pollutant loads. On the
contrary, it requires, in particular, information about
their time- and space-dependent behavior under natural
environmental conditions. Therefore, the following questions should be answered as a first priority:
-- Where do these materials persist and where do they
possibly accumulate?
-- What chemical form are they present in?
-- How mobile are they in the environment?
-- Why are they mobilized or immobilized?
-- What short- or long-time effect do they have on man
and the environment?
- - W h e n and how do new pollutants appear in the environment?
- - W h a t new substances are environmental chemicals
converted into and in what time?
-- Do toxic subtances -- possibly -- result during this
process and how stable are they?
With the knowledge and methods previously available,
possible influences and impacts of environmental
chemicals produced by man and intentionally or unintentionally released into the environment on natural or seminatural ecosystems, and also on the basic necessities of
life and health of mankind can only be inadequately
forecast or their potential dangers assessed [1].
According to the "European Inventory of Existing
Commerical Substances" EINECS (after GDCh/BUA)
[2], there are currently approx. 100 000 different
chemical substances whose behavior and action in the environment are still largely unknown [3].
It is therefore all the more important that even the
smallest changes in the environment and in the various
trophic stages and food chains should be detected by
specific observation and monitoring. Their origins have
to be elucidated and if necessary their further development should be halted. Corresponding scientific and
technical activities place particular emphasis on the protection of mankind and the environment against anthropogenic and geogenic pollutants, as well as their
systematic and continuous detection in soil, water, air and
selected biological specimens.
On the basis of their specific accumulation potential
for certain pollutants, biological samples have the advantage that changes in the local or regional pollution situation can be recognized much more easily. They thus have
a special indicator function in the determination of pollutant trends or the early recognition of new chemicals in
the environment (see Fig. 1).
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mammals (e.g. seal fatty tissue) ]
/
100 - 1000 ppm
birds (e.g.herring gull, fat/eggs)
10 - 100 ppm

I

I birds(herring
I - 101ppm
gull brain)
fLsh(e.g. dab)
0.1 - I ppm
mussel

(e.g. blue mussel)
0.01 - 0.1 ppm
Sea water
0.000001 0.00001 ppm

PCB food limit value for fish in the U.S. :
< 2ppm
Fig. 1 Accumulation of polychlorinated biphenyls (PCB) in
various trophic stages of the marine environment

Tasks of the environmental specimen bank
The characterization and evaluation of environmental and
human samples -- in their actual state, but also in their
development over time -- creates important prerequisites
within the framework of a precautionary policy for the
following:
-- recognition of impending undesirable developments;
- - e s t i m a t i o n of nature and extent of undesirable
developments already in evidence and their consequences;
--obtaining insights to set priorities for political activities, and
-- compiling basic principles for the precautionary policy
of the Federal Government in the field of nature conservation and environmental protection and also for
human health.
As early as 1973, these insights led to the development of
a strategic concept of providing the necessary scientific
basis for realizing this precautionary policy by establishing an environmental specimen bank. Special guidelines
(Standard Operation Procedures, SOP) were developed
for all the operating steps necessary for implementation
including the analytical work [4].
The long-term usefulness of the stored samples, particularly for retrospective analysis, is ensured by the fact
that all materials are deep frozen at temperatures below
--150°C immediately after collection. In this way, any
possible changes in chemical composition are completely
prevented or reduced to a minimum [5, 6]. Futher sample
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Fig. 2 Flow chart of the preparation of environmentalspecimens

treatment (processing, homogenization and aliquotization
into standardized sub samples) (see Fig. 2) is similarly
carried out in the above-mentioned temperature range,
and strict compliance with these conditions is monitored
by continuous controls.
After preliminary analytical studies in 1976--1978,
the logistic and technical prerequisites for the feasibility
of an environmental specimen bank were thoroughly investigated between 1979 and 1984 in the pilot project
"Environmental Specimen Bank" financed by the BMFT
(Federal Ministry for Research and Technology) [7].

-- the Specimen Bank for Environmental Specimens -- at
the Institute of Applied Physical Chemistry of the
Research Centre Jfilich (KFA), and
-- the Specimen Bank for Human Organ Specimens -- at
the Institute of Pharmacology and Toxicology of the
Universiy of MOnster.
These institutes also take part in the specimen
characterization by analyzing heavy metals, metalloids,
and essential elements in environmental samples at the
Research Centre JOlich, whereas the corresponding activities at MOnster comprise both the inorganic and also
the organic (primarily chlorinated hydrocarbons)
analysis.
Furhtermore, the work of the Environmental
Specimen Bank in the field of ecology and in the selection
of representative areas and specimen species is supported
and guided by
-- The Institute of Biogeography at the University of the
Saarland.
- - T h e Institute of Ecological Chemistry at the GSF
Neuherberg, and
--the Biochemical Institute for Environmental Carcinogens, Grosshansdorf
are responsible for the analysis of organochlorine compounds and polycyclic aromatic hydrocarbons (PAH) in
the stored terrestrial and aquatic environmental samples
(see Fig. 3).
ENVIRONMENTALSPECIMEN BANK
of the
FEDERAL GERMAN GOVERNMENT
Federal Ministry for Environment,
Nature Conservation and
Reactor Safety
Fedreal Environmental
Agency
I

Institute for
Applied Physical Chemistry
Research Centre Jfilich,KFA

Participating institutions
Since January 1, 1985, the Environmental Specimen
Bank has been established as a permanent institution
under the responsibility of the BMI (later the BMU,
Federal Ministry for the Environment, Nature Conservation and Reactor Safety). The Federal Environmental
Agency (UBA) is responsible for co-ordination. Two
specimen banks are subsumed under the general heading
of the German Environmental Specimen Bank:

I

Environmental SpecimenBank InformationSystem
I
I
Specimen Bank for
SpecimenBank for
EnvironmentalSpecimensI
HumanOrgans
!
[
r
/
|

Institute for
Pharmocologyand Toxicology
Universityof M2nster

Institutefor Bi0ge0graphy
Universityof the Saatland m
SaffoNcktn
INitutefor Fxol0giealC~mi~
G~

Neuherbez~

Biochem.Inst. for
Environm.Carcinogenies m
Hamburg/GroBh~msdorf

Fig. 3 Organizational chart of the project "Environmental
Specimen Bank" of the Federal Republic of Germany
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Representatively selected ecosystems
With the operation of the German Environmental
Specimen Bank [8--10] as part of the environmental
monitoring and ecosystem research network currently in
the process of development biological objects in the context of their ecosystem will now be preferentially observed now in addition to the monitoring program for air and
water which exists already. An overall concept has been
developed for this monitoring and thus also for the environmental specimen bank by a committee of experts
under the auspices of the BMU, taking into consideration
different types of ecosystems with corresponding representative sampling areas. In these areas (see Fig. 4) continuous sampling has been carried out to some extent
since 1985 (up to now, every 2 years). However, this will
be converted into a 1-year sampling frequency in accordance with an overall concept to be realized by the year
2000 in order to utilize the analytical, biometric and
meteorological data much more effectively in the sense of
real-time monitoring. Since the reunification of Germany
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in 1989, representative areas in the former East Germany
have also been increasingly studied with the support of
local institutions.

Representative specimen species
The selection and assignment of representative specimen
species from the terrestrial and aquatic environment, and
also from the human field, was similarly undertaken by
a committee of experts. This selection is regularly
reviewed on the basis of new insights and, if necessary,
corrected. However, very serious reasons would be required to eliminate a specimen species that has been collected and stored for a considerable period of time. At
present, the following specimen species are collected on
a routine basis:
-- from the terrestrial field: soil samples, tree samples
(leaves and shoots), and animal samples (pigeons'
eggs, roe deer liver, earthworms);
- - f r o m the limnic field: sediments, fish (muscle and
liver), and freshwater mussels;
- - f r o m the marine environment: sediments, algae,
mussels, fish (muscle and liver), and sea bird eggs (see
Fig. 5).
The specimen species from the human field (fatty tissue,
liver, kidney, blood, urine, hair, saliva) are stored in the
specimen bank for human organ samples at the University
of Miinster. The range of analyzed elements and organic
pollutants is largely identical with that of the environmental specimens in order to detect any possible connections
between the pollution situation in man and his immediate
environment.
As part of a supplementary research and development
at the Institute of Applied Physical Chemistry, investigations are currently been carried out on materials of the enATMOSPHERE
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Fig. 4 Geographicalmap of the representative sampling areas for
the Environmental Specimen Bank

]

Fig. 5 Various selected sample types from different sectors of the
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firmed by the results of the continuous lead studies of
blood from student populations at the University of
Mtinster. On the whole, the results provide clear evidence
of the positive effects of the introduction of unleaded
fuels.
Cadmium contents in tree specimens (leaves, needles)
from various regions display higher concentrations at an
agricultural site than in an urban industrialized area.
Since the plant uptake of this element essentially takes
place via the roots, it must be assumed that the different
Results
contents depend on the bioavailability or mobility of this
heavy metal in the soil.
Terrestrial environment -- atmospheric input
The reasons for a varying bioavailability are very
The initial characterization of environmental specimens complex and extensive site-related studies are necessary
from the terrestrial environment -- with four complete to clarify them. For example, differences in humus condata sets to date -- as well as the regular examinations of tent or permanent soil moisture are conceivable. A furhuman blood from selected parent populations carried out ther possibility results from soil acidification caused by
at 6-month intervals has already led to reliable and thus acidic rain. Moreover, ubiquitously occurring surface-accredible results about the ubiquitous decrease in lead tive substances (surfactants) should also be taken into
pollution. Making use of the Institute's own measuring consideration with respect to a change in mobility. It was
network to determine pollutant deposition by precipita- thus demonstrated in laboratory experiments that cationic
tion, it can be demonstrated without any doubt that the surfactants are basically capable of releasing both essenlegal measures to reduce lead emissions (introduction of tial trace elements (Ca2+, Mg 2+, Na +) as well as toxic
unleaded fuels in 1984) have achieved significant success. heavy metals (Cd 2+) from degraded loess soil (orthic
The data collections carried out continuously since 1980 luvisol -- approx. 25% clay mineral fraction). Further-- with weekly sampling -- indicate, for example, that in more, investigations on the clay mineral montmorillonite
rural regions close to industrial centers lead deposition demonstrated that this release of cations occurs quandecreased by more than 70% in 1921 in comparison to titatively and stoichiometrically [11]. In Fig. 7 this
1980. A comparable trend is apparent in so-called change in the balance of nutrients and trace elements is
"background regions," not directly polluted, in which demonstrated by the example of a layer silicate loaded
wet lead deposition can be almost exclusively attributed with Na+/Cd 2+. The addition of the cationic surfactant
initially leads to the replacement of relatively weakly
to atmospheric long-distance transport (see Fig. 6).
bound
Na ÷ ions. Only after this displacement process
The tree specimens (spruce shoots, beech leaves) colhas
been
completed a quantitative release of Cd 2+ into
lected and stored since 1985 from the regions of the environmental specimen bank also provide convincing the soil solution takes place. However, if the monovalent
documentation of the decrease in lead pollution (see Fig. Na + ion is replaced by divalent, essential cations (e.g.,
6). The same is also true for the human field, as con- Ca 2+) in the silicate layer, a simultaneous displacevironmental specimen bank with the objective of clarifying the possible influences of surface-active substances
(surfactants) on the transport behavior and bioavailability of inorganic and organic environmental chemicals in
soils and sediments. Particular attention is being paid to
the determination of synergistic or antagonistic effects as
well as to questions of the immobilization (bound
residues) and remobilization of pollutants.

Fig. 6 Decline in lead pollution from
wet deposition in rural areas (site: JiJlich)
and in spruce shoots from a "background
area" (site: Berchtesgaden National Park)
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of some heavy metals such as mecury, cadmium, lead,
and chromium are extremely high in the region of the
Saale estuary. Even if the sediment samples from 1992
display declining mercury concentrations for almost all
sampling sites, nevertheless, the drastic rise in the region
of the Saale mouth (Barby site) is alarming (see Fig. 8).
Likewise, investigations of the Elbe sediments collected in 1991 for chlorinated hydrocarbons and dioxins
I
point to particular pollution problems [12]. However,
since these surveys have only recently been included in
the analytical program, reliable conclusions about the
time sequence and origin of this pollution can only be ob-20
tained by the retrospective analysis of corresponding
stored samples.
13
The convention concluded by the International Com0
50
100
150
200
250
mission
for the Protection of the Elbe (IKSE), the closure
cationic surfactant added [%CEC]
of industrial plants, and the improvement in quality of
Fig. 7 Displacement of Na + and Cd2+ ions from a layer silicate municipal sewage in the upper regions of the Elbe and its
by cationic surfactant [11]; (DTAB = dodecyl trimethyl am- tributaries will undoubtedly lead in the future to an immonium bromide, CEC = cation exchange capacity)
provement of water quality particularly in this region.
The same expectations can also be placed in the extension
of new environmental technologies. In the same way, an
experimental
verification of this forecast can only be obmerit by the cationic surfactant takes place because both
tained
from
a
retrospective analysis of different sample
Ca 2+ and also Cd 2+ are bound to the exchange sites with
types
from
the
Environmental Specimen Bank, for examcomparable strength [11].
ple sediment, freshwater mussels and fish (bream).
In contrast to the systematic investigations of the Elbe,
which
have started only recently, surface sediments from
Limnic environment -- inputs into river water systems
the Rhine have been analyzed by the Institute of Applied
Considerable pollution with heavy metals and chlorinated Physical Chemistry since 1978. Samples taken at the Emhydrocarbons was detected in sediments from the River merich border station demonstrate a clear reduction in
Elbe collected in 1991 and 1992 in co-operation with the lead and cadmium pollution from 1978 to 1990 (see
Federal Hydrology Agency (BfG, Berlin office). Thus, Fig. 9). The effects of the convention concluded by the
for example, the salt contents and also the concentrations International Commission for the Protection of the Rhine
(IKSR) are particularly apparent in the same way as the
20
decline in the biological oxygen demand (BODO or the
rise in the oxygen concentration, which is one reason for
a clear increase in the variety of fish species in the Rhine
[131.
15
As part of the continuous expansion of the range of
elements characterized in the initial analysis, the thallium
concentration in various limnic samples has been deter~ . 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
mined for some time. The comparison of current data for
bream muscle from two different sampling areas
(Rhine/Lake Constance and lake land district of Bornh6ved, Schleswig-Holstein) show that the thallium contents
of the samples from Lake Constance are higher than the
reference samples from the North German area by approximately a factor of 8 (see Fig. 10). More detailed in_
_
.,
vestigations of stored material from the past 8 years
O
z
(retrospective monitoring) furthermore revealed that this
is a permanent, excessive pollution of Lake Constance.
Fig, 8 Distribution of mercury concentrations in Elbe sediments
from 1991 and 1992 along the Elbe at sampling sites of the Interna- An acute thallium contamination, initially assumed, can
tional Commission for the Protection of the Elbe; Schmilka -- thus be ruled out.
Surface-active substances, in particular, cationic surborder Czech Republic/Germany; Barby -- Saale mouth;
Cumlosen -- former boundary between the two German states
factants and also the metabolites of the alkyl phenol
mobilization
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Fig.

ethoxylates, possibly also have certain toxic (environmentally toxic) effects in the aquatic environment
(surface sediments from rivers, lakes and estuary regions)
in the same way as in the terrestrial field. It may also be
assumed that a remobilization of heavy metals becomes
possible under the influence of surfactants and thus additional quantities of these elements become available for
bioaccumulation in various organisms of the limnic or
marine food chains.

Marine environment -impacts on estuary and coastal areas
Both sea water and also sediment analyses have as yet only rarely been implemented with respect to the biological
availability of pollutants. However, since only the

available pollutant fraction has toxicological relevance
and therefore causes "pollution", it is necessary to use
increasingly biological indicators to monitor the pollution
and pollution capacity of surface waters.
The special significance of such indicators consists in
their accumulation potential, which is described in the
literature for various marine organisms [14] (see Fig. 1
and 11). For this reason, mainly sediments, brown algae,
common mussels, fish (viviparous eelpout) and herring
gull egs are investigated within the framework of the Environmental Specimen Bank program to characterize a
marine sampling area. It is planned to sample seal organs
(muscle, fatty tissue, liver) as the final link in the marine
food chain.
Brown algae (bladder wrack) and common mussels
from the same sampling site display quite different accumulation behavior with respect to certain elements. As
shown in Fig. 12, As, Ba, Mn, S and Zn are, for example, preferentially accumulated in bladder wrack,
whereas an increased accumulation of Cu, Fe and Hg is
found in common edible mussels. Furthermore, significant deviations arise for both sample species in a comparison of the North Sea and Baltic Sea (see Fig. 12),
which differ considerably in their salt content. Both
North Sea specimens conform in displaying a higher accumulation potential for As and Hg, whereas Ba, Mn, and
Zn are accumulated to a greater extent in the Baltic Sea
specimens. No site-specific allocations of this kind can be
made for Cu, Fe, and S. On the whole, apart from the
matrix-dependent parameters, in particular the salinity
and the temperature seem to play a certain part here.
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rainfall may also have contributed to these results. This
urgently requires continuous investigations in the coming
years to monitor the new environmental technologies
0
coming into operation. Realistic and reliable statements
NB
NB
NB
NB
NB
NB
NB
NB
Ba Cu Fe Hg Mn S
Zn about the development of the pollution situation however
As
can undoubtedly be made only by a systematic, retrospecHg [gg/kgx 10],Cu lmg/kgx I0], Fe and Mn Img/kg x 0.1]
tive comparison with past samples.
Due to the sedentary habits of this species, the deterFig. 12 Accumulation of various elements in (a) edible mussels
and (b) bladder wrack from the North Sea (N) and the Baltic Sea (B) mination of the mercury concentration in herring gull
eggs also permits a clear distinction between adjacent
sampling areas with different degrees of pollution. Thus,
for example, samples from the bird sanctuary of
Thus, for example, in the literature a relationship is "Mellum" (Weser estuary) display considerably lower
described in certain marine organisms between increased mercury contents than herring gull eggs from the bird
cadmium uptake at high temperature and low salinity sanctuary of "Trischen" (Elbe estuary) (see Fig. 13).
[151.
A clear decline in mercury pollution in the estuary
region of the Elbe in the past few years can be Additional research activities
documented on the basis of samples of herring gull eggs
collected in the "Trischen" bird sanctuary and in which Apart from continuous monitoring of known pollutants
up to more than 90% of the mercury was present in the and operation of the Environmental Specimen Bank, the
form of the highly toxic methyl mercury. In comparison tasks of prognostic environmental precautions also into the period before reunification of Germany (1988/89) clude, in particular, the investigation of chemicals which,
a reduction in pollution to less than half can be determin- according to the present state of knowledge, do not cause
ed for the subsequent years 1991/93 (see Fig. 13). Similar any direct ecotoxicological effects, but whose enresults are also shown by an investigation of poly- vironmental impacts or possible effects on man and the
chlorinated biphenyls (PCB) [12]. These findings are environment by synergistic or antagonistic effects are as
very probably associated with the closure of industrial yet completely unknown.
plants and municipal sewage disposal in the upper regions
The Institute of Applied Physical Chemistry is
of the Elbe and its tributaries. On the other hand, the therefore involved in investigating those substances
reduced run-off of the Elbe in the past few years of low which, due to their surface-active properties, may cause
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an immobilization, remobilization or change of mobility
of pollutants -- heavy metals and organic substances such
as polychlorinated biphenyls (PCB), PAH's or pesticides.
The possible surfactant-induced remobilization of
pollutants fixed in a "sink" (soils, sediments) is of particular importance since this would make bound
residues biologically available again for plant or animal
organisms.
Surface-active substances alter the properties of soil
minerals (e.g., layer silicates) by adsorption and
hydrophobization of the surface. Even slight quantities of
surfactants cause significant effects with respect to the
transport and biological availability of pollutants in soils
and sediments [16]. This may result in the accumulation
of pollutants in the trophic stages of the food chain and
the elimination of essential trace elements. Cationic surfactants, for example, cause a drastic alteration in the
electrolyte equilibrium between the soil and soil solution
due to ion exchange. Both essential cations (Ca > , Mg 2+,
Na +) as well as toxic heavy metal ions (e.g., C d 2+) are
quantitatively displaced [11].
Hydrophobization of the surface causes basic changes
in the adsorption properties of the soil minerals. Neutral
(hydrophobic) molecules may be taken up into the surfactant layer. On the basis of this knowledge, alkyl ammonium montmorillonites are being investigated and
recommended for sealing landfill sites [17, 18]. Similar
sorption processes may take place in soils and sediments.
Probably, the hydrophobic character of soil minerals will
increase due to the accumulation of surfactants, thus promoting the adsorption of non polar less water-soluble
substances. That would immobilize them and exclude
them from further natural transport or degradation processes.
The following examples are therefore concerned with
the impact of surfactants on the interaction between environmental chemicals and the most active clay mineral
components (montmorillonite, illite) of the mineral soil
horizon or the natural soil structures (e.g. degraded loess
soil). Firstly, the influence of surfactants on non-essential
elements will be discussed. In examining the interactions
of organic substances with surface-active substances, the
examples are oriented towards the three surfactant classes
in the sequence: cationic, non-ionic and anionic surfactants. Details of the materials and analytical methods used, as well as the nomenclature, are described in the
literature [11, 19, 20].
Surfactant interactions with inorganic pollutants
The influence of various classes of surfactants on the
transport behavior of Cd 2+ in degraded loess soil (B
horizon) is shown in Fig. 14 [21]. It is apparent that only
cationic surfactants are capable of mobilizing sorbed
Cd > by an ion exchange mechanism, in the course of
which the surfactants are quantitatively bound to the
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Fig. 14 Cd2+ mobilization from degraded loess soil by various
classes of surfactant: o--o didodecyl dimethyl ammonium
bromide; X--][ sodium dodecyl sulphate; n--rn alkylphenyl
polyethylene glycol ether (Triton-X-100) with 9.5 EO

mineral surface and are not detectable in the equilibrium
solution. Non-ionic surfactants (e.g. Triton X 100) are
adsorbed much more weakly on degraded loess soil,
which may be attributed partially to the van der Waals
forces. Accordingly, no C d 2+ mobilization takes place.
Anionic surfactants form an only slightly soluble salt with
Cd 2+, namely Cd(DS)2. Therefore, Cd 2+ immobilization
occurs due to precipitation.

Surfactant influences on organic pollutants

Cationic surfactants
In principle, the adsorption of organic environmental
chemicals on layer silicates proceeds extremely slowly so
that it may take several weeks to establish an equilibrium
state [22]. In contrast, if the layer silicate surface is
coated with cationic surfactants in different quantities
[22] or of different hydrophobicity, e.g., with DTAB
(dodecyl trimethyl ammonium bromide) or DDDMAB
(didoceyl dimethyl ammonium bromide) [23] then
equilibrium in both systems is reached within 30 min,
i.e., a drastic increase in the adsorption rate of organic
pollutants results. Their residence time or probability of
residence in the soil electrolyte is therefore drastically
reduced and their bioavailability thus also drops.
Figure 15 shows the influence of added surfactants on
the equilibrium states in the form of adsorption isotherms
for 2-naphthol. In this concentration range the isotherms
can be described by straight lines, which points to a constant distribution of the naphthol between the solid and liquid phases [22, 24]. Its adsorption rises with increasing
surfactant coverage -- relative to the cation exchange
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for example, the pesticide atrazine adsorbed on layer
silicates can be quantitatively displaced by the cationic
plant growth inhibitor chlormequat [25], which may lead
to a contamination of the ground water with atrazine. Furthermore, as a consequence of similar processes surfactants may also reach deeper layers of the soil and initiate
further secondary reactions there.

adsorbed amount [10-5 mol/g]

10

Non-ionic surfactants

4

•

"

,,

0

Apart from the cationic surfactants, non-inonic surfactants also cause an increased hydrophobization of the
layer silicate surface with increasing concentration, thus
promoting, for example, the adsorption of the hydrophobic fungicide biphenyl (see Fig. 16) [26]. The increased biphenyl adsorption also measured at a very weakly
hydrophobized bentonite (10 gmol non-ionic surfactant/g
bentonite) indicates that these effects also become active
even with very small (environmentally relevant) surfactant concentrations.
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Fig. 15 Adsorption isotherms of 2-naphthol on cetyltrimethyl ammonium (CTA+)-illite with increasing surfactant coverage (related
to the CEC)

capacity (CEC) -- until the exchange capacity has been
reached. With the addition of even higher quantities of
surfactant (600% of the CEC), the adsorbed amount of
2-naphthol declines again considerably. Micelles are
formed in the solution which then compete with the adsorbed surfactant films for the pollutant molecules, which
leads to a decrease of the incorporated, adsorbed pollutant molecules (soil washing effect) [22].
Detailed information about the binding site of the
organic compounds and the structure of the adsorbate
layer can be obtained by x-ray diffractometry. For example, nitrophenols are intercalated in the interlayers of the
swellable, hydrophobed bentonites [23], which may
essentially influence their further fate (transport,
degradation behavior).
Calorimetric measurements provide information about
the binding forces of the pollutant adsorbates. Whereas
the low adsorption heat of the phenols on hydrophilic clay
surfaces can hardly be measured, clearly exothermal enthalpies were determined for the adsorption of 4-nitrophenol on surfactant-bentonite complexes [23]. Accordingly, the hydrophobic interactions (hydrophobic bond)
between the surfactant alkyl chains and the aromatic part
of the pollutant molecules are of major importance for
these adsorption processes.
On the whole, the displacement of adsorbed environmental chemicals by cationic compounds seems to
be a process of general environmental relevance. Thus,

Anionic surfactants
In the case of clay minerals pretreated with small amounts
of anionic surfactants (e.g., sodium dodecylsulphate
(SDS), c < CMC (critical micelle concentration)), for
example, the adsorption of biphenyl is not significantly
influenced in comparison to pure layer silicates [26].
These findings may be explained, among other aspects,
by the low adsorption potential for anionic surfactants of
the negatively charged layer silicate surface (cf. Fig. 17,
curve A). Quite different conditions exist in acid soils, in
which the soil minerals may be positively charged. As
adsorbed amount [mmol/g]
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Fig. 16 Adsorption isotherms of biphenyl on bentonite in the
presence of the non-ionic surfactant dodecyl octaethylene glycol
ether (C12E8): ( × - - x without surfactant; zx--zx with 0.013
mmol/g C12E8; n--D with 0.3 mmol/g CI2Es) [26]
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Fig. 17 Adsorption isotherms of sodium dodecylsulphate on
kaolinite. (A): without non-ionic surfactant; (B): with the addition
of dodecyl octaethylene glycol ether in the ratio 1 : 1 [28]
expected, higher adsorbed quantities of anionic surfactants were found, for example, on aluminium oxide at pH
3--7 [27]. Even in the neutral pH range, increased
anionic surfactant adsorption on soil minerals is possible
if cationic or non-ionic surfactants are also present in the
system. Adsorption from a mixture of anionic and nonionic surfactant on kaolinite thus shifts the isotherms of
both components towards smaller equilibrium concentrations [28], as illustrated by curve B in Fig. 17 for SDS
in the presence of the non-ionic surfactant C~2E8. At a
mixing ratio of 1:1, a SDS concentration in the bulk
phase lower by one order of magnitude is already sufficient to achieve the same SDS adsorption as without the
addition of non-ionic surfactant. Since in real systems
surfactant mixtures can almost always be expected, the
processes shown may play a significant role in the adsorption of organic pollutants on inorganic soil constituents.
Pollutant influences on surfactant adsorption
Just as surfactants may determine the mobility behavior
of environmental chemicals in the soil, surfactant
transport may also be influenced by other accompanying
substances. For example, surfactants adsorbed on layer
silicates may be exchanged by ionic pesticides, as illustrated in Fig. 18 for a clay mineral precoated with
DTAB [20]. The preferentially adsorbed organic dication
paraquat (PQ) displaces the single charged DTAB (the
substance quantities are given in equivalent quantities
(eq) to clarify the comparison). For each equilibrium concentration, the associated adsorbed amounts of PQ

Fig. 18 Adsorption of paraquat on Ca-bentonite pretreated with
cationic surfactant: a--zx adsorption isotherm of paraquat, D--rn
displacement of dodecyl trimethyl ammonium bromide (DTAB).
(DTAB pretreated 0.73 meq/g) [20]

and DTAB approximately correspond to the CEC. On the
basis of these experimental findings, the following exchange reaction may be assumed:
(DTA+)2_clay + pQ2+ ___ pQ2+ clay + 2 DTA + .
Since in contrast to cationic surfactants, non-ionic surfactants are largely physisorbed on clay mineral surfaces,
they can be relatively easily replaced by monocationic
organic substances. If, for example, the monocationic
pesticide cyperquat (CQ) is present in the soil electrolyte
then apart from the essential cations (Ca 2+, Na 2+) it also
displaces the physisorbed non-ionic surfactant C~2E8
[26]. In order to illustrate the associated structural
changes at the layer silicate, Fig. 19 shows the basal spacing of an Na montmorillonite pretreated with C12E8 as a
function of the adsorbed amount of CQ. The initial basal
spacing of the clay-surfactant complex (1.8 nm) caused
by the intercalation of Clz E8 decreases with increasing
amount of adsorbed CQ, and at 1.5 nm finally reaches the
basal spacing of pure CQ-montmorillonite.
To summarize, the following conclusions may be
drawn as provisional results of these model studies:
--Cationic surfactants mobilize essential elements and
heavy metals in stoichiometric relations and are quantitatively adsorbed.
- - O n l y cationic surfactants are capable of mobilizing
Cd 2+, whereas non-ionics do not display any effects
and anionic surfactants cause an immobilization.
-- The originally hydrophilic surface of the layer silicates
is hydrophobized by the adsorption of cationic and
non-ionic surfactants resulting in an expanded interlayer of the swellable clay minerals.
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Fig. 19 Change in the basal spacing of Na montmorillonite with
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[261
The adsorption of hydrophobic environmental chemicals is enhanced and accelerated at surfactant-clay
mineral complexes. The extent of this enhancement
depends on the degree to which the surface is
hydrophobized.
-- The inorganic soil horizon represents an effective sink
for organic pollutants, whose effectiveness may increase considerably in the presence of small quantities
of surfactant.
--Surfactants adsorbed on clays may be displaced by
ionic pesticides, i.e., surfactant transport can also be
influenced by other accompanying substances.

--

Conclusions
The results presented as examples of the operation and accompanying research program of the Environmental
Specimen Bank represent an initial attempt to indicate
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perceptible developments in the chemical pollution of our
environment on the basis of reliable data. Based on these
results, it is already apparent that, in concert with the
"Ecological Environmental Monitoring" and the "Environmental Precaution Policy" of the Federal Government, the Environmental Specimen Bank may be used as
a most effective instrument to determine pollutant trends
and to monitor the success of legislative measures. Even
after the relatively short period of permanent operation,
it has been possible to document the success of the introduction of unleaded fuels both in the environment and
also in the human sector by the element characterization
of representative samples. In the future, it will furthermore also be possible to monitor the impacts of modern
environmental technologies on improving the quality of
water and air by means of appropriate indicator systems.
It is, moreover, of special significance that, in particular,
those substances which cannot be determined now with
the necessary reliability or whose ecotoxicological or
human toxicological effects are not yet known can be
studied by retrospective monitoring with authentic
samples from the past.
As a supplement to this work directed towards individual elements or substances, in future those investigations will have to be intensified which are related the
synergistic or antagonistic effects of multicomponent
systems. Major emphasis is placed on elucidating basic
relations responsible for the mobilization or immobilization of pollutants under the influence of extraneous
chemicals. Typical examples are the effects of surface-active substances on the bioaccumulation or bioavailability
of environmental chemicals in soils or sediments.
Finally, on the basis of its application-related aims, the
Environmental Specimen Bank offers the possibility of illustrating the significance and necessity of forward-looking environmental research to a broad spectrum of the
population. The Environmental Specimen Bank thus also
makes a vital contribution towards providing an objective
perspective for public discussions of environmental problems.
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Bentonites: adsorbents of toxic substances

Abstract The use of bentonites as
adsorbents results from the
reactivity of montmorillonite which
is the main mineral in this clay-like
material. Montmorillonite, a 2:1
clay mineral, impresses by a
diversity of reactions in the
interlayer space and at the external
surfaces, which are the cause of
strong adsorption of heavy metal
ions and organic compounds.
Bentonite adsorbents are used as
crude bentonite, in soda-activated
form, after degradation to bleaching
earths, after modification by

introduction
The bentonites are outstanding adsorbents for heavy
metal ions and organic compounds. A large variety of
organic materials is bound. The actual or possible uses
are advanced by the ease with which the clays are
modified. Modified bentonites are produced which fulfill
the requirements for an amazing variety of applications in
different fields and at different scales.
Bentonite rocks are composed of natural, earthy, finegrained argillaceous materials [1]. The main 2:1 clay
mineral is montmorillonite which belongs to the group of
smectites (Table 1) (structure see [2--5]).
The montmorillonite content of bentonites varies
considerably from locality to locality and within the
deposits. Determination of the montmorillonite content is
a very tedious procedure which in general gives
approximate values only (see chapter 1 in [2]). In
industrial test laboratories the montmorillonite content is
obtained by methylene blue adsorption. This comfortable
but rough method is very approximative (see below) (cf.
[6]; chapter 3.3.6 in [2]). It is recommended to derive the
montmorillonite content from the C, N content of the

organic cations, or in form of
polyhydroxometal or polyoxometal
derivatives ("pillared clays"). The
ease with which the bentonites are
modified allows an optimization of
the properties so that the
requirements of numerous practical
applications are fulfilled.
Key words Bentonites -- clay
minerals -- clay-organic
interactions -- environment
technology -- pesticides -pollutants

Table 1 Classification of planar 2:1 clay minerals (non-planar

modulated structures (e.g. sepiolite, palygorskite) see [123])
Interlayer
material

Group

OctahedralSpecies
character

none
~ 01)

talcpyrophyllite

tr 2)
di

talc
willemseite
pyrophyllite

tr

saponite
hectorite
sauconite
montmorillonite
beidellite
nontronite

hydrated
smectite
exchangeable
cations, ~ --~ 0.2--0.6

di

hydrated
vermiculite
exchangeable
cations, ~ = 0.6--0.9

tr

non-hydrated
monovalent cations,
-~ 0.6--1.0

tr

mica

di

di

trioctahedral
vermiculite
dioctahedral
vermiculite
biotite
phlogopite
lepidolite
muscovite
illite
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Table 1 (continued)
Interlayer
material

Group

Octahedral Species
character
glauconite
celadonite
paragonite

non-hydrated
divalent cations,
-~ 1.8--2.0

brittle mica

tr
di

clintonite
margarite

hydroxide sheet
(~ variable)

chlorite

tr
di
di-tr

clinoclore
donbassite
sudoite

charges/formula unit (= eq/mol), formula unit = [M3+,
M2+, M+)2_3[(Si, M3+)4Olo(OH)2]~-.
2)di, tr = di-, trioctahedral

Table 2 Mineralogical composition and properties of a Wyoming
bentonite (MX-80 from Bentonite International, Duisburg
Meiderich) und Montigel (Siid-Chemie, Bavaria) [124, 125]
MX 80

Montigel

73.5%
2%
---

71.3%
1%
2%
5%

2%
2%

1%
2%

total montmorillonite
content in the bentonite

75.5%

66.3 %

montmorillonite content,
density separation 1)

75.4 %

fraction <0.2 ~tm
total
quartz
kaolinite
muscovite
montmorillonite
in fraction >0.2 gm
loss during separation

1) ~ =

alkylammonium derivatives and the interlayer cation density determined by the alkylammonium ion exchange [6,
7]. The mineralogical composition of two high quality
bentonites is given in Table 2.

Clay mineral-organic interactions
The layer structure of 2:1 clay minerals provides different types of surfaces and different sites for the interaction with organic compounds (Fig. 1): the external surfaces (with distinct differences between the basal plane
and edge surfaces) and internal surfaces. The organic
molecules can interact with the exchangeable interlayer
cations, the cations or anions residing at the edges, the
silanol and aluminol groups on the edges, and the siloxane oxygen atoms of the layers. The oxygen atoms of the
- - S i - - O - - S i - - bonds are weak acceptors for hydrogen
bonds; the basicity is strongly increased by A13+
substitution, i.e., for --Si--O--A1-- bonds [8]. Thus,
isomorphous substitution in the tetrahedral layer (hectorite, saponite ~ montmorillonite, beidellite) intensifies
the interaction of the silicate layer with water and organic
molecules.
Many reactions are related to the interlayer cations
(Fig. 2): hydration and solvation of the interlayer cations,
complex formation, and exchange reactions with inorganic and organic cations. In solvates, a certain fraction
of the interlayer molecules interact with the cations, the
remaining molecules are filling the space between the
solvation shells around the cations. When complexes
form, the number of molecules directly coordinated to the
interlayer cations is small and can be the same as in
homogeneous solution.
The principles of clay mineral-organic interactions are
reported by Mortland [9a]. This paper still provides an
excellent survey. For pesticides see [9b, c, d].

-~71%

density (bentonite), g/cm3

2.76

2.85

cation exchange
capacity (bentonite), meq/g

0.76

0.62

molecular mass M
(montmorillonite), g/mol

373

375

interlayer cation density ~2), eq/mol

0.30

0.28

cation exchange capacity
(montmorillonite), Ct, meq/g

1.01

0.94

interlayer exchange capacity 3)
(montmorillonite), Ci, meq/g

0.80

0.75

ratio Ci/Ct

0.79

0.80

chemical composition (calculation based on the interlayer cation
density)
MX-80
Nao.30[(Al1.55Fe~?~oFe~61Mgo.24)(Si3.96Alo.04)Olo(OH)2)
Montigel
Ca0.14[(All.36Fe~.~lFe~.%Mg0.35)Si4.0010(OH)2)
1)Separation of octadecylammonium montmorillonite as fraction
< 1.88 g/cm3 in mixtures of tetrabromoethane and ethanol.
27alkylammonium method.
3) Ci = 1000 ~/M.

Neutral guest molecules
The interlamellar water in 2 : 1 clay minerals is displaced
(not always quantitatively) by enough polar molecules,
e.g., alcohols, ethylene glycol, glycerol and complex forming agents. When it is desorbed, smectites rehydrate
reversibly or adsorb organic molecules which solvate the
interlayer cations. Usually, the guest molecules are offered in liquid state. They can also be adsorbed from
gaseous state or by solid state reactions (e.g., acrylamide
[10]; alkylamines [10]; p-amino azobenzene [12]). Some-
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Fig. 3 Bindingof neutral moleculesin the interlayer space of 2 : 1
clay minerals

The enhanced protonation of bases in the interlayer
space is a consequence of the increased acidity of the interlamellar water molecules and is further promoted by
the electrostatic interaction of the protonated form with
the surface charges. Intercalated bases can also be proFig. 2 The interlamellar reactions of 2:1 clay minerals
tonated by proton transfer from a protonated species
already present (e.g., protonation of methylamine,
pyridine, 3-aminotriazole by NH~ ions [18]).
Enhanced levels of adsorption may be attained by surtimes, pronounced selectivity is observed in solid-state
reactions which is absent for intercalation from solution. face induced aggregation. Organic molecules (e.g.,
Maleic and fumaric acid are adsorbed from solution but parathion [19]) or certain cations (paraquat, diquat,
only maleic acid is intercalated by solid state reaction thionine [20]) are bound at the surface and enhance the
adsorption of further molecules or act as nuclei for stack[13].
Intertamellar adsorption of dried smectites is often ing arrangements. The surface aggregates may have a
kinetically hindered. Organic derivatives are then obtain- lower solubility than the free compound.
The contrary effect is also observed. It is known in
ed by pre-adsorbing a suitable compound which subsequently is displaced by the desired compound ("propping pharmaceutical science that the bioavailability of scarcely
soluble compounds can be increased by adsorption [21].
open" [14, 15]).
Many toxic substances which are strongly bound by Adsorption of a drug from a non-polar solution at the
montmorillonite are nitrogen-containing basic com- solid interface can produce an arrangement different from
pounds. These molecules can interact directly with soft that of the pure, crystalline drug and with increased
interlayer cations (e.g., copper ions) but not with hard ca- solubility. Another mechanism is solubilization by coltions (e.g., sodium ions). The amine molecules are bound loidally dispersed solids. The solubility of griseofulvin in
by water bridges to the hard cations (Fig. 3). (Concept of water is remarkably increased in the presence of sodium
hard and soft acid and bases see textbooks of chemistry; montmorillonite [22]. The drug is adsorbed at the external surface of the smectite from acetone solution (Fig. 4).
see also [16]).
The amines are often protonated and held as cations in When this complex is dispersed in water, the smectite
the interlayer space, even if they are unprotonated in delaminates and the silicate layers with the drug attached
solution.
act as carriers. The maximum solubilization is obtained
Important is binding of pairs consisting of the base and for loadings <0.2 mmol/g montmorillonite. Solubilizaits protonated form ("semi-salt formation" [9a, 17]).
tion at a somewhat reduced level is also observed for
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CI

OCH3

griseofulvin (GF)

H20 _~.

sodium ions and layer charges
are not shown

Fig. 4 Solubilization of the drug griseofulvin (GF) by sodium
montmorillonite crystals delaminating in water [22]

physical mixtures of the drug and the clay. The dispersed
sodium smectite adsorbs the drug and carries it into the
solution.
To my knowledge, increased solubility in the presence
of clays or solubilization by clays are not reported for
pesticides but may occur in certain cases. The effect may
have consequences for the use of clays in environmental
technology as the solubility of a toxicant can be increased
in the presence of bentonite and sodium ions.
Usually, the main factors governing the adsorption on
smectites are concentration or vapor pressure, pH, interlayer cation, layer charge and temperature. Many
other factors can also be operative: the layer charge
distribution [23], pretreatment of the smectites, degree of
dispersion [241, presence of salts: not only concentration
or ionic strength, but also the very nature of the ions [20,
23, 25].
Elaborating synergistic and competitive adsorption is
a current challenge. Well documented are synergistic effects for the adsorption of nuclein bases [23, 26].
Organic cations
Various types of organic cations are exchanged for the inorganic interlayer cations. Smaller organic cations intensively studied are the herbicides diquat (I) and paraquat
(II), which contain the cations

I

1T

The interaction of diquat and paraquat with clay
minerals was extensively studied [27--31]. The

heterocyclic rings arranged in a monolayer lie flat in the
interlayer space of montmorillonite. Montmorillonite absorbs paraquat preferentially over diquat. Micromolecular concentrations of paraquat displace inordinately
large amounts of diquat. Enhanced ionic strength increases the surface aggregation of both herbicides, but
decreases the degree of cation exchange as the salt cations
are competitive with the herbicide cations [20].
A strong adsorption of the major part of a biocide on
the soil clay minerals reduces its bioavailability and must
be compensated by addition of increased amounts. On the
other hand, dangerous biocide cations adsorbed on the
clay minerals constitute a long-term health hazard when
slowly released to the ground water. Coadsorption of the
pesticide together with a non-phytotoxic compound or
displacement of the pesticide (for instance diquat by 4'pyridyl pyridinium chloride [32]) reduce this threat and
increase the bioavailability. As shown by Narine and Guy
[20], the divalent cations paraquat and diquat are more
easily displaced by washing with salt solutions than
monovalent cations such as methylene blue and thionine.
Another group of organic cations of interest comprises
dye molecules such as methylene blue, crystal violet, and
methyl green. Methylene blue adsorption is used for
estimating the montmorillonite content of bentonites.
This is a very approximate procedure because the amount
adsorbed depends on the exchange capacity and is also influenced by formation of dimers and trimers on the external surfaces [33, 34]. Rather, the adsorption of methylene
blue and crystal violet may be used for determining the
exchangeable cations and the cation exchange capacity of
montmorillonites [35]. The metachromasy of crystal
violet after adsorption on laponite is related to the degree
of flocculation of the clay mineral. The adsorbed dimers
are accumulated in the interparticle pores of the flocs [36,
37].
Competitive binding of different types of cations was
recently described by Margulies et al. [38]. The studies
are based on Nir's model of cation exchange processes
[40, 411.
When adsorbed together with the biocide on montmorillonite, methyl green, thioflavin or naphthylammonium ions may be used for photoprotection of insecticides.
The interaction of smectites with cationic surfactants is
important for numerous practical applications of bentonites ([1] (chapter 9)). Important surfactants used in
modifying bentonites are mono- and dialkylammonium
chlorides:

CHb+/R

OH3,,+/R

e

CH3\+./CH3
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For scientific studies primary alkylammonium ions
RNH;~ and alkylpyridinium ions ~ - R
are often
used.
The strong binding of cationic surfactants makes the
amount of surfactant bound by cation exchange less
dependent on the experimental conditions. Generally, this
amount is equivalent to the exchange capacity. During the
exchange reaction, ion pairs (surfactant cation + gegen
ion) are also intercalated between the layers and are accumulated at the external surfaces [43]. The total amount
of surfactant adsorbed is more sensitively dependent on
the solution properties (concentration, pH, presence of
salts, temperature).
Ion pairs adsorbed on the external surfaces recharge
the particles and cause peptization. The surfactant clay
mineral complexes behave as hydrophobic materials only
when the ion pairs are removed by washing.
Long chain surfactants are more strongly bound than
shorter chain cations [44]. The longer chain cations are
preferentially adsorbed from surfactant mixtures.
However, the adsorption of long chain cations such as
dimethyl dioctadecylammonium is strongly reduced and
restricted to a mono- or bilayer arrangement of flat-lying
surfactant ions when tetramethylammonium or tetraethylammonium cations are present [45]. The reason is the
strong tendency of tetramethylammonium ions to hold the
silicate layers at close distances [46].
Surfactant cations are difficult to displace from the
clay mineral surface. Quaternary alkylammonium ions
are easier to exchange than primary alkylammonium
ions. Primary alkylammonium ions are removed by
hydrolysis into the amine in alkaline medium [47]. The
mutual exchange of surfactants in non-aqueous dispersions was studied by Mc Atee [48, 49]. Solvent was a
mixture of isooctane and isopropyl alcohol. The alcohol
served two functions: as a solvent for the surfactant
chloride salts and the dispersing agent for the clay
mineral surfactant particles. An effective agent to
displace quaternary alkylammonium ions (dodecyl
trimethylammonium ions) is paraquat [50].

Anions
Anions are bound at the edges when, at lower pH, protons are adsorbed by the aluminol groups (Fig. 1) (see
also [51]). The amount of anions which is held as gegen
ions is low but influences the particle-particle interactions
and rheological properties [52--54]. Anions can also
replace hydroxyl groups at the edges (ligand exchange)
and become directly coordinated to octahedral cations,
mainly aluminum ions. Ligand exchange should
predominate around pH = 5--7 when the number of
positive and negative edge charges is small. By ligand exchange reactions higher amounts of anions may be bound
than by gegen ion binding. Typical examples are oxo-
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anions of acids (e.g., ortho-, oligo-, and polyphosphates)
(see also [55]). The pH dependence of anion adsorption
by both processes is governed not only by the edge
charges of the silicate layers, but also by the degree of
dissociation of the acids.
Anions can also be bound by calcium bridges. The cation exchange is then equimolar [56]:

j

" Na + + Ca 2+ + X- ~

Ca2+X - + Na +

/-

Anionic surfactants are adsorbed by smectites in acidic
medium and, at pH near neutral, when inert salts (e.g.,
NaC1) are added to compress the diffuse ionic layers [53].
They can also be attached to the mineral surface by
calcium bridges.
Anion adsorption is more sensitively dependent on the
type of particle aggregation and the degree of dispersion
than cation exchange reactions because formation of
edge/face contacts blocks edge sites for anion adsorption.
The adsorption of adenosine triphosphate on smaller sized fractions of montmorillonite increased after addition of
traces of phosphate which break the edge/face contacts
and make additional adsorption sites available [24].
The amount of anions adsorbed cannot be directly
measured by the depletion in solution. Repulsion of the
anions by the high density of negative surface charges
(negative adsorption [57--59]) increases the anion concentration in the bulk and reduces the depletion by the
(positive) adsorption.
In the presence of di- and trivalent exchangeable cations many anions are precipitated as insoluble salts (e.g.,
calcium dodecylsulfate). When this possibility is not considered, adsorption data are misinterpreted. (It was
reported [60] that dodecylsulfate anions were adsorbed in
the interlayer space of calcium montmorillonite.
However, the (001) reflections observed and ascribed to
the calcium montmorillonite surfactant complex (d (001)
= 30 .~) are the reflections of calcium dodecylsulfate.
Anionic pesticides may be partially inactivated by
precipitation as insoluble Ca 2+, A13÷, Fe 3÷ etc. salts
(e.g., acifluorfen [61]).)

Bentonites as adsorbents

Bentonite adsorbents are or may be used as
-- crude bentonite
soda activated bentonite
acid activated bentonite
-- organically modified bentonite and
pillared bentonite.
-

-

-

-

-

-
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Sodium montmorillonite binds copper and manganese
ions
without any preference. The restriction of the inCrude bentonite and sodium bentonite (soda activated
terlayer
expansion by calcium ions seems to be one of the
bentonite) bind heavy metal ions by cation exchange.
prerequisites
for selectivity of montmorillonite. Sposito
Usually, the preference is (see also [70])
and LeVesque [68] illustrated that the adsorption of
C u 2+ > p b 2+ > Z n 2+ > Cd z+ > M n 2+ .
sodium ions by illite eliminated the preference of the clay
minerals
for Ca 2+ over Mg 2+ ions.
The separation factor as or selectivity coefficient Ks deThe selectivity for heavy metal ions can be increased
pend not only on the layer charge, but change with proby modifying the clay mineral with compounds which ofceeding exchange, too [62--64].
fer suitable ligands for complexation of the metal ions.
The separation factor
Examples of modifiers are 2-ammonio ethyldithio caras L'~c.~+CMo2+/C"~.~..Ccu2+
bamate (I) or the sodium salt of 1,3,5 triazine
(bars: concentration at the surface) for a mixture of Cu 2+ 2,4,6-trithiol (sym. trimercaptotriazine) (II). (The
and M n 2+ ions on 2 : 1 clay minerals is highest for illite triazine is used for adsorbing heavy metal ions from
(Fig. 5) [65]. Correctly, the data are related to the ternary waste water in the presence of complexing agents).
system comprising Cu 2+, Mn 2+ ions, and the Ca 2+ or
Na + ions of the clay mineral. The preference for Cu 2+
decreases with increasing molar fractions of Cu 2+ ions
s
in solution, that is, with increasing coverage by Cu 2+
(Fig. 5). A high selectivity for heavy metal ions at low
"'Sequivalent fractions in solution is often observed. Van
I
II
Bladel et al. [66] report this behavior for cadmium and
SH
zinc ions on calcium vermiculite, illite, and bentonite
from Wyoming. (No preference of zinc and cadmium
The adsorption of heavy metal ions can be largely inions over calcium ions is found for montmorillonite from fluenced by the presence of organic compounds. ComCamp Berteau, Morocco). A very high selectivity at a plexation may increase or reduce adsorption of heavy
very low degree of coverage was also observed by metal ions. A calcium bentonite (Montigel, Sfid-Chemie,
Brouwer et al. [67]. Illite shows a high preference of Bavaria) adsorbs 71% Zn 2+ from 1100 ppm Zn 2+ in
cesium ions even over rubidium ions as long as only solution (2 g bentonite/100 m] solution) (Fig. 6). In the
0.5% of the exchangeable sites are occupied by cesium presence of diethyl ketone and phenol 89 % and 92 % of
ions.
the Zn 2+ ions are adsorbed [69]. Zinc ions also promote
the adsorption of diethyl ketone (from 5 to 28%) and
phenol (from 2 to 6%). Both organic compounds form
weak complexes or solvation shells around the zinc ions.
As the concentration of the organic compounds is very
8O
low (1%), enrichment of the zinc ions on the surface due
to the decreased dielectric constant is not decisive.
6O
When complexation holds the gegen ions preferentially in solution, the ratio of the cations in bulk solution to
the cations in the diffuse and Stern layer increases. Even
chloride ions are strong enough to hold an increased
amount of cadmium ions in bulk solution (Fig. 7). The
calculated amount of cadmium ions in the Stern and diffuse layer agrees with the measured amounts of cadmium
ions adsorbed [41]. The fraction of cadmium ions in solution increases from 3.6% in 0.01 M NaC1 to 56% in 0.05
M NaC1; the adsorption in the Stern layer decreases from
90.4% to 43 % (calculated values, total concentration of
0~2
0~4
Oj6
Cd 2÷ ions 0.13--1.07 I.tM). In the presence of CIO2
"X,cu2÷
which does not form complexes with Cd 2+, the fraction
Fig. 5 Selectivity of copper ions over manganese ions on clay of Cd 2+ in solution is 1.9% in 0.01 M NaC104 and
minerals, as is the separation factor related to Cu2+ and Mn2+ 30.7% in 0.05 M NaCIO4.
ions; Xcuz+ = Ccu2+/(Ccu2+ + CMn2+)in solution [65]
These examples reveal that as well solvation by
• illite (<74 ~tm; green shale, New York, Ward's, Rochester) organic molecules as direct complexation by inorganic
• vermiculite, Toc. Mine, Transvaal, South-Africa
and organic ligands strongly influences the adsorption of
o sodiumbentonite (Clay Spur, Wyoming, USA)
heavy metal ions. These effects must be considered when
• calcium form of the bentonite
Crude and sodium bentonites

=
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and organic compounds:
Adsorption of zinc ions on a crude bentonite (Montigel, a calcium
bentonite from Bavaria, Stid-Chemie, FRG) and an organo-bentonite (Thixogel VP, dimethyl dioctadecylammoniumbentonite,
Siid-Chemie, FRG) in the absence and presence of diethyl ketone.
Also is shownthe influenceof zinc ions on the adsorption of diethyl
ketone [69]
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Fig. 7 Distributionof cadmiumions between the Stern layer, the
diffuseionic layer and the bulk for sodiummontmorillonitein NaC1
solutions [41]
the immobilization of metal ions within clay barriers is
discussed (see also [70]).
Bentonites are excellent adsorbents for cationic surfactants which are strongly held at the clay mineral surface.
However, stability against biocides cannot generally be
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presumed. As mentioned above, dodecyl trimethylammonium ions are displaced by paraquat [50].
Bentonites also remove compounds from contaminated water which, at first sight, should not interact
strongly with smectites. An example are halogenated
hydrocarbons (chloroethanes, m-dichlorobenzene and
several bromo hydrocarbons) which are irreversibly
bound by sodium montmorillonite. (The adsorption on
fumed silica is reversible). The irreversibility of the process indicates chemisorption. Certain aromatic halogeno
hydrocarbons (2 and 4-bromotoluene and 1,2 dichlorobenzene) are, at least partially, catalytically
transformed into higher molecular weight products
[71].
In environmental technology, adsorption of organic
compounds, which is an outstanding advantage of smectites, can be accompanied by serious disadvantages. Contraction of the interlayer space after adsorption can produce fissures and cracks in the clay layer of barriers
which destroy the sealing function [70, 72]. Organic
substances may also change the particle aggregation
which not only influences the permeability, but also the
rheological behavior of the clay. Hydrocarbons and less
polar compounds lead to break-down of voluminous networks as a consequence of reduced electrostatic repulsion. On the other hand, fixation of the interlayer separation by adsorption of organic cations may be used to
increase the stability of smectitic clay layers against
shearing [731.
Adsorption of permanent gases and vapors depends
very sensitively on the texture of the smectites, which is
mainly determined by the type of the exchangeable cation
and by the way the samples were dried after cation exchange [74, 75]. Centrifugation or sedimentation and airdrying or freeze-drying of the dispersion produces different types of particle-particle aggregations which
strongly influence the gas adsorption properties, in particular when adsorption occurs at the external surfaces
only. (The effect of texture is of strong importance also
in catalyst design [76, 77]).
Desorption and adsorption phenomena also influence
distribution and transport of volatile compounds in soils.
Adsorption of dibromomethane and trichloroethylene on
pyrophyllite, kaolinite, illite, and montmorillonite proceeds very slowly (within hours) because these compounds are hampered in penetrating the aggregates. The
desorption of these compounds from soil aggregates is
also retarded [78].

Bleaching earths
Bleaching earths (acid activated bentonites) are produced
by boiling bentonites in hydrochloric acid (up to 17 mmol
HC1/g bentonite at 90--100°C) [1]. This procedure
removes a large part of the octahedral cations. After
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washing and drying, an excellent adsorbent is obtained.
The material is x-ray amorphous but highly disordered
tetrahedral layers still persist, which no longer lie parallel
to each other. Adsorption of organic substances can cause
a certain degree of parallel orientation of these layers [79,

801.
On an industrial scale, acid-activated bentonite is used
for decolorization of mineral, vegetable, and animal oils,
fats, waxes, and beverages (wine, beer, juices). In the
paper industry acid-activated bentonite serves as color
developer for carbonless copying paper [80]. The degraded bentonite is used as a carrier of fungicides and insecticides. It should be a suitable adsorbent for particular
organic compounds, but actually, it is only used to
regenerate organic fluids for dry cleaning.
Organo-montmorillonites
Comprehensive studies of gas adsorption by organically
modified montmorillonites were reported by Barrer and
coworkers [81, 82]. Non-polar compounds such as
saturated hydrocarbons are adsorbed without distinct
basal spacing expansion. (Small changes, however, may
be observed.) The amount adsorbed is mainly determined
by the interlamellar porosity. A pronounced selectivity
against mixtures of hydrocarbons is observed [83, 84].
The interlamellar pores have the dimensions of
micropores (diameters up to 20 ,~). In such pores the adsorption energy is increased but kinetic effects become
more pronounced. When long chain surfactant cations are
adsorbed on montmorillonite, gas adsorption is strongly
reduced because the long alkyl chains clog the entrance
to the interlayer spaces [85, 86].
Aromatic hydrocarbons [46] and more polar compounds [87, 88] are adsorbed with appreciable basal spacing expansion. The layer charge is of minor influence as
long as extreme values are avoided [89]. The way the
samples were prepared has a strong influence on the partition coefficients [90]. This effect can be more important
than the choice of the surfactant cation. Technical
organo-bentonites differ largely in their gas adsorption
properties because they are often prepared without
removing an excess of surfactants or even with (designedly) incomplete exchange of the inorganic cations.
It is somewhat surprising that organo-bentonites
(dimethyl dioctadecylammonium bentonite, Fig. 6) do retain considerable amounts of heavy metal ions (together
with the gegen ions) from aqueous solutions. The adsorption of zinc ions is increased in the presence of phenol and
diethyl ketone (from 36% to 87% (phenol) and 91%
(ketone)). The synergetic effect is very strong: zinc ions
increase the retention of the ketone from 54% to 95 %.
Phenol is almost quantitatively adsorbed even in the
absence of zinc ions [69].
The adsorption of ion pairs may also be used to bind
undesirable anions such as radio iodide [91, 92]. Anions

appear to be more strongly attracted by the water
molecules surrounding the alkyl chains than cations [931.
Thus, the adsorption of cations on organo-bentonites may
be promoted by the adsorption of their anionic gegen ions
in the region around the alkyl chains.
Adsorption studies of scarcely soluble neutral organic
compounds from aqueous solutions were neglected in the
past but are presently of interest. A large diversity of
organic compounds is adsorbed from aqueous solution by
octadecyl trimethylammonium bentonite [94]. The interlamellar space created by the large increase of the basal
spacing is only partially filled by the organic compounds
because water is also adsorbed. In other systems (e.g.,
with amines) the interlamellar space is mainly occupied
by the organic molecules and the amount of coadsorbed
water is small. The distribution equilibria of hexanol and
octanol between the bulk phase and the interlamellar
phase in n-alkylammonium montmorillonites were determined by Stul and Bock [95].
When comparable amounts of water and organic compounds are adsorbed, the depletion of the organic compound in solution does not give the correct amounts adsorbed, but rather the surface excess n~~"~ (see [2] pp.
150; [95a]).
An outstanding advantage of bentonites is that adsorption selectivity and capacity can be optimized
by varying the kind and procedure of organic modification. The organic cations may be short chain
cations such as tetramethylammonium or cationic
surfactants. A tetramethylammonium smectite behaves
like a zeolite with narrow micropores of rather
hydrophilic character (Fig. 8). Long chain cations
make the interlayer space hydrophobic. The amount
adsorbed depends sensitively on the polarity of
the adsorptive and the solvent and the degree of
hydrophobization of the interlayer space. (The silicate
layer itself is hydrophilic only when the tetrahedral
charge, i.e., AI 3÷ for Si4+ substitution, is high; [8]).
Generally, the adsorption is accompagnied by an appreciable interlayer expansion.
The balance between the polarity of the adsorptive, the
solvent, and the interlamellar environment is instructively
illustrated by the adsorption of phenol and trichlorophenol from water and hexane on tetramethylammonium
(TMA) and hexadecyl trimethylammonium (HDTMA)
montmorillonite (Fig. 9) [96]. Most striking is the adsorption of trichlorophenol from water: it is very low for
TMA but high for HDTMA cations. Both smectites adsorb comparable amounts from hexane solutions.
Evidently, the pronounced hydrophobic character of the
interlayer space of HDTMA montmorillonite favors adsorption of the less hydrophilic trichlorophenol from
water. The adsorption of pentachlorophenols from water
is also distinctly higher on montmorillonite modified with
long chain cations than on montmorillonite with short
chain cations [97].

Progr Colloid Polym Sci (1994) 95:61--72
© Steinkopff Verlag 1994

\
/

/
--

t::iii!!i!i!!!iii!!i!:

~

P:!:!Si:i:!~!!]:~:i:i:i:]:~:::::, - -

~

chlorine atoms cannot penetrate into the interlayer space.
Adsorption on the external surfaces of illite may be promoted by the high site density of TMA cations on illite.
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Fig. 8 Montmorillonite modified with a) tetramethylammonium
ions represents a more or less zeolitic system; modification with
long chain alkylammonium ions b) provides a hydrophobic environment for the adsorptives penetrating into the interlayer space
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Fig. 9 Adsorption of phenol (P) and 3,4,5-trichlorophenol (TCP)
from solutions in hexane and water on tetramethylanunonium
(TMA) and hexadecyl trimethylammonium (HDTMA) montmorillonite [96]

TMA montmorillonite adsorbs aromatic hydrocarbons
in the order benzene >> toluene >> p-xylene, ethyl
benzene > o-xylene > dichlorobenzene [98]. The adsorption of benzene by TMA montmorillonite is not influenced by the presence of toluene but adsorption of
toluene decreases when benzene is added [99].
The insecticide Lindan (7-hexachloro cyclohexane) is
not adsorbed by TMA montmorillonite. However, illites
modified with TMA ions adsorb certain amounts of Lindan [98]. The saturated hydrocarbon overloaded with

One way to prepare pillared smectites (and probably the
simplest method for scaling up to industrial production)
is introducing polyhydroxoaluminum cations by cation
exchange. These cations are formed when NaOH is added
to aluminum salt solutions in amounts NaOH/A13+ < 3
(typical 1--2.5) [100--105]. Usually, the polyhydroxoaluminum smectites are heated to 300--400°C to
dehydrate them into polyoxoaluminum smectites. As adsorbents they may also be used in the uncalcinated form.
Zielke and Pinnavaia [106] compared the adsorption of
several chlorinated phenols by pillared montmorillonite
and Laponite (Laponites are synthetic hectorite-like
materials). Pentachlorophenol, which is the strongest
Brensted acid, is best adsorbed by the polyoxoaluminum
derivative and less by the polyhydroxo form. The adsorption capacity decreases strongly with increasing solution
pH (from pH = 4.7 to 7.4), showing that this pollutant
is adsorbed in undissociated form. The effectivity of the
smectites (at pH = 4.7) is: polyoxoaluminum laponite >
polyhydroxoaluminum laponite > polyoxoaluminum
montmorillonite > polyoxochromium montmorillonite.
Sodium laponite and montmorillonite show no tendency
to adsorb the pollutant from aqueous solution.
The chief difference between laponite and montmorillonite is the high degree of disorder and delamination of laponite, which also persists in the pillared forms.
The enhanced adsorption in comparison with montmorillonite results from the increased accessible surface
area and may also be related to the more hydrophobic
character of the bare silicate surface [8].
Nolan et al. [107] reported the adsorption of chloro
dibenzo-p-dioxins on polyhydroxoaluminum montmorillonite. High distribution coefficients (KD(ml/g) =
amount X adsorbed per g solid (mg/g)/amount X in solution (mg/ml)) are obtained (octachloro dibenzodioxin on
montmorillonite 2800 ml/g, on polyhydroxoaluminum
montmorillonite 94000 ml/g). The distribution coefficient
decreases sharply when the interlamellar polyhydroxoaluminum complexes are dehydrated to polyoxoaluminum pillars (KD = 1100 and 1800 ml/g for
polyhydroxoaluminum montmorillonite heated to 170 °
and 550°C).
The adsorption properties of pillared clays can be improved by pre-adsorbing surfactants. Polyhydroxoaluminum montmorillonite covered with hexadecyl
pyridinium ions is a better adsorbent for pollutants in industrial waste waters than hexadecyl pyridinium (HDPy)
montmorillonite [108]. For benzopyrene KD is increased
from 48000 ml/g (HDPy montmorillonite) to 95 800 ml/g
(HDPy polyhydroxoaluminum montmorillonite) and for

70

G. Lagaly
Bentonites: adsorbents of toxic substances

pentachlorophenol from 16 000 ml/g to 156 000 ml/g. No
significant differences are noted in the sorption of
3,5-dichlorophenol on both adsorbents. The reduced adsorption of this pollutant may be related to its higher
aqueous solubility.
The increased adsorption of certain pollutants on surfactant modified pillared montmorillonites results from the
orientation of the surfactant cations different from that in
the non-pillared smectites. As the polyhydroxoaluminium
complexes are positively charged, the cations are assumed
to be oriented with their positive head groups pointing away
from the pillars (Srinivasan and Fogler, 1990). This makes
the surface hydrophilic, whereas the space between the
alkyl chains retains its hydrophobic character. It is also
assumed that an electrostatic shielding against flocculation
further increases the effective interface area.
Another way to modify pillared smectites is proposed by
Michot and Pinnavaia [109]. Sodium montmorillonite is reacted with a solution containing the
[ml1304(On)z4+x(n2o12_x[ (7-x)+ cation [110] and a technical
alkyl pentaethylene oxide (Tergitol 15s-5). The reaction
product is a pillared smectite loaded with the nonionic surfactant. The surfactant occupied micropores between the
pillars are the adsorption sites for 3-chlorophenol, 3,5-dichlorophenol, 3,4,5-trichlorophenol and pentachlorophenol. The uptake of the pollutants increases with the number
of chlorine atoms. The toxicant loaded clay can be recycled
by calcination at 500°C and re-adsorption of the surfactant.

Conclusion
Smectite clay adsorbents (bentonites) offer a broad scale
of applications and bind different kinds of compounds
(Table 3). Percolation experiments are now widely used
to test the adsorption behavior of absorbents for practical
purposes. An enormous pool of data is produced.

Table 3 Adsorption capacities of montmorillonite (exchanged with various cations from aqueous solutions)

Species

Cation

Adsorption

Ref

meq/g

mg/g

pb2+

Na +, Ca2+
Na +, Ca2+
Na +, Ca2+

1
1
1

32
56
104

lauryl ammonium
lauryl sulfate

Na +, Ca2+
Na +

1
0.03 o

186
81)

benzene
p-xylene
m-cresol
p-nitrophenol
3,4,5-trichlorophenol
pentachlorophenol
3-monochlorophenol

trimethylammonium
trimethylammonium
octadecyltrimethylammonium
octadecyltrimethylammonium
hexadecyltrimethylammonium
hexadecylpyridinium
pillared + Tergitol

1.3
0.14
1.7
2.3
0.8
0.12
0.1

101
15
182
320
159
32
13

Co 2+
Cd 2+

1) apparent adsorption (from depletion of
lauryl sulfate in solution at pH < 3; cf.
p. 5).

However, the data must be used very cautiously as they
are often obtained under less defined conditions and far
from equilibrium.
The interaction of organic materials with smectites
often change the particle-particle interactions, the structure of the aggregates and mechanical properties. This
can seriously affect the sealing properties of clay layers.
A further effect to be considered is the catalytic activity of the clay minerals which may cause degradation and
rearrangement of the organic compounds. The behavior
and fate of biocides are greatly influenced by such reactions. Catalytic hydrolysis is frequently observed
[111--116]. The parent compound of many herbicides, striazine, is hydrolyzed to formamide [117]. The degree of
protonation and hydrolysis of the derivatives is very different for the particular compounds [118].
The rate and mechanisms of degradation of parathion
depend on the nature of the clay, its hydration status, and
the saturating cation [119--121]. In particular cases (e.g.,
parathion) the rearrangement or degradation products are
more toxic to mammals than the parent compound itself.
An instructive example of the influence of catalytic
reactions on the mobility of organic compounds in soils
is reported by Sawhney [122], who studied the oxidation
and oligomerization of o- and m-methylphenol and
-chlorophenol vapors in the presence of montmorillonite.
As the polymerization of phenols is an oxidation process,
a higher degree of polymerization and greater adsorption
are observed in air than in nitrogen. As a consequence,
the mobility of the phenols is reduced under aerobic conditions. In addition, the polymerized phenols also reduce
the mobility of unreacted phenols by adsorption. Due to
the greatly reduced polymerization in absence of oxygen
an aerobic environment facilitates transport of the toxicants to ground water. Chemisorption and catalytic
polymerization of halocarbons on montmorillonite
reduces the mobility of halocarbons in soils [71].
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Interaction between ionic surfactants
and soil colloids: adsorption,
wetting and structural properties

Abstract The adsorption of ionic
surfactants on different soil
components such as silica, clay
minerals, and humic acids was
studied. The adsorption processes
were controlled by flow
microcalorimetry to determine the
molar adsorption enthalpies of
surfactant accumulation on clay and
silicate surfaces. The evaluation of
adsorption results for cationic
surfactants has shown different
mechanisms for solids having
permanent (kaolinite, illite,
montmorillonite) and pH-dependent
surface charges (silica gels and
powders). The adsorption mechanism for surfactants on silica
surfaces with pH-dependent charges
has been explained in terms of the
development of charges on the
surfaces and their interaction with

Introduction
Recently, difficulties arising from soil pollution have
become conspicuous among the serious environmental
protection problems pending. The surfactants are one
group of organic pollutants which may come into the
soils, and although the level of contamination is frequently low, their effect on interfacial and colloid structural
properties of soils might be drastic. Considering such
composite systems as soils in general, but especially from
a interfacial and structural point of view, the colloidal
fraction of soils is the most reactive. This fraction contains fine clay, oxide particles and humic substances, and

surfactant cations and micelles. The
surface hydrophobicity of clayorganocomplexes was characterized
by batch microcalorimetry using
pure liquids. The fractal dimensions
of clays and their organocomplexes
were determined by SAXS. The
intercalation of organic compounds
in the interlamellar space of layered
silicates and humates was measured
by x-ray diffraction using powder
samples and suspensions. The
structural properties of the
surfactant coated clay suspension
were characterized by rheology.
Key words Clay minerals -adsorption -- ionic surfactants -heat of wetting -- surface
hydrophobicity -- humic acids -rheology -- SAXS experiments

their role in the interactions with dissolved materials and
in the soil structure formation is fundamental.
The adsorption of ionic surfactants on several different
kinds of natural solid materials (e.g., ores, minerals,
clays) is of great practical importance. Therefore, a vast
and ever-expanding literature is published on this subject.
Because of the complexity of interactions involved in the
accumulation of ionic surfactant at solid/liquid interface
from dilute aqueous solution, no single and unifying
model of adsorption process for a range of solid-surfactant combinations has yet emerged [1, 2].
Considering that the interaction of ionic surfactants
with the colloidal components of soils is inherently in-
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fluenced by their surface charge characteristics, components holding permanent and variable charges have to
be distinguished. Phyllosilicates, e.g., kaolinite, illite,
vermiculite or montmorillonite among swelling clays, are
the major source of permanent negative charge, and oxides, e.g., alumina, silica, as well as organic humic
substances have pH-dependent charges. The edges of clay
particles also exhibit pH-dependent charge sites similarly
to that on oxide surfaces which are due to ionization of
broken Si-OH and A l-OH bonds.
Adsorption of ionic surfactants on oppositely charged
surfaces, i.e., anionic surfactants at pH below the point
of zero charge and cationic ones above that characteristic
pH of oxides, and also cationic surfactants on clay
lamellae, has been studied extensively. Besides the excellent reviews in the appropriate chapters of some books
[1--3], some papers [4--10] among the previous publications from our department, and some recently published
papers [11--15] have to be mentioned. Only a few
publications on the interaction between cationic surfactants and predominantly negatively charged humic
substances can be found [16--18]. Electrostatic interactions and hydrophobic bonding are important driving
forces for adsorption. At lower concentration monolayer
of surfactant molecules holding long alkyl chains can
cover the oxide surface or the basal plates of clay particles, turning them hydrophobic. At higher concentration
bilayers are developed or "hemimicelle" formation takes
place due to the lateral interactions between alkyl chains
[1, 2, 11, 13, 15, 19, 20--22].
Beyond the quantitative measurement of adsorption
and the endeavor to describe the adsorption isotherm
theroetically, innumerable instrumental methods are used
to characterize the adsorption process, forming bonds,
structure of interfacial layers and of whole dispersion, as
well as the properties of organocomplex forming from
surfactant and substrate. Frequently used spectroscopic
and electrokinetic methods [1, 2, 11, 15, 19, 20] provide
valuable data to interpret adsorption results and to reveal
the mechanisms of adsorption. Microcalorimetry has
recently been used [14, 23--26] to discuss the thermodynamics of adsorption and wetting properties of organocomplexes. The hydrophobicity of organocomplexes can
be characterized by liquid mixture adsorption [5--8,
23--26]. X-ray diffraction method has proved to be excellent for lamellar systems [3, 4--8, 27--31] since the
structure of organocomplexes, liquid mixture composition dependent swelling and the intercalation of solvent or
other organic molecules can be studied by this method.
The present review is based on the research experience
assembled at our department over decades in the field of
ionic surfactant adsorption on several kinds of adsorbents, and it surveys our results related to some adsorbents being also important soil constituents, such as
swelling and non-swelling clay minerals, silicas, and
humic substances. Results of solution adsorption in

parallel with flow microcalorimetry, immersional heat
and rheological measurements, as well as x-ray diffraction and small-angle x-ray scattering of organocomplexes
will be presented.

Materials and methods
Materials
The following solids were used as adsorbents:
Silicagel R (Reanal, Hungary, analytical grade), silica
powder (precipitated from commercial sodium silicate
solution by alcohol and then dried and sieved. The Na +
content at the surface of the precipitated silica was 3.07
mmol per 100 g solid powder, determined potentiometrically.), silicates: Sepiolite (Spain), Zeolite 13X
(Linde, FRG), kaolinite (Zettlitz, FRG), illite (Fiiz6rradv~iny, Hungary), montmoriUonite (M~id, Hungary), and
vermiculite (South Africa). The specific surface areas of
the adsorbents are summarized in Table 1. Their detailed
description has been published [23--26].
Surfactants: n-alkylammonium-chloride, n-alkylpyridinium-chloride, sodium-dodecylsulphate (Fluka AG,
FRG, purum).
Humic substances: Humic acids were obtained from
brown coals (Tatab~inya, Hungary, and Steinberg, FRG)
by extraction with 0.1 mol d m -3 NaOH. After the usual
purification process, the sample from Tatab~inya was
fractionated with NaC1 as described in [32]. The total
acidity (method in [32]) and elemental composition of
these humic acids are listed in Table 2. Humic acid solution was made by passing Na-humate solution through a
column of hydrogen cation-exchange resin. The Nahumate solution used in the experiments was made by
neutralization of the humic acid solution with NaOH.

Table 1 Specific surface areas of the adsorbents used
Adsorbent

asBEt, m2/g ab, m2/g

Quartz
Silicagel R
Precipitated silica
Sepiolite
Sepiolite acid treated
Zeolite 13X
Kaolinite
Illite
Montmorillonite
Vermiculite
HDP-Montmorilloniteorganocomplex

4.5
557
78.9
228
463
530
28
44
76
2.1
38

580
----80
101
760
780
778

-specific surface area determined by BET method
ab --specific surface area determined by liquid adsorption
method [41

asBET
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Table 2 Total acidity and elemental
composition of humic acids used in the
experiments
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Humic acid
from
brown coal
from

Total acidity Elemental composition %
N
mmol/g
C
O

H

Ash

Tatab~nya
Steinberg

5.974
6.700

4.3
4.2

3.7
5.6

The preparation of n-alkylammonium organocomplexes is described elsewhere [16]. The amounts of
alkylammonium salts added to the humate solution were
equivalent to the acidic groups (carboxyl and phenolic
hydroxyl) of the humic acid sample.
Methods
Adsorption measurements: The adsorption of various cationic surfactants was determined in aqueous suspensions
and the specific excess amount was calculated using the
relation n~(v~ = V ° Ac/m, where V ° is the volume of the
liquid phase, m is the mass of the solid, Ac is the difference between the initial and equilibrium concentrations
(Ac = co -- %). The equilibrium concentration of surfactants was determined by two-phase titration method
[33].

Microcalorimetric measurements: The measurements
were carried out with an LKB 2107 (Sweden) isothermal
adsorption microcalorimeter, using two types of measuring techniques. The adsorption measurements were performed with the flow unit of the microcalorimeter at 25
-+ 0.01 °C on porous silica gel, precipitated silica, and
sepiolite clay minerals. The flow rate was 15--25 cm 3
surfactant solution/h. The heat effects at various concentrations were corrected by the heat of mixing [23--25].
The integral enthalpy of displacement ~Adh = f(Ceq ) in
the process of adsorption was given as a function of the
equilibrium surfactant concentration % . Hydrophobilized kaolinite, illite, and montmorillonite were investigated
by "batch" immersion in various wetting liquids. The
molar enthalpy of immersional wetting, AwHi (J/mmol),
was given as a function of the surface hydrophobicity
[261.
X-ray diffraction studies: The x-ray diffraction measurements were performed with a Philips PW 1830 generator
fitted with two measuring units: a powder diffractometer
operating in a wide (1 °--90 ° in 2 0 °)-angle range and a
compact Kratky camera in a small-angle range (0 °--5 ° in
2 0 °) (SAXS). The measurements were carried out at 40
kV and 35 mA with CuK~t radiation (2 = 1.54 A) using
a Ni filter at 25 °C temperature. The sample support of the
powder diffraction goniometer was used for powder tests
and for the investigation of suspensions as well. In the latter case, the suspension was covered by Mylar foil to pre-

54.0
56.1

34.9
30.6

3.1
3.5

vent evaporation of the dispersion liquids. The measurements were carried out with SAXS for solids at a layer
thickness of 1 mm in a sample holder. A special sample
holder was furnished with a Mylar foil window for
measurements on clay mineral suspensions. In this sample holder, the measurements were performed in 10%
suspension at a layer thickness of 1 mm.
The slit distance of the proportional counter detector
was 100 ~tm. The measuring of control data and the processing of measurement data were carried out by computer in both techniques.

Membrane osomometry: The number average molar
masses of humic acid and Na-humate (sample from
Tatab~inya) were determined at 5 and 500 mmol dm -3
NaC1 by membrane osmometry (Knauer membrane
osmometer, Sartorius superfine membrane), using the extrapolation procedure described in [32].

Results and discussion
Silica, silicate surfaces and cationic surfactants

Precipitated silica, silica gel and quartz adsorbents
with pH-dependent surface charge sites
The adsorption of cationic surfactants from aqueous solutions on solid surfaces with dissociable surface sites
depends greatly on the pH of the medium. On the one
hand, it is determined by the pH-dependent surface
charge state of the adsorbent. The point of zero charge
(p.z.c.) of silica surfaces is usually at low pH, most frequently below 4 [34]. From the p.z.c, to pH about 6, the
magnitude of the negative surface charge of silicas increases very slowly, especially at low electrolyte concentrations. Above pH 6 the builiding-up of the surface
charge is similar to that for the other oxides, and at high
pH values, i.e., above 9, they can obtain an enormously
high surface charge density particularly in the case of
precipitated silica samples [35]. On the other hand, the
pH of the solution influences the electrolytic dissociation
of the surfactant molecules. Pyridinium salts such as hexadecylpyridinium chloride (HDPC1) are fully dissociated
over the whole pH range, but the primary amines such as
dodecylammonium chloride (DDAC1) are soluble only in
strongly acidic media [ref. [2], pp 17--18].
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Adsorption of HDP + on the precipitated silica adsorbent at pH 10.6 leads to monolayer coverage, whereas at
pH 3 surface saturation is not observed up to an
equilibrium concentration of 10 mmol/dm 3, as seen from
the shape of the isotherms (Fig. la).
At pH 10.6, the surface of the substrate is negatively
charged and sodium ions are adsorbed as counterions in
the inner Helmholtz plane (IHP) of the electrical double
layer (e.d.1.). Adsorption of HDP + gives a high-affinity
isotherm, which reaches the plateau at equilibrium concentrations consistent with the critical micelle concentration (CMC) of HDPC1, 0.9 mmol/dm 3 [36]. The adsorbed amount is 0.7 mmol/g at saturation, and the surface
area occupied by one molecule is about 0.2 nm 2. This
means that the adsorbed amount is somewhat higher than
would be expected for close-packed monolayer coverage
(0.3 nm2/molecule).
Measurements of the pH of the suspensions before and
after adsorption (after standing for 24 h) shows that during the adsorption of HDP + there is no appreciable
change in pH (the decrease is about 0.1 pH unit). It is a
reasonable assumption that the adsorption of surfactant
cations takes place via exchange between the sodium
ions and the surfactant cations in the IHP of the e.d.1, of
the substrate (see the schematic representation in
Fig. 5a).
In acidic media (pH 3), the surface of the precipitated
silica is nearly uncharged. The amount of HDP + adsorbed at very high equilibrium concentrations gives the area
occupied by one molecule as 0.66 nm 2, which is twice
the area demanded by one HDP + oriented perpendicularly to the surface. Because of the low pH (adjusted
with HC1 solutin) and the presence of sodium ions (7.5 x
10 2 mol/dm 3 (originating from the silica preparation),
the CMC of HDPC1 is lowered. The CMC of HDPC1 in
10-2 mol/dm 3 NaC1 solution is 10 -4 mol/dm 3 [11]. At
high ionic strengths, the e.d.1, around the micelles has to
be narrowed and the charge of the micelles is compensated almost fully within the compact layer. Thus, it can
be supposed that adsorption of the micelles occurs on the
uncharged surface of the precipitated silica in addition to
the individual surfactant adsorption (Fig. 6b).
The adsorption of HDP + on Silicagel R and quartz
(Fig. lb) was investigated at neutral pH (6.5 for Silicagel
R and 7.5 for quartz); thus, the surface of both substrates
was negatively charged. In both cases, the experimental
isotherm shows a plateau of monolayer coverage at
equilibrium concentrations near the CMC. For Silicagel
R, which has a porous structure, surfactant cations cannot
be adsorbed inside the pores, but only on the external surfaces of the substrate. A singificant change in the pH of
the bulk solution was detected during adsorption. With
increasing adsorbed HDP + amount ApH rose from 0.6
to 2.0 pH units. The proton concentration in the bulk liquid increased due to their displacement from the IHP by
adsorbed HDP + (Fig. 5a).

0.8

'

0.7

0.6

g,

0.5

0.4

0.8

0.2
0.1

0.0
tea.

mmol

dm

-~

0.10
7

0.08

-;- ~

%

0.06

0.04

0.02

0.00

. . . .
0.0

i
0.5
Ceq.,

. . . .

,
1,0

. . . .
1.'5

mmol am -3

b

Fig. 1 Adsorption isotherms of HDP+ on a) precipitated silica at
pH 10.6 ( × ) and pH 3 (o); b) Silicagel R at pH 6.5 ( x ), quartz
at pH 7.5 (o)
The adsorption isotherm for the quartz adsorbent
shows a bilayer character. The fitted value of the first
plateau of the isotherm corresponds to the close-packed
monolayer coverage, with an area of 0.3 nm 2 occupied
by one HDP +. It may be concluded from the amount adsorbed at the second plateau that further adsorption of the
surfactant occurs in at least two additional layers, or
rather via surface hemimicelle formation.
Figures 2a and 2b present the changes in the integral
enthalpy of displacement (~,Adh, J/g) as a function of
the equilibrium concentration, and in the integral molar
enthalpy of displacement (~,Afl/n~ ~v), kJ/mol) as a function of the relative surface coverage, in the process of
HDP + adsorption on Silicagel R (at pH 6.5) and
precipitated silica (at pH 10.6 and pH 3). The relative
surface coverage is defined as the ratio of the amount
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Fig. 2 Enthalpy changes in the HDP+-adsorption process: a) integral enthalpy function on precipitated silica at pH 10.6 ( x ) and
pH 3 (o), on Silicagel R at pH 6.5 (zx); b) integral molar enthalpy
as a function of the relative surface coverage on precipitated silica
at pH 10.6 (zx) and pH 3 (x) and on Silicagel R at pH 6.5 (o)
adsorbed at a given equilibrium concentration to the
saturation amount at the first plateau.
In those cases when the pH of the solution is higher
than the pH of the p.z.c, of the substrate, i.e., at pH 6.5
for the Silicagel R and pH 10.6 for the precipitated silica,
the solid surface is negatively charged and the adsorption
process is governed by electrostatic interactions. Exchange of the counterions (H + for Silicagel R and Na ÷
for precipitated silica) for surfactant cations in the IHP
does not cause a significant change in the molar enthalpy
at low relative surface coverage. The molar enthalpy
increases sharply in the exothermal direction in the
region of close-packed monolayer formation, due
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to the lateral interactions between the hydrocarbon chains
I21,221.
Simultaneously, a change also takes place in the water
structure [37]. Rearrangement of the water molecules
escaping from the surroundings of the hydrocarbon
chains of the surfactant molecules ("iceberg" water) is
the driving force for the formation of the close-packed
monolayer at the solid surface, just as for micelle formation in surfactant solutions.
For the precipitated silica at pH 3 (i.e., the surface is
at or close to the state of zero charge), the situation is
quite different from that for the charged surfaces. Adsorption of HDP + on the uncharged hydrophilic surface
may be considered to be a result of dipole-dipole interactions between the oriented water molecules of the surface
hydrate layer and the hydrate layer around the individual
surfactant molecules [ref. [2], p. 56] and surfactant
micelles (Figs. 6a and 6b). In this case there is no reason
to suppose the existence of electrostatic interactions. The
extent of the adsorbed amount increases monotonously,
and at maximum adsorption, the surfactant layer is not a
close-packed monolayer (0.66 nmZ/molecule). However,
molar enthalpy of adsorption decreases monotonously up
to the maximum relative surface coverage. The heat
evolution for the uncharged hydrophilic surface displays
quite a different character than that for the negatively
charged surfaces, indicating a different mechanism of adsorption. The adsorption of the individual molecules
together with their hydration shell seems to disturb the
water structure in the hydrate layer of the solid surface
and around the surfactant ions in such a way that some of
the structured water molecules are discharged. This may
be the reason for the large exothermic enthalpy effect at
the first stages of the adsorption process. With increasing
surface coverage, the integral enthalpy of displacement in
proportion to the adsorbed amount gradually decreases
(Fig. 2b).
The adsorption of DDA ÷ on Silicagel R and
precipitated silica powder (Fig. 3) was investigated at
concentrations lower than 1 mmol/dm 3, i.e., well below
its CMC (14.8 mmol/dm 3 [38]). The adsorption isotherms show constant adsorption above the equilibrium
concentration of 0.6 mmol/dm 3. The amount of DDA +
adsorbed is lower than that of HDP + by one order of
magnitude for both substrates. DDA + is dissolved at low
pH, and therefore the acidity of the systems was adjusted
to pH 2 with HC1 solution. In such an acidic medium, the
surface of the adsorbents is weakly positively charged
[ 15]. In spite of this, the adsorption of cationic surfactants
occurs to a small degree. The occurrence of the second
step of the isotherm for the precipitated silica can be explained in terms of the second layer or surface
hemimicelle formation.
The integral enthalpy isotherms of displacement for
the adsorption of DDA + on Silicagel R and precipitated
silica adsorbents (Fig. 4) indicate that the mechanisms of
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adsorption are similar to the mechanisms of adsorption of
HDP + on the uncharged (pH 3) and negatively charged
(pH 10.6) precipitated silicas, respectively. In the precipitated silica, the adsorption isotherm has a second step and
comparison with the integral enthalpies of displacement
suggests that the adsorption of whole micelles occurs due
to laeral interactions in this region. For an interpretation,
let us consider first the structure of the electrical double
layer of Silicagel R and precipitated silica in the presence
of the extremely high C1- concentration originating from
the pH adjustment. SilicagelR has a slightly positively
charged surface at pH 2. The pH adjustment with HC1
solution results in a small excess (about 0.5 mmol/dm 3)
of C1- in the bulk solution and it is very likely that these
ions are adsorbed specifically in the IHP or nonspecifically
in the OHP (outer Helmholtz plane), together with their
hydration shell. This means that, due to their screening effect, the small positive surface charge is fully compensated
within the compact layer of the e.d.l, and the surface
behaves in the adsorption process as an uncharged
hydrated surface (Figs. 6a and 6b). The precipitated silica
adsorbent (slightly positively charged surface at pH 2)
contained 33 mmol/dm 3 of Na + in suspension (0.25 g/20
c m 3 in the adsorption experiments) and 30--38 mmol/dm 3
of C1- from the pH adjustment. In addition, the C1- concentration is even higher because of the DDA ÷ counterions. Under such conditions, it is quite reasonable to suppose that the small positive surface charge is overcompensated by C1- in the IHP, and therefore the coions
(Na ÷ in the OHP) may be exchanged for DDA ÷ during
adsorption (Fig. 5b). Further, the high salt concentration
causes a considerable lowering of the CMC.
Chain silicates and zeolite
The adsorption isotherms of HDP + on chain silicates
such as sepiolite and sepiolite modified by acid treatment
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Fig. 4 Enthalpy changes in the DDA+-adsorption process: a) integral enthalpy function on precipitated silica ( x ) and Silicagel R
(o), at pH 2; b) integral molar enthalpy as a function of the relative
surface coverage on precipitated silica ( × ) and Silicagel R (o), at
pH 2
(Fig. 7) exhibit a character similar to that for the
precipitated silica adsorbent at pH 10.6 and 3 as regards
the amount of surfactant adsorbed and the shape of the
isoterms, but the integral molar enthalpies of displacement are considerably higher (Fig. 8a). It may be supposed that the reason for this difference is an additional effect
due to the displacement of water from the micropores by
the surfactant ions during the adsorption process.
The adsorption of HDP + on the surface of the
original sepiolite gives a high-affinity adsorption
isotherm. The amount of HDP + adsorbed in the region
of ion exchange (i.e., for the immeasurably low
equilibrium concentrations) is 0.2 mmol/g, which is in
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Fig. 5 Schematic representation for the possible mechanism of interactions between
cationic surfactant and charged
oxide surface:
a) ion exchange in the Inner
Helmholtz Plane;
b) ion exchange in the Outer
Helmholtz Plane
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relative surface coverage, the integral molar enthalpy of
displacement (Fig. 8b) increases in the exothermic direction. Thus, lateral interactions between the long hydro-
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carbon chains at the surface can be detected at a relatively
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Fig. 7 Adsorption isotherms of HDP ÷ on sepiolite ( x ) , acid
treated sepiolite (o) and Zeolite 13X (n)

loose packing of surfactant.
Treatment of the sepiolite with 2 mol/dm 3 HC1 solution for 36 h leads to a decrease of the ion exchange
capacity to 0.03 mmol/g. As a consequence, the adsorption o f H D P + on the H-form o f sepiolite does not display
an ion exchange character, but resembles the adsorption of
H D P ÷ on the uncharged surface o f precipitated silica at

pH 3 (Fig. la). The specific surface area of the sepiolite
increases from 228 m2/g to 463 m2/g on acid treatment.
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HC1 solution during 5, 10, 36, and 72 h. The adsorption
of HDP + on the surface of the original sepiolite may be
considered to be an apparently irreversible process. The
integral enthalpy changes (Fig. 10) obtained by gradual
dilution of the equilibrium surfactant solution in the flow
cell after the adsorption process has been completed show
that surfactant molecules adsorbed in the ion-exchange
process are not desorbed. At the same time, adsorbed surfactant molecules and micelles are displaced from the surface of the H-form of sepiolite by water molecules. The
changes in the integral enthalpy of adsorption and desorption are of the same magnitude, but opposite in sign.

Relative surface coverage
b
Fig. 8 Enthalpy changes in the HDP+-adsorption process: a) integral enthalpy function on sepiolite ( x ), acid treated sepiolite (o)
and Zeolite 13X (zx); b) integral molar enthalpy as a function of the
relative surface coverage on sepiolite (o), acid treated sepiolite (zx)
and Zeolite 13X ( x )
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7

3.0

'-~

2.5

~

2.0

I
;
This increase is due to the partial degradationof the chain
1.5
structure during displacement of the lattice metal ions
(mainly A13+ and Fe 3+) by H + in the process of acid
1.0
treatment. From the adsorption isotherm and the integral
molar enthalpy isotherm of HDP +, it can be seen that
0.5
hydrated individual molecules and, at higher concentrations, hydrated micelles are adsorbed on the surface of
the protonated sepiolite particles. Further evidence of
0.o o
~
~
~
~
,o
such a mechanism is that the maximum amount of HDP +
Ceq., m m o l
dm -3
adsorbed is much smaller (2.19 nm2/molecule) than required for close-packed monolayer coverage.
Fig. 10 Integral enthalpy isotherms of adsorption (,,I~) and desorpFigure 9 presents the changes int he adsorption proper- tion (<1,) of HDP + on sepiolite (I) and 36-h acid-treated sepiolite
ties of sepiolite as a result of treatment with 2 mol/dm 3 (D)
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Fig. 11 Adsorption isotherms of HDP + on layer silicates montmorillonite (o), vermiculite (A), illite ( × ) and kaolinite (D)
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Adsorption on Zeolite 13X (Figs. 7, 8a and 8b), which
has a microporous structure, occurs only on the external
surfaces and the adsorbed amount and the enthalpy of
displacement are small compared with the corresponding
data for adsorption on the two sepiolite adsorbents.

Layer silicates
Figure 11 depicts the adsorption isotherms of HDPCI on
the layer silicates montmorillonite, vermiculite, illite and
kaolinite. High-affinity isotherms were obtained in accordance with the CEC of the adsorbents [4]. The amounts
of HDP + adsorbed on montmorillonite, vermiculite, and
kaolinite in the process of ion exchange are 0.8, 0.5, and
0.05 mmol/g, respectively. Adsorption on montmorillonite and illite above the CEC occurs by second
layer formation. In the adsorption of cationic surfactants
on Na-kaolinite, Isfahany [12] concluded that the adsorption involves not only electrostatic interactions between
the cationic head groups of the surfactant and the
negatively charged surface sites, mainly on the basal
plates, but also hydrophobic interactions of the surfactant
molecules with the previously adsorbed molecules. The
adsorptionof HDP + on vermiculite was measured after
allowing to stand for 48 h, and the exchange of cations
by HDP + had not yet been completed.

X-ray diffraction control of adsorption
of cationic surfactants on swelling layer silicates
The quantities of surfactants adsorbed are well detectable
by x-ray diffraction measurements, since the intercalation
of surfactant molecules in montmorillonite results in a dL
-- 14.1 ,h. basal spacing if20% of the total CEC is reached (Fig. 12) [5, 6]. Further adsorption of surfactants leads

0.6
HOp+ ,

O.B

1.0

mmol g - I

Fig. 12 Basal spacings of HDP + montmorillonites (zx) dry sample, ( x ) in H20 solution after adsorptionof HDP + cations, (o) in
methanol, (o) in benzene

to a gradual increase in the basal spacing up to the formation of a bimolecular and a pseudo-three-layer organocomplex. The cationic surfactants in the suspension of a
clay organocomplex can also be studied. In Fig. 12, dL
is shown as a function of the quantity of surfactant adsorbed. It is worth studying the basal spacing in aqueous
suspension because the dL values are higher than those in
the dry material in spite of the increase in hydrophobicity
of the surface. This means that a significant amount of
water (with electrolyte counterions) can be found among
the alkyl chains. If the organocomplexes are suspended in
methanol (or in some other short-chain alcohol), the incorporation of the monolayer alkyl chain is sufficient for
a significant swelling (dL = 30--35 .~). The swelling is
even larger in benzene (or in other aromatic solvents) and
reaches dL = 40 _~ [5,6].
Adsorption of anionic surfactant on hydrophobic
(HDP+-modified) surface
Adsorption isotherms of NaDS on montmorillonite and
HDP-montmorillonite are shown in Fig. 13. Adsorption
of the anionic surfactant via electrostatic interactions can
take place only at the broken edges of the clay plates with
pH-dependent surface charge sites under appropriate pH
conditions. In our experiments the pH of the suspension
was not adjusted, but it can be supposed that the edge sites
are partly positively (AI-OH) and partly negatively (SiOH) charged at neutral pH. The adsorption of DS- may
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0.16

sorption involves surface hemimicelle formation rather
than incorporation of the hydrocarbon chains of DS- into the layer of HDP + fixed to the basal plates of clay
particles.

T
0,12

/

7""
--ff
0.08

Results of SAXS experiments

0.04

0.00

0.0

0 )2

0.'4
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o~q., m m o l
d m -3
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Fig. 13 Adsorption of NaDS on montmorillonite (o) and HDPmontmorillonite ( × )
occur at positively charged sites via electrostatic interactions. DS- adsorption is considerably enhanced on the
cationic surfactant-modified surface. The specific amount
of DS- adsorbed at the second plateau of the isotherm is
0.15 mmol/g, which is one order of magnitude lower than
the amount of HDP ÷ adsorbed in the cation exchange
process. This implies that the mechanism of DS- ad-

By means of SAXS measurements, mainly the changes in
certain structural properties (porosity and structure of
gels) of clay minerals in the range 50--1000 ,/k can be
studied. For the evaluation of structural changes,
methods have been developed by Schmidt, Kriechbaum
and Laggner [39, 40]. Here, however, we would like to
illustrate only the fractal properties of clay minerals.
Small-angle scattering of the clay material with layered
structure is shown in Fig. 14. It can be established that
in kaolinite log I = f ( l o g h), where the scattering vector
h = (2 x/2) sin2 0 follows the well-known Porod law I (h)
= k h -4 [39]. The fractal dimension estimated from the
slope of the scattering function is D, -- 2.02. This
relates to the fact that the surface is fiat and the particles
are compact. Actually, bentonite exhibits surface fractal
properties, and synthetic hectorite, with high degree of
dispersion, gives extremely high values. The scattering
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Fig. 14 SAXS experiments on various layer silicates (1) kaolinite,
(2) bentonite, (3) hectorite
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Fig. 15 SAXSexperiments on sepiolite minerals: (1) original sample, (2) treated 12 h with 2 M HCI, (3) treated 36 h with 2 M HC1.
The intensities are moved by one (2) and two (3) units related to
curve (1)
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Fig. 16 SAXS experiments on (1) Na-montmorillonite, (2)
81 mequ. HDP+/100 g montmorillonite, (3) 82 mequ. DMDH+/
100 g montmorillonite organoclay
function of the fibrous structure chain silicate sepolite is
shown in Fig. 15. The double log diagram yields two
linear sections for all three samples. The slope of the first
section is Pl, from which the mass fractal dimension D m
= Ip~l + 1 can be established. The slope of the second
is p=, from which the surface fractal dimension D~ = 6
Ip21 + 1 can be calculated (Table 3). In the original
sepolite Dm ~ 3.0, which is characteristic of smoothsurface particles. The acid treatment results in a decrease
in D m which is caused by the destruction of the chain
silicate structure. Hence, the acidic dissolution results in
a decrease of the crystalline material and a porous xero
gel -- network comes into existence. Acid treatment
causes practically no change in the surface fractal dimension. This means that the surface structure of the adsorbent does not change, but its adsorption capacity increases significantly (Table 3). Figure 16 shows the
scattering curves of montmorillonite and the organocomplexes at maximal CEC. Montmorillonite exhibits
surface fractal properties (D~ --- 2.40). Its value is
decreased by hydrophobization because of the aggregation of the surfactant caused by the adsorption of surfactant and drying (D~ ~ 2.0). In aqueous suspension Namontmorillonite forms a thixotropic gel and its mass fractal dimension is therefore D m = 2.17.
-

-
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i

t
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Fig. 17 SAXSexperiments in montmorillonite suspension (1) Namontmorillonite in water, (2) 30 mequ. HDP+/100 g montmorillonite in H20, (3) 100 mequ. HDP+/I00 g montmorillonite
in H20
If surfactants are added, the aggregation of lamellae
occurs, the gel structure degrades due to coagulation, and
its mass fractal properties cease to exist ( D m ~ 3 . 0 )
(Fig. 17).
Immersional wetting properties
of hydrophobic layer silicates
If the originally hydrophilic surface of clay minerals is
partially covered by cationic surfactants, the heat of wetting is a function of the covered surface area [7, 26]. The
non-swelling in aqueous medium kaolinite and illite
modified by HDP+ swollen by methanol and benzene
can be seen in Fig. 18. The enthalpy of wetting (AwHi)
in polar methanol is exothermic and decreases exponentially as the covered surface area increases. For the interaction between benzene and the adsorbent, the enthalpy of wetting increase appears to be small. Because of
intercalation of aromatic organic substances, the lamellae
in the swelling montmorillonite organocomplexes move
away from one another [8, 28--31]. Consequently, the
wetting could also be an endothermic process. The exothermic or endothermic character of the heat effect
depends on the wetting liquid and the degree of swelling.
Figure 19 demonstrates that with a suitable surfactant
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Table 3 Fractal dimensions
of various clay minerals and
their organocomplexes with
cationic surfactants

Clay minerals

Ipll

Kaolinite
Bentonite
Hectorite (synt.)

--0.97

Ip21

Dm

D~

a BET (m2/g)

2.02
2.80
--

28
52
247

2.14
2.15
2.08

228
452
463

2.40
2.39
2.12

76
38
29

layer silicates (dry powders)
2.98
2.20
--

--1.97

chain silicates (dry powders)
Sepiolite
Sepiolite (treated 12 h)
Sepiolite (treated 36 h)

2.05
1.95
1.50

2.86
2.85
2.92

3.05
2.95
2.50

clay-surfactant complexes (dry powders)
Na-Montm.
HDP-Montm.
DMDH-Montm.

----

2.60
2.61
2.88

----

clay-surfactant complexes (in aqueous suspension)
Na-Montm.
HDP-Montm. (0.3 mmol/g)
HDP-Montm. (1.0 mmol/g)

1.17
2.02
--

Fig. 18 Heat of wetting in
(o) methanol (1) and (e)
benzene (2) on a) HDPkaolinites; b) HDP-illites at
different HDP÷-coverage (02)
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content and an alkyl chain length nc = 18 during the intercalation, expansion of the lamellae takes place.
Because o f the increase in disorder in the chains, the
swelling process is entropy driven [7, 26].

Rheological properties o f montmorillonite
suspension with cationic and anionic surfactants
Since cationic and anionic surfactants are adsorbed on the
silicate lamellae, the polarity of the surface of particles
changes as well. T h e magnitude o f the adhesion forces is

~2

influenced significantly by the increase in hydrophobic
character o f the surface in aqueous media. T h e extent o f
the interaction between the particles can be characterized
by investigation of the rheological properties o f the
suspension. W h e n a suspension of actual clay samples is
tested in a rotation viscosimeter, the change in the shearing stress (r) can be given as a function o f the speed gradient (~). The relation r = t / ~ is true for the Newtonian
liquid, but the ideal plastic suspensions (Bingham model)
have the Bingham yield value rB which yields information on interactions between the particles and on the
stability of the house-of-cards structure.
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Fig. 19 Heat of wetting in
(o) methanol (1) and (e)
benzene (2) on a) HDP-montmorillonite as a function of
the HDP+-coverage; b)
alkylammonium derivatives
with different chain length (no)
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Fig. 20 Rheological experiment in Namontmorillonite suspension with (o)
HDPC1 and (e) HDTABr surfactant
(suspension concentration: 7.5 g/100 cm3)
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The effect of DTABr and HDPC1 on Na-montmorillonite can be seen in Fig. 20. It emerges that the
structure of the suspension is modified significantly by
the binding of small amounts of surfactants. Increase in
the hydrophobic character of the surface causes aggregation in aqueous media. The yield value rB then increases
until a maximum is reached. If the surfactant quantity is
further increased, the wetting improves again, because of
the surfactant orientation and therefore the interaction between the lamellae aggregates decreases. Figure 21
demonstrates the surprisingly significant structure-changing effect of anionic surfactant (NaDS) when Ca-montmorillonite is used. It is well known that anionic surfactants adsorb only on the edges of the lamellae of
montmorillonite. From this it could be expected that the
house-of-cards structure will collapse. In contrast, Camontmorillonite, which swells very poorly in water,

0.60
Na montm.

undergoes disaggregation, and the structure-forming property of suspension increases considerably. In our opinion, the structure forming occurred at lower concentration because of the Na-montmorillonite formed. It
dissolves poorly and forms a gel, which helps the structure of the suspension to solidify. The formation of
Ca(DS)2 compound is proved quite clearly by the x-ray
diffraction picture. This can be seen in Fig. 22, which
demonstrates the reflection of Ca(DS)2 in the suspension.
Humic substances
aggregation state and interactions
Humic substances are the most important class of organic
materials in the soils and surface waters, in terms of both
quantity and ubiquity. One of the main characteristics
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of humic materials is their ability to interact with metal
ions, oxides, hydroxides, minerals and organics, including toxic pollutants, to form water-soluble and waterinsoluble associations. These interactions have been
described as ion-exchange, adsorption, chelation, pep15
tization and coagulation reactions [45], and it is likely that
they affect many reactions which occur in soils and
waters. These substances are polyanions of complex
structure containing a carbon skeleton highly substituted
with oxygen-containing functional groups, which can act
as active sites in ion-exchange reactions or as ligands in
10complex formation with appropriate metal ions, either
dissolved in aqueous medium or fixed in the surface layer
of solids.
The colloidal state of humic substances is uniquely
various. It is well known that their aggregation state
depends not only on their individual molecular structure,
but also on the solvation conditions under which they exist. The main external factors which influence the colloidal state of humic compounds are the pH, the ionic
strength, the presence of di- or multivalent metal ions, cationic organic compounds, organic liquids and solid particles. In true solutions, humic materials, and particularly
fulvic acids, are considered to be polyelectrolytes.
0
o.gl
0.02
0.03
0.04
0.05
However,
they can separate from aqueous medium in
mmol surfactant/g Ca-montm.
response to a decrease in pH below a given level, to an
Fig. 21 Rheological experiment in Ca-montmorillonitesuspension increase in ionic strength, or to the addition of di- or
with (o) HDTABr and (×) NaDS (suspension concentration: multivalent metal ions or organic cations. Whether this
30 g/100 cm3)
phase separation should be called precipitation, coagulation or even micelle formation is open to discussion. Each
term relates to a starting system (a real or macromolecular solution, or perhaps a subcolloidal dispersion)

3.050

Fig. 22 X-ray diffraction pattern of Camontmorillonite suspension with different
amounts of NaDS. The arrows show the
peak positions of Ca-dodecylsulphate
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Aqueous system of humic substances

Fig. 23 Schematic illustration of the
variability of aqueous colloidal systems of
humic substances
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of given character and it can be defended with some success. Nevertheless, the systems formed are mostly colloidal or coarse dispersions of more or less hydrophobic
particles.
The schematic illustration in Fig. 23 shows the different aqueous systems formed spontaneously from
humic substances that have been reported in the literature
[17]. Though humic substances still defy precise chemical
description because of their inherent complexity and
heterogeneity [46], they are considered to be composed of
amphiphilic units (named building blocks in [46] or as
molecules in [47]), which contain hydrophilic groups,
predominantly negatively charged ones, linked chemically to an aromatic and/or aliphatic hydrophobic part.
These amphiphilic units can associate to form loose aggregates, which can be regarded either as macromolecular coils or as micelles.
In dilute solution at appropriate pH, fulvic and humic
acids and their alkali metal salts are real colloidal solutions, exhibiting the properties of both polyelectrolyte
[45--47] and surfactant solutions [17, 48--50]. As may
be seen in Fig. 23, each external factor which can induce
the screening or neutralization of charges has a destabilizing effect on humic acid or humate solutions, and promotes the formation of more or less compact aggregates
dispersed in the medium, i.e., the formation of colloidal
or coarse dispersions of more or less hydrophobic aggregates.

pH- and ionic strength-dependent aggregation state
The pH- and ionic strength-dependent behavior of humic
substances and their interactions with different metal ions
have been investigated extensively for decades. Although
models describing the ionization and complexation
equilibria and charge distributions in aqueous systems
areknown for both macromolecules and colloidal particles [51], aqueous humic systems are very difficult to

model. Apart from their imprecisely known molecules
(size, shape and functional groups) and lack of uniformity, they always differ somewhat from the systems involved in the given models.
A typical example of their characteristic difference
from polyelectrolytes is the reduced osmotic pressure vs.
concentration functions (Fig. 24). While these functions
for polyelectrolytes are characterized by a decreasing
slope (reaching a quasi-ideal state) and the same ordinate
intercept (indicating constant molar mass) with increasing
neutral electrolyte concentration, these functions for
humic acid and Na-humate solutions have practically constant slope (each system is quasi-ideal), but their ordinate
intercepts change (characteristically with pH and NaC1
(applied as neutral 1:1 electrolyte) concentration, indicating their strongly variable molar mass. The
calculated molar masses of humic acid and Na-humate are
shown in Table 4. It can be seen that both increasing salt
concentration and decreasing pH induce a considerable
increase in the measurable molar mass.

Interaction with cationic surfactants
The negatively charged functional groups of humates
react not only with metal ions, but also with organic cations. Reactions between humate polyanions and surfactant cations seem to be similar to ion-pair formation between surfactant anions and cations. The formation of
ion-pair complexes is a stoichiometric reaction in both
cases, i.e., neutralization of equivalent amoaunts of
negative (acidic functional groups on the humate carbon
skeleton, and anionic head groups of the surfactant) and
positive (cationic head groups of the surfactant) charges
takes place. The bond formed is ionic in character. These
ion-pair compounds are insoluble or poorly soluble in
aqueous medium and can be characterized by the solubility product (precipitate formation analogy) or by the
stability constant (complex analogy).
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Fig. 24 Dependenceof reduced osmotic
pressure of humic acid and Na-humate
solutions on their concentrationat 310 K
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Table 4 Experimentalnumber average molar masses for humic
acid and Na-humate, measuredby membraneosmometryunder different solution conditions
Sample

pH

NaC1 concentration
(mmol dm-3)

Mn
(g mo1-1)

Na-humate

8
8
2.5

5
500
5

14,500
203,000
260,000

HDAmH

Humic acid

The dissolved hydrophilic units in a Na-humate solution can be precipitated by adding cationic surfactant
solutions, in consequence of the neutralization of
charges. The percentage of organic cations in the humateorganocomplex is high (about 50--60%) compared with
the clay-organocomplexes (5--35%, [10]), since the
amount of active sites in humates (i.e., total acidity) is
about one order of magnitude higher than that in clays
(i.e., cation exchange capacity). In this process, a coarse
dispersion of aggregated hydrophobic units (humateorganocomplexes) forms in aqueous medium (schematic
illustration in Fig. 23).
X-ray diffraction examination of the micro-structure
of humate-organocomples has led to remarkable results;
detailed investigations of different humic materials have
been published [16]. While the solid humic acids show
practically amorphous structure, n-alkylammonium
humates have well-ordered, pseudolayered structures.
A series of x-ray diffraction patterns of humate
organocomplexes containing alkyl chains with more than
10 carbon atoms are shown in Fig. 25. It seems that the
alkylammonium humates, and especially those with
longer alkyl chains, give relatively sharp reflections of
high intensity, in contrast with the amorphous character
of hydrophilic humic acid. The thickness of the parallel
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Fig. 25 X-raydiffractionpattern ofhumic acid and the n-alkylammoniumderivatives(HA: humic acid, DAmH: n-decylammonium
humate, DDAmH: n-dodecylammoniumhumate, TDAmH: ntetradecylammonium humate, HDAmH: n-hexadecylammonium
humate, ODAmH: n-octadecylammoniumhumate)
lamellae increases from 2.95 nm to 4.46 nm with increasingly alkyl chain length. The evaluation of x-ray diffraction results reveals behavior similar to that of smectitetype clay organocomplexes. Data are summarized in
Table 5. The results seem to support the layer structure
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of humic substances. The layers of this sample are about
0.45-nm-thick, and the bilayers of alkylammonium cations are bound to the carboxyl and phenolic hydroxyl
Sample
Amount
20
d0o] (nm)
groups with an inclination angle of 44.7 °
of organic (degree)
cation
As mentioned above, the humate-organocomplexes are
(%),)
exp.
calc.
insoluble in water because of their hydrophobic
character; however, these compounds can be wetted by
Humic acid
0
amorphous
organic liquids. Depending on the degree of solvation,
n-decyl-AmH
51.42
3.00
2.95
2.89
from limited to unlimited swelling can take place when
n-dodecyl-AmH
55.48
2.71
3.26
3.27
n-tetradecyl-AmH
58.91
2.48
3.56
3.65
the humate-organocomplexes make contact with organic
n-hexadecyl-AmH
61.85
2.21
4.00
4.02
liquids. During limited swelling, the original pseudon-octadecyl-AmH
64.40
1.98
4.46
4,40
layered structure observed in the solid phase (Fig. 25) is
still retained, as can be seen in Fig. 26. The increase in
*) It is equivalent to the total acidity of humic acid (6.70 mmol/g) spacing between the humate layers, from 4.07 nm in the
solid phase to 4.22 nm in toluene, and to 4.93 nm in oxylene, indicates the penetration of aromatic molecules
into the interlamellar space, i.e., the swelling of
1400
organocomplex due to the good solvation by these
organic liquids. As shown in Fig. 26, the diffraction pat1200
tern becomes more diffuse when o-xylene is applied as
wetting liquid. This indicates that n-hexadecylammonium
humate can be partially dissolved in o-xylene. Complete
dissolution is reached in an organic liquid or a liquid mixture ensuring better solvation. The solubility of humate~800
organocomplexes depends mainly on the length of the
alkyl chain. Organocomplexes with shorter alkyl chains
g
(e.g., n-butylammonium humate) can be dissolved in
600
water, and those with longer chains (e.g., n-octadecylammonium humate) in aromatic liquids (e.g. o-xylene).

Table 5 Results from x-ray diffraction powder patterns
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Fig. 26 X-ray diffraction pattern of n-hexadecylammonium
humate in solid phase (curve 1, d001 = 4.07 nm) and wetted by
toluene (curve 3, d00t = 4.22 nm) and o-xylene (curve 2, d0m =
4.93 nm)

References
1. Hough DB, Rendall HM (1983) In: Parfitt GD, Rochester CH (eds) Adsorption
from Solution at the Solid/Liquid Interface, Academic Press, London pp
247--319
2. Rosen MJ (1989) Surfactants and Interfacial Phenomena, John Wiley & Sons,
New york
3.Theng BKG (1974) The Chemistry of
Clay-Organic Reactions, Halsted Press,
John Wiley & Sons

4.Sz~nt6 F, D6k~iny I, Patzk6 ,~,
V~irkonyi B (1986) Coll Surf 18:359
5. D6k~inyI, Sz~nt6 F, Weiss A, Lagaly G
(1986) Ber Bunsenges Phys Chem
90:422--427
6. D6k~ny I, Sz~int6 F, Weiss A, Lagaly G
(1986) Ber Bunsenges Phys Chem
90:427--431
7.D6k~iny I, Sz~at6 F, Nagy LG (1985) J
Coil Interf Sci 103:321

8. D6k~inyI, Sz~int6 F, Nagy LG, Schay G
(1983) J Coll Interf Sci 93:151
9.Patzk6 ,~, Sz~int6 F (1987) Coil Surf
25:173
10.Patzk6 ,~, D6k~iny I (1993) Coil Surf
71:299
l l.Esumi K, Nagahama T, Meguro K
(1991) Coll Surf 57:149
12.Isfahany TM (1990) Colt Surf 51:339
13.Gu T, Zhu BY, Rupprecht H (1992)
Prog Coll Polym Sci 88:74

90

I. D6k~iny
Interaction between ionic surfactants and soil colloids

14.Noll LA, Gall BL (1991) Coil Surf 29. Lagaly G, Weiss A (1971) Kolloid Z Z
Polym 248:979
54:41
15.Backlund S, Sj6blom, Matijevid E 30.Lagaly G, Stange H, Weiss A (1972)
Kolloid Z Z Polym 250:675
(1993) Coil Surf A 79:263
16.Tomb~icz E, Varga K, Sz~intd F (1988) 31.Lagaly G (1982) Ullmanns Encyklop~idie 21:366
Coll Polym Sci 266:734
17.TomMcz E, Regdon I (20--25 Sept, 32.TomMcz E, Meleg E (1990) Organic
Geochemistry 15:357
1992) Humic substances as various colloidal systems, Proceedings of the 6th 33.Reid VW, Longman GF, Heinrich E
(1968) Tenside 5:90
International Meeting of the IHSS,
34.James RO, Parks GA (1982) In: MatiMonopoly (Bari) Italy, in press
jevid E (ed) Surface and Colloid
18. Pfirrmann
GL
( 1 9 6 8 ) Thesis,
Science, Vol 12, Characterization of
Heidelberg
Aqueous Colloids by their Electrical
19. Somasundaran
P,
Healy
TW,
Double-Layer and Intrinsic Surface
Fuerstenau DW (1964) J Phys Chem
Chemical
Properties,
Plenum
68:3562
Publishing Corporation
20. Fuerstenau DW (1956) J Am Chem Soc
35. Yates DE, Healy TW (1976) J Coil In60:981
terf Sci 55:9
21.Kern HE, Piechocki A, Brauer U,
Findenegg GH (1978) Prog Coil Polym 36.Hartley GS (1938) J Chem Soc 1968
37. Tanford C (1973) Formation of Micelles
Sci 65:118
and Biological Membranes, The
22. Kern HE, Findenegg GH (1980) J Coll
Hydrophobic Effect, John Wiley & Sons
Interf Sci 75:346
23. Ddk~inyI, Zszednai ,/~, Kir~ilyZ, L~iszl6 38. Raltson AW, Eggenberger DN, Broome
FK (1949) J Am Chem Soc 71:2145
K, Nagy LG (1986),Coll Surf 19:47
24. D6k~iny I, Zsednai A, Kir~ily Z, L~iszl6 39.Schmidt PW (1989) In: Anvir A (ed)
The Fractal Approach to Heterogeneous
K, Nagy LG (1987) Coil Surf 123:41
Chemistry, John Wiley, New York,
25. D6k~inyI, Abrah~imI, Nagy LG, L~iszl6
London
K (1987) Coil Surf 23:57
26.D6k~iny I, Sz~int6 F, Nagy LG (1986) J 40. Kriechbaum M, Degovics G, Tritthardt
I, Laggner P (1989) Prog Colloid Polym
Col1 Interf Sci 109:376
Sci 79:101
27. Weiss A, Mehler A, Hofmann U (1956)
41.Nagy B, Bradley WF (1955) The Amer
Z Naturforsch 1lb:431
Mineral 40:885
28.Lagaly G, Weiss A (1971) KoUoid Z Z
42.Hofmann U, Endell K, Wilm D (1933)
Polym 243:48
Z Kristallog 86:340

43.van Olphen H (1965) J Coll Interf Sci
20:822
44.Grim RE (1953) Clay Mineralogy,
McGraw-Hill Book Comp, New York
45.Schnitzer M (1986) In: Huang PM,
Schnitzer M (eds) Binding of Humic
Substances by Soil Mineral Colloids Ch
4, Interactions of Soil Minerals with
Natural Organics and Microbes, SSSA
Special Publication Number 17, Soil
Science Society of America, Inc
Madison Wisconsin USA
46. Theng BKG (1979) Formation and Properties of Clay-polymer Complexes Ch
12, Elsevier, Amsterdam, pp 283--326
47.Wershaw RL (1989) In: Everett RC,
Leenheer DM, Thorn KA (eds) Humic
Substances in the Suwannee River,
Georgia: Interactions, Properties and
Proposed Structures, US Geological
Survay Open File Report 87--557, p
354
48.TomNicz E, Sipos S, Sz~int6 F (1981)
Agrok6mia Talajtan 30:365
49.Shinozuka N, Lee Ch (1991) Marine
Chemistry 33:229
50.Guetzlhoff TF, Rice JA (1992) Does
humic acid form a micelle?, International
Conference
on
Organic
Substances in Soils and Sediments, Lanchester, UK
51. Buffle J (1988) Complexation Reactions
in Aquatic Systems: an Analytical Approach,
Ellis Horwood Limited
Publisher, Chichester

Progr Colloid & Polym Sci (1994) 95:91--97
© SteinkopffVerlag 1994

J. Ly~ema

J. Lyklema
Wageningen Agricultural University,
Department of Physical
and Colloid Chemistry,
Deijenplein 6, 6708 HB Wageningen,
The Netherlands

Adsorption of ionic surfactants
on clay minerals and new insights
in hydrophobic interactions

Abstract The adsorption of
dodecylpyridinium chloride and
dodecyltrimethylammonium
bromide on Na-kaolinite is
investigated by studying the effect
of electrolyte and temperature on
the adsorption, by means of
electrophoresis and
microcalorimetry. A sharp
distinction between adsorption in
the first and second layer is
observed. The point where these
two regions meet is retrieved in all
experiments. Second layer
adsorption is driven by hydrophobic
bonding, for which the enthalpy is
now established as a function of

Introduction
The present paper deals with the physico-chemical background of surfactant adsorption, where "background" is
the interpretation in terms of basic physicochemical laws.
The purpose is threefold. In the first place there is, of
course, the desire to understand the phenomena better
than just in a descriptive way. Second, a better understanding of the underlying principles assists us in predicting
adsorption behavior under less familiar conditions. Last,
but not least, from surfactant adsorption inferences may
be drawn on physico-chemical laws.
Interpretations can be offered on two levels,
phenomenological or in terms of a model. The former
usually rests on thermodynamics and generally helps to
establish generally valid conclusions. Moreover, by
establishing the signs of the adsorption enthalpy Aaa~H
and entropy AadsS, basic information on the driving
forces may be extracted. Having established these,

temperature. It changes from
endothermic at low temperature to
exothermic at higher temperature.
A new molecular interpretation for
hydrophobic bonding is proposed,
based on quasichemical lattice
statistics with orientation-dependent
interactions. All experimental
features can at least
semiquantitatively be explained by
this new model.
Key words Adsorption
surfactants
clay minerals
hydrophobic bonding
-

-

-

-

-

-

models can be developed to describe the adsorbate in
terms of distributions and interactions of molecules.
Adsorption of ionic surfactants is particularly
challenging in these respects because, apart from the
enormous relevance for practice, the phenomenon invariably involves the sum effect of a number of interactions, including
i)electrostatic interaction between the head group and
the adsorbent;
ii)non-electrostatic, or "chemical" interaction between
the head group and the surface;
iii)hydrophobic (and other) tail-tail interactions;
iv)hydrophobic and other "chemical" tail-surface interactions.
Thermodynamic considerations may contribute to
unraveling these various contributions. In this approach,
one should always keep in mind that surfactant adsorp-
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tion is an example of adsorption from solution, i.e., it is
virtually an exchange process: ions may replace other
ions (one of these may be a surfactant ion) and uncharged
molecular moieties may replace water.
In the present work, the emphasis of the experiments
will be on the adsorption of cationic surfactants on
kaolinite. Apart from the arguments given in the introduction this choice was motivated by the theme of the
meeting: it is likely that this system functions as a model
for the adsorption of pesticides in soils. Moreover, we
want to learn how far thermodynamics can take us with
"difficult" systems. Because of our intention to analyze
the date thermodynamically, adsorption isotherms under
a variety of conditions (temperature, salt concentration)
will be supplemented by directly measured enthalpies.
Part of this work is based on experiments by T.
Mehrian Isfahany [1].

Materials and methods

Sodium kaolinite was a well-crystallized (98 %) sample of
Sigma Company, repeatedly washed with 1 M NaC1. The
cation exchange capacity was 57 ~tmole g-~ according to
the silver-thiourea method [2], but 30 ~tmole g-1 according to the ammonium acetate procedure [3]. The BET
(N2) area was 12 m 2 g-1. The aspect ratio (plate area/
edge area) of the particles is about 80:20%.

Dodecylpyridinium chloride (DPC or DP ÷ CI-) has been
synthesized from 1-chloroalkane and pyridine, and
purified according to Colichman [4]. Concentration
determinations were done by complexation with
bromothymol blue [1, 5].

bromide (DTAB or
DTA÷Br -) was obtained from Aldrich Chemie and used
without further purification.

The slope of this curve

AadsHm =

(1)

0q.ds/0F

gives the partial molar adsorption enthalpy. This quantity
was reproducible within 0.7 kJ mo1-1.

Electrophoretic mobilities were measured in a MalvernMark II Zetasizer.
For further experimental details, see [1].

Adsorption isotherms - - Influence of electrolyte

Figure 1 gives adsorption isotherms of DPC on Nakaolinite. Figures 1 a and b give the same information,
but b relays information that is hardly visible in a, viz. a
different electrolyte effect between the ranges of low and
high adsorption, henceforth distinguished as region I and
region II, respectively. There is a common intersection
point (c.i.p) at F = 38 ~tmole g-1 where there is no salt
effect. Trends like in Fig. 1b are also found for DTAB
(c.i.p. about 35 ~tmole g-l) and for DPC at 60 ° (c.i.p.
37 txmole g-l).
8O

o
o

"7
~

o

60

o

o

@

~ 40
20
o

Dodecyltrimethylammonium

0
100 -

4

8

-

12

16 m M

CDPyC

7

Adsorption isotherms were obtained by depletion.

o

A

G

//

©

Adsorption enthalpies were measured in a Thermal Activator Monitor (TAM), an isothermal number 2277
microcalorimeter from LKB, Sweden. It contains a 25 ml
stainless steel titration cell, fitted into a single detector
measuring cylinder. The cell, with a reference ampoule,
was especially designed for mixing liquids and adsorption
from solution. For more details, and the execution of the
measurements, see [6]. Basically, the heat evolved is
measured by adding the surfactant solution to the
kaolinite dispersion, where the heat of dilution is subtracted as the blank. In this way a plot qads(F) of the heat
evolved as a function of the amount adsorbed F is obtained.
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Fig. 1 Adsorption of DPC on Na-kaolinite Temperature 20°C, pH
= 5, NaCl-concentration: o 5 mM, zx 20 mM, [] 100 mM; Top:
linear plot with the critical micelle concentration indicated; Bottom:
semi-logarithmic scale
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The common intersection point demarcates two
regions with a different adsorption mechanism. At low y,
NaC1 competes with DPC, at high F it promotes the adsorption of DPC.
Before offering a model interpretation, the two
regimes can be thermodynamically characterized through
surfactant adsorption that is accompanied by expulsion
and uptake of NaC1, respectively. This follows immediately from Gibbs' law, written as

dy

=

- - S a d T - FDvcdpovc

-

-

FNacld, UNaC1 ,

4
~;>

~
-

(2)

where y is the interfacial tension, T the absolute temperature, and/1 the chemical potential of the substance mentioned. Cross-differentiation at fixed temperature yields
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Fig. 2 Electrophoretic mobility of Na-kaolite in the presence of
dodecyltrimethylammonium bromide and NaBr pH = 5, T = 20 °C

(3)
nature of the cation (DP + or DTA +) and of the temperature (20 °, 60°). Moreover, this value (35--38 ~tmole
As CNaC~~> CDVC,d/tN,C] = 2RTd lncN,c~ and (dbtDpc)uN,c, g-l) is not too far from the CEC value measured by the
= d/~Dp+ = RTdlncDpc, hence
ammonium acetate method [3], equal to - 3 0 gmole
g l. Apparently, these two methods measure about the
same surface charge, whereas the thiourea method [2]
(4)
which
gives 57 ~tmol g-~, measures a larger exchanging
\OlnCN,'------ci/r.co,c \81ncDpc/ V.oN,a
area. Perhaps the former mainly "sees" the plates, the
Below the c.i.p. (region I) adsorption of DPC is accom- latter plates and edges.
At the c.i.p, the charges on the particle (dominated by
panied by expulsion of electrolyte, above it (region II)
the
plates) must be virtually compensated. Figure 2
electrolyte is co-adsorbed.
demonstrates
this to be the case: the isoelectric point
Mechanistically speaking, the obvious interpretation
coincides
within
experimental error with the c.i.p. Very
of region I is that a Na + counterion is exchanged against
similar
results
are
obtained with DPC.
a DP + ion. At pH 5 the plates and the edges are both
All
of
this
suggests
that at the c.i.p, the first layer is
negatively charged with Na+-ions as the dominant
completed.
The
surfactants
are not adsorbed as
counterions. The surface charge (most of it on the plates)
is the result of isomorphic substitution and constant. hemimicelles or admicelles [7--9].
In region II superequivalent adsorption takes place
Representing a negative charge on (or behind) the surface
as R-, with Na + as the counterion, the exchange process (Fig. 2). A second layer is formed due to a non-electrostatic interaction that is strong enough to overcome the
obeys
formation of an electrical double layer with the cationic
(5)
head
groups directed to the solution. Addition of elecR-Na + + DP+C1 -~ R-DP + + NaC1,
trolyte screens the ensuing electrostatic repulsion and
therefore promotes the adsorption (Fig. 1). Chloride ions
thus explaining the release of NaC1.
With this reasoning, one cannot prove whether, in ad- are electrostatically attracted by the cationic head groups,
dition to the purely electrostatic exchange (5), some the accompanying Na + ions remain in the diffuse part of
specific adsorption of DPC may also take place. Addi- the double layer. Hence, NaC1 (or NaBr for DTAB) is cotional measurements are required for that. One of these adsorbed, in line with (4).
The most likely driving force for the formation of the
is determinations of AadsH, which is about zero for process (5) if Na + and DP+-adsorb at (about) the same second layer is hydrophobic bonding.
potential. However, for energetically driven specific adsorption A,dsH < 0. Adsorption by hydrophobic bonding, for which AadsH might be slightly endothermic, is
unlikely because the plate surface is hydrophilic.
Adsorption isotherms -- Influence of temperature
A quantitative argument that over region I exchange
(5) dominates is that the amount of surfactant cation re- It is typical for hydrophobic bonding that, at least at low
quired to compensate the surface charge (i.e. the value of temperature, the adsorption increases with T. At high T
F a t the c.i.p.) is within less than 8% independent of the a decrease is observed. Figure 3 shows that indeed a max-
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and the Gibbs-Duhem relation. These data apply to zero
salt concentrations. Curve 3 are own microcalorimetric
Fig. 3 Temperature dependence of the adsorption of DTAB (top) measurements [11].
and DPC (bottom) on Na kaolinite Region II, pH = 50 CNaO =
Considering the very different sources and methods,
10-3 M
the analogy between the three curves of Fig. 4 is gratifying. First, this points to the great similarity with micelle
formation and to hydrophobic bonding as the driving
imum is found. Adsorptions increasing with Tpoint to en- force. This last process is known to be entropically driven
tropically driven processes. This can be inferred from (2)
[12, 13], but the enthalpic part is under dispute. One of
by differentiation with respect to T:
the reasons is that it is small and therefore difficult to
measure at various temperatures. We confirm that AH is
small, between 0 and 0.7 k T per segment, depending on
R T \01nCDPc/ T,cN~Cl T, and has a sign that changes with temperature. At low
T hydrohobic bonding is endothermic, i.e., it would op(6) pose
the process which therefore must be entropically
driven. However, at high T the phenomenon is partly enThe 1.h.s. of this equation can be converted to thalpically, partly entropically driven.
(OfDCP/OT)cN.o,cDpc. When this derivative is positive, the
interfacial excess entropy rises with increasing surfactant
concentration, that is: with increasing adsorption.
In passing, it may be noted that in region I the temperature dependence of FDPC is zero.
Direct measurement of the adsorption enthalpy
From the temperature dependence of the adsorption
the isosteric enthalpy of adsorption can also be obtained,
In a parallel paper, we report on the details of the method
using
and experimental results [6]. Plots of the cumulative heat
of adsorption as a function of F consist of two perfectly
Aad~H(isost.)
0 In CnPc~
(7) straight lines, with a break at the c.i.p. Using (1) it
R
follows that in regions I and II AadsH is independent of
0 (1/T)/IpH,csa,,,rDpc
coverage, though different between the first and second
for region II. It is plotted in Fig. 4 as curve 1. In view layer. Constancy of Aad~H implies that each molecule
of the analogy between the second layer formation and adsorbs in the same way, with the same surfactant-adsormicelle formation, corresponding plots for micellization bent and surfactant-surfactant interaction energy. There
are included. Curve 2 is taken from ref. [10], and is ob- is no indication for the formation of hemimicelles at a certained from the temperature coefficient of the critical tain F, that rearrange into other aggregate structures at
higher coverages.
micelle concentration using

((-"~)flNaCI,JIDPC~O~DPC/]T,
IIN.CI
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Table 1 Partial molar enthalpy of adsorption of DPC on Nakaolinite region II
Temperature
(°C)

CN~Cl
(raM)

AadsHm(cal)
(kJ mole-I)

AadsHm(isost)
(kJ mole-1)

6
20
60
20
60

5
5
5
100
100

13.2
1.7
--30.0
0.7
--10.6

12.5 -+ 15
0.0
--19.0 + 2
---

In view of our emphasis on hydrophobic bonding as
the driving force for the second layer formation, we
represent the results for DPC in Table 1, with, for comparison, the isosteric heats included (Fig. 4, curve 1).
The already observed trends are confirmed. The
calorimetric enthalpies are low, especially at room temperature where they change sign. Most other
microcalorimetric enthalpy measurements for surfactant
adsorption, reported in the literature [14--18] (for both
regions) are close to zero. This may be one of the reasons
for confusion about the sign of AadsH and, hence, about
the mechanism. The electrolyte effect is small (also for
AadsH in region I [6] except at 60 ° for region II. For this
phenomenon no interpretation can be offered.

Hydrophobicbonding revisited
The overall conclusion is that the formation of the second
layer is analogous to micelle formation, i.e., to a large
extent determined by hydrophobic bonding. This process
is characterized by the following features
i)Binding passes through a maximum as a function of
temperature.
ii)the enthalpy changes sign from endothermic to exothermic at a temperature close (or identical) to the
temperature where the binding has a maximum.
iii)The entropy increases upon binding, but T A S
decreases with temperature.
iv)Because of enthalpy-entropy compensation, the Gibbs
energy of the process, AG, is not very temperaturedependent.
These trends are now more or less established, also in
other types of measurements. For instance, the solubility
of small apolar solutes in water has a minimum as a function of T, and enthalpy-entropy compensation has also
been found by others [19-21].
At issue is now how to interpret these observations in
terms of water structure.
The current interpretation of the hydrophobic effect is
via "iceberg" formation, i.e., the tendency of water
molecules around apolar molecules to cluster into molec-
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ular aggregates of low entropy. This is supposed to happen because introduction of the foreign molecule requires
the breaking of hydrogen bonds; the water tries to
minimize the incurred energy loss by making internal
bridges, though at the loss of configurational entropy. A
variety of molecular interpretations has been offered,
most of them including pictures for the "iceberg," "icelike strukture," "clathrate-like hydrate" or however they
may be called [12, 13, 20, 22--28].
Recently, N.A.M. Besseling of our Department proposed an alternative interpretation, that fits very well into
known peculiarities of water, and can account for the
trends i)--iv) above without invoking icebergs or similar
structures. Anticipating more detailed publications, the
basic principles are now reviewed.
The first point is that water has a relatively open structure. Otherwise stated, fluid water contains numerous
vacancies that are spontaneously present. Traditionally,
this open, about four-co-ordinated structure is interpreted
as caused by hydrogen bonds in tetrahedral geometry.
However, if each water molecule were co-ordinated by
eight others, it could also be involved in four hydrogen
bridges. Such a structure does occur at very high
pressures in ice VII, but not at ambient pressure and
temperature. The inference is that, in addition to the
strong attraction that water molecules experience under
orientations leading to hydrogen bonds, there must be
repulsions between them in other orientations. Considering the charge distribution over a water molecule this is
likely (repulsion between contacting lone pairs).
Dissolution of a small apolar molecule into liquid
water is not very different from introducing a vacancy,
the only difference is that in the former case an additional
exothermic enthalpy is observed due to Van der Waals attraction between the apolar and the water molecules.
However, this contribution is relatively small and independent of temperature. Because of this the minimum
in the solubility of apolar molecules as a function of temperature has the same root as the maximum in the isobaric
density. Differences between the temperatures where
these extrema are found, are due to the differences in enthalpy. More precisely, introduction of an apolar
molecule takes place in addition to vacancies.
To elaborate these ideas, Besseling considered
aqueous solutions of apolar molecules to be three-component systems, containing water (w), the solute (s), and
vacancies (v), distributed over a body-centered cubic lattice. Such a lattice allows for eight coordinations, but at
normal p and T only about four of them are realized; the
others refer to vacancies. Orientation dependence is accounted for in the quasi-chemical approximation, assigning a pair energy UHb = --20.1 kJ mo1-1 to a hydrogen
bond contact and U,Hb = +1.75 kJ mole 1 for nonhydrogen bond contacts. Of course, interaction energies
with vacancies are zero and for apolar solutes, an orientation-independent energy can be introduced. These values
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have been obtained by fitting the density and pressure at
water-vapor coexistence, i.e., they should be physically
realistic.
Basically, the energy and entropy of the system are
given by

U = ~, napU,¢

I

'

I

~

t

7
O

(9)

a~<B

\
and

- T AhydrSm\
-1

S = S(id.) + S E
nA

---k~,naln----k
A

Oga

naB

~ nab l n ~ ,
a<p
naB(~)

(10)

respectively, Here, nab is the number of contacts between face a of one molecule and face fl of the other with
which it is in contact, and uaB is the corresponding
energy (see above), naB(~) is the value that nab would
assume if all contacts were random, i.e., if there would
not be orientation correlations. Further, k is Boltzmann's
constant, nA is the number of molecules of type A and
~A is the number of distinguishable orientations that A
can have.
From (9) and (10) the Helmholtz energy is obtained
and from that all relevant mechanical and thermodynamic
quantities, including the pressure, density and the
chemical potential of each component, the properties of
water near surfaces, etc.
By way of example, Fig. 5 gives the thermodynamic
functions for the hydration of vacancies. At given
ZmhydrSm, mhydrnm can be adjusted to obtain the corresponding parameters for small apolar molecules. The
inverse functions relate to dehydration, as happens for instance in hydrophobic bonding. The theory can be extended to dissolved chain molecules like tails of surfactants, but even in the present picture it is seen that the
switch from endothermal AHm for hydrophobic bonding
at low temperature to exothermal AHm at higher temperatures is well predicted. However, the endothermic
nature of AHm at low temperature is not due to additional hydrogen bond formation, as in traditional iceberg
models, but to an increase of the number of repulsive
water-water interactions, induced by the dissolution of
vacancies or foreign apolar molecules. This last conclu-

300

400
temperature

500 K

Fig. 5 Thermodynamic functions for the hydration of apolar
molecules, quasichemical approximation; lattice with orientationdependent interactions after Besseling (1993)

sion simply follows from counting//rib and nnrib. It is further noted that AH is relatively small, as observed. In
agreement with observation, TAS,, is positive but
decreasing with T above room temperature. At very high
temperatures TASm even becomes negative; then AGm
passes through a maximum. The occurrence of such a
maximum was recently put forward by Privalov and Gill
[28].
Finally, it is noted that AHm and TASm depend rather
strongly on T, whereas AGm is much less dependent on
it. In other words, the new model also accounts for the
entropy-enthalpy compensation.
Hence, it is concluded that the new model can at least
semi-quantitatively account for all the main features for
hydrophobic bonding. In forthcoming papers, we hope to
return to all of this in more detail.

Conclusion
By combining a number of experimental techniques the
role of hydrophobic bonding in surfactant adsorption is
better defined. The results can be interpreted with a new
molecular theory.
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The clay/water interface
and its role in the environment

Abstract Data are presented to

show that the surfaces of a
common clay mineral,
montmorillonite, modify the
properties of the nearby water to a
depth of at least 3.5 nm and that
the value of every water property
depends exponentially on t, the
thickness of the films of adsorbed
water, but is independent of the
character of the surfaces. The
viscosity and yield point are among
the properties of the water that are
modified. A modification of either
of these properties has a
commensurate effect on the flow of
water between adjacent surfaces.
Data are also presented to show
that the surface-induced

modification of the water is
responsible for the swelling of the
clay mineral and affects its ability
to adsorb solutes. The swelling of
clay reduces the permeability of the
soil and the adsorption of solutes
by the clay reduces their mobility.
Thus, clay-water interaction has a
significant impact on the convective
and diffusive transport of pollutants
through the soil.
Key w o r d s montmorillonite - clay -- water -- clay/water

interface -- clay/water interaction-pollution

Introduction

The interaction of water with clay minerals

Soils have been the repository of much of the world's
refuse. Toxic substances from this refuse may be
transported by convection or diffusion to underground
reservoirs, lakes, and streams. In this way, our supplies
of drinking water are jeopardized. Neither convection nor
diffusion will occur appreciably in the soil in the absence
of water. Soil water is in close contact with the surfaces
of soil particles, especially the surfaces of clay minerals.
If these surfaces modify the water, its role as a medium
of transport for toxic substances will be affected. It is important, therefore, that we know how such surfaces interact with the water adjacent to them. The present paper
reports some of the author's observations on clay/water
interaction and indicates how this interaction affects the
convective and diffusive transport of ions and neutral
molecules.

Clay particles occur abundantly in the soil. They are
mostly colloidal aluminosilicates. To learn how their extensive surfaces react with water, we have studied the
following properties of water associated with montmorillonite and other clay minerals: threshold gradient
[1], thermal expansibility [2, 3], isothermal compressibility [4], frequency of O--H stretching [5, 6],
molar absorptivity [7], freezing point depression [8, 9]
specific volume [10], specific heat capacity [11], heat of
compression [12], viscosity [13], and free energy, enthalpy and entropy [6, 14, 15]. Not all of these properties
will be discussed here. Instead, we will discuss only a few
of them to illustrate the kind of results obtained.
The volume, V, of a clay/water system can be regarded as being the sum of two components, one due to unperturbed clay (i.e., clay that retains the properties it has
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in the pure state) and another due to water that is perturbed by the surfaces of the clay particles. Thus,
V

=

mc v° + m w ~ v ,

(1)

3 . 5

'

i'

'

(OV/OT)p = mc (Ov°JOT)p + mw (8¢v/OT)p

,

,

•

i

,

,

,

i

,

,

,

i

,

.

.

i

,

,

•

i

,

,

,

i

,

,

•

.

,

.

tA
I
I

2
7

I

0)

7
co lao

O

Ii\
_

X

where v° is the specific volume of the pure clay, Cv is the
apparent specific volume of the water, and mc and mw
are the repsective masses of clay and water. Note that all
effects of clay/water interaction are included in ~0~. Differentiation of Eq. (1) with respect to the temperature, T,
yields
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if the pressure, P, is held constant. Hereafter, we will call
(OCv/OT)p the apparent specific expansibility of the
water.
According to one of Maxwell's relations,
(OS /OP )T

=

--(OV /OT)p ,

(3)

where S is the entropy of the system. For any reversible,
isothermal process that occurs in the system:
T(OS/OP)r = (OQ/OP)r,

(4)

where Q is the heat released in the process. By combining
Eqs. (3) and (4), we obtain
(OQ /OP )r/ T = --(8 V/OT)p .

(5)
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Fig. 1 Relation between (OCA./OT)pand mw/mc for mixtures of
Na-montmorillonite and water
The factor preceding the exponential equals (0V°w/0T)p,
the specific expansibility of pure bulk water. It is clear,
therefore, that the apparent specific expansibility of the
water in a system of Na-saturated montmorillonite and
water increases exponentially with decreasing water content.
A common exponential equation applies to every property of water in the clay/water systems that we have examined thus far. A general form of this common equation
is

We used a Calvet microcalorimeter to measure Q after
each of several, successive, small increments of P were
applied to a sytem consisting of Na-montmorillonite and
exp fli (mc/m,) ,
(7)
water. Between increments of P, the system was allowed Ji/J~
to come to thermal equilibrium at the initial value of T.
Hence, the process was essentially isothermal. It was also where J and jo are the values of the property, i, in the
found to be reversible. We were able, therefore, to use clay/water system and pure bulk water, respectively, and
Eq. (5) to obtain the value of (OV/OT)p from the slope of fl is a characteristic constant. Now, the average thickness,
the graph of cumulative Q vs. cumulative P. We also ob- t, of the water films on the surfaces of the clay particles
tained the value of (OV/OT)p directly by confining the is given by
system in a dilatometer and measuring its change of V
t = mw/mcPw S ,
(8)
with T at atmospheric pressure. Then, we used these
values of (OV/OT)p and estimated values of (Ov°/OT)p in where Pw is the density of the water and S is the specific
Eq. (2) to calculate the corresponding values of surface area of the clay. If
(O(gv/OT)p. These procedures were repeated with
systems having different values of mw/m~.The resulting /~i ~- ki S ,
(9)
data, taken from the work of Clementz and Low (2), are
which would be the case if the water interacted nonpresented in Fig. 1.
Observe from Fig. 1 that the data obtained calori- specifically with the surfaces of the clay particles, we can
metrically were in excellent agreement with those obtain- combine Eqs. (7), (8) and (9) to obtain
ed dilatometrically. The respective equations for the
j j j o = exp ki/pw t .
(10)
curves in Fig. 1 are
=

(OCv0T)p = 2.58 x 10 -4 exp[O.6/(mw/m~)]

(6a)

and
(0¢,./0T)p = 2.58

×

10 4 exp[O.5/(mw/mc)] .

(6b)

Thus, if the variation of p, with t is insignificant, i.e., if
Pw is essentially constant, J becomes a function of t only. That this equation is obeyed when J = (04~v/OT)p is
shown in Fig. 2. The relevant data for this figure were
taken from a paper by Sun et al. [16].
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Fig. 2 The effect of t on (OOvlOT)pand
e in mixtures of Na-montmorillonite and
water
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The dashed curve in the figure is described by Eq. (10)
with j0 = 2.5 x 10 -4 c m 3 g-1 deg-~, k = 7.22 x 10-8
g cm -2, and ~0w = 1.0 g c m -3.
Beer's law describes the absorption of radiant energy
by any fluid medium. It may be written

A = ecI

(11)

where A is the absorbance at a given frequency, e is the
molar absorptivity at this frequency, c is the concentration of the absorbing dipole, and I is the length of the path
over which absorption occurs. According to spectroscopic theory, e is related to the dipole moment of the
absorbing dipole [17]. Changes in e are determined
primarily by charge transfer [18]. With respect to water
and other hydrogen-bonded substances, e has been found
to depend on the strength of the hydrogen bonds [19]. We
decided, therefore, to mix several Na-saturated smectites
(i.e., expandable clay minerals) in different proportions
with a 3 % solution of D20 in H20, determine A for each
mixture at the frequency of O--D stretching by infrared
spectroscopy, use Eqs. (8) and (11) to calculate the corresponding values of t and e, and then plot e against t. The
results, taken from a paper by Mulla and Low [7], are
shown in Fig. 2. The different symbols in this figure
represent different smectites with different values of a,
the surface charge density. The solid curve is represented
by Eq. (10) with 3o = 42.3 cm 2 mmole 1, k = --13.68
x 10-s g cm -2 and Pw = 1.0 g c m -3. It is obvious that
the value of e deviates increasingly from its value in pure
bulk water as the water content of the system decreases,
i.e., as the water films surrounding the particles become
thinner. This implies that intermolecular hydrogen bonds
in the water are stretched and become weaker as the sur-
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face of the clay particle is approached. Moreover, it is obvious that e depends only on the thickness of the water
films and not on the density of charge or other
characteristics of the surface. From the latter observation, we conclude that the water interacts non-specifically
with the clay surface.
Now let us return to Figs. 1 and 2. Since 0v includes
all volume changes due to clay/water interaction, it may
be argued that deviations of (OOv/OT)p from (Ov°JOT)p
are not due only to perturbation of the water by the clay
particles, but also to the perturbation of the clay particles
by the water. This argument can be tested in a simple
way. We can write Eq. (10) for any two properties of the
water, designated by the subscripts 1 and 2, respectively,
and then combine the two equations to get
In (J1/J~l)

=

k,
--

k:

In (J2/~)

or

(J1/J~l) =

(J2/~2) kl/k2 .

(12)

Equation (10) applies to both (OOJOT)p and e and so Eq.
(12) must apply to them also. That it does is illustrated in
Fig. 3. Now, the measured values of e are characteristic
of the water alone because montmorillonite is transparent
to infrared radiation at the frequency of O-D stretching.
It necessarily follows that (OOv/OT)p is also characteristic
of the water only. Otherwise Eq. (12) would not hold for
these two properties. The same conclusion would follow
for any other property of the interparticle water that is
described by Eq. (10). As mentioned earlier, Eq. (10)
describes every property of the water in the clay/water
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Fig. 3 Relationbetween ele o and (8(bv/OT)p/(O(9°/OT) in mixtures
of Na-montmorilloniteand water
systems we have investigated thus far. A ramification of
the general applicability of Eq. (10) is that, if the respective values of k are known, Eq. (12) can be used to
calculate the value of any property of the interparticle
water in a given system if the value of any other property
of the interparticle water in that system is known.
Values of J in Eq. (10) are average values for the
water in films having the thickness t. These values do not
provide information about the distribution of the given
property with respect to the surface of the particle.
Therefore, we are left with the problem of determining
the depth to which the clay surface perturbs or modifies
the structure (and, hence, the properties) of the adjacent
water. This problem can be solved as follows. If sufficient water is present in a clay/water system, water that
is perturbed by the clay particles coexists with water that
retains the properties characteristic of bulk water. It is
reasonable to assume that the perturbed water exists in
films (hydration shells) next to and parallel to the planar
surfaces of the particles and that the unperturbed or bulk
water exists in films beyond but contiguous with the
hydration shells. Both kinds of water contribute to the
value of J. Hence, we can write
+ fojo

,

jo.

+

(17)
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where f * and f0 are the fractions of perturbed water and
bulk water, respectively, in the system and J* is the
average value of the given property for the perturbed
water. Now
f, +f0 = 1

(14)

t = t* + to

(15)

and

(16)

From Eq. (17) it is evident that J will be a linear function
of 1/t as long as J* and t* remain constant. These two
parameters will remain constant until the hydration shells
come into contact and begin to overlap, i.e., until all the
bulk water is eliminated and t* = t. Then they will begin
to vary. It follows, therefore, that the thickness of the
hydration shells can be determined from the value of 1/t
at which the graph of J vs 1/t departs from linearity.
Shown in Fig. 4 are plots of J vs 1/t when J =
(0qL/0T)p and when J = e. Observe that both plots
depart from linearity at a value of 1/t corresponding to t
-- t* = 35 × 10-8 cm (3.5 nm). This is not necessarily
the maximum thickness of the water perturbed by the particle surfaces. The value of 1/t at which curvature of the

25

j = f,j,

,

where t* is the average thickness of the films of perturbed
water next to the particle surfaces, to is the average
thickness of the films of unperturbed water, and m* is
the mass of perturbed water. Note that the second equality
in Eq. (16) holds only if the density of the water is invariant with respect to the surfaces of the clay particles.
Although this is not strictly true (10), the actual variation
in the density of the water is small enough to be ignored
for the present purpose. Combination of Eqs. (13), (14)
and (16) yields
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graph of J vs 1/t becomes apparent depends on how sensitive the given property is to perturbation of the structure
of the water and on how sensitive the measuring device
is to changes in this property. Consequently, we conclude
that water is perturbed by the surfaces of clay particles to
a depth of at least 3.5 nm. In this regard, it is important
to note that even extremely small changes in a water property can have important consequences. For example,
consider the thermodynamic equation developed by Low
and Anderson [20]
gw

-

-

gO

=

--~wH,

(18)

where ~'w and ~w are the partial specific free energy and
partial specific volume of the water in a clay/water
system, gO is the specific free energy of pure bulk water,
and H is the swelling pressure of the clay. This equation
shows that a difference between ~+ and gO of only
0.1 J/g produces a P of 0.1 MPa ( - 1.0 atm). A H of
0.1 MPa is quite significant in nature.
In this section of the paper we have established the
following concepts:
1) interaction between clay and water perturbs the water
and alters its properties;
2) interaction between clay and water does not depend on
specific characteristics of the clay surface;
3) interaction between clay and water extends to a
distance of at least 3.5 nm from the clay surface;
4) the properties of the water in a clay/water system are
described by a common exponential equation with
parameters that depend specifically on the property.

Eq. (18), if the external phase is pure bulk water, H
depends on the difference between gw and gO. In the
osmotic concept of swelling as described by electric double layer theory [21], gw is supposed to be lowered in
the interlayer phase because of the high concentration of
exchangeable cations there. But is should be noted that interaction of the water with the surfaces of the layers can
also lower gw and enhance H.
Experiments of Low [22] with expandable clays
established the following empirical relation between H
(expressed in atmospheres) and mc/m w
(19)

H + 1 = B expamc/mw ,

where B and a are constants. If H is expressed in units
other than atmospheres, the lefthand-side of this equation
becomes ( H + Pa)/P, or P/Pa, where P is the absolute
pressure acting on the clay and P~ is the pressure of the
atmosphere. Equation (19) can be combined with Eq. (8)
to give
(20)

H -I- 1 = B e x p ( k ~ / p w t ) ,

provided that a = k~S. Then, H would be independent
of the specific characteristics of the clay surface and
would be a function of t alone. Figure 5, which was taken
from a paper by Low [23], shows that this is so. The solid
curve in Fig. 5 obeys Eq. (20).
By solving Eqs. (10) and (20) simultaneously to
eliminate pwt, we find that
ln(H + 1) = ( k ' / k i ) l n ( J l / J i °) + lnB
or

(/7 + 1) = B (j,/jo)k~/k,.

The swelling of clay
When the clay in a soil absorbs water, it swells into the
neighboring pores and reduces their radii. According to
Poiseuille's law, the rate of fluid flow through a circular
pore is proportional to the fourth power of the radius of
the pore. Consequently, the swelling of clay in a soil
reduces the permeability of the soil to water and, thereby,
the convective transport of toxic substances dissolved in
the water. It is clear, therefore, that clay swelling and environmental pollution are related.
The clay mineral, montmorillonite, is found in most
soils. It swells because water enters the region between
its superimposed layers and forces them apart. Other expandable clay minerals swell for the same reason. The
pressure that must be applied to keep the layers from
moving apart is the swelling pressure, H. From a thermodynamic viewpoint, water migrates from an external
phase surrounding the particles to the interlayer phase
because its partial specific free energy is lower there than
in the external phase; and H is the pressure that must be
applied to the clay to make the partial specific free energy
of the water the same in the two phases. In keeping with

(21)

The validity of Eq. (21) is demonstrated in Fig. 6 for the
case of Ji/J ° = e/e °. This figure was published earlier by
Low [24].
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where b and ka are constants. Observe that Eqs. (19),
(20) and (22) are the same equation expressed in different
interrelated variables.
The surface charge density, o-, is an inherent electrical
property of a clay that arises from the substitution of a cation of lower valence for a cation of higher valence within
the crystal structure of the clay. Its value is obtained experimentally by dividing the cation exchange capacity of
the clay by the surface area of the clay. Any electrostatic
theory of swelling, including the electric double-layer
theory, would require that the interlayer distance, )t, depend on o- at any value of H. Such a theory would also
require that )t depend on _t, the dielectric constant of the
interlayer solution, at any value of H. Figure 8, which
was taken from the paper of Viani et al. [25], shows that
2 is independent of ~r; and Fig. 9, which was constructed
from the results of Zhang [26], shows that 2 is independent of e. In both cases, 2 was measured by x-ray diffraction. The necessary conclusion is that the swelling of clay
is not primarily electrostatic in nature. As indicated in
Fig. 6, it is due to non-specific interaction between the
particle surfaces and the water. This interaction decreases
gw and increases H in keeping with Eq. (18). Evidently,
the electric charge of the clay layers makes a negligible
contribution to H because this charge is effectively
screened by exchangeable cations condensed on the clay
surface. In other words, almost all the exchangeable cations are in the Stern layer.
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Fig. 7 The limits (solid lines) encompassing the curves of H versus c-axis spacing (2 + 9.3 A) for eight different Na-montmorillonites
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Recall that e depends on intermolecular bonding in the
water. By virtue of the relation between/7 + 1 and e/e0
in Fig. 6, we are led to the conclusion that H is governed
by intermolecular bonding as influenced by clay/water interaction.
Viani et al. [25] used x-ray diffraction to measure A,
the interlayer distance, at several values o f / 7 for eight
expandable clays having different values of a and Na +
as the exchangeable cation. Figure 7 was taken from their
work. The curves of H vs 2 for all eight clays fell within
the stippled area between the solid lines. Hence, the rela-
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On the basis of the results discussed in this section of
the paper, we propose the following concepts:
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Fig. 10 Relation between r/and d (or mw/mc) in mixtures of Namontmorillonite and water

1) the swelling of expandable clays is not due to elec- It is evident, therefore, that an increase in t/will reduce
trostatic interaction between the clay layers;
convective flow. From Fig. 10, we see that clay/water in2) the swelling of expandable clays is due to interaction teraction increases t/ substantially at low values of
between the clay layers and the interlayer water;
mw/mc for any given value of k. The value of k for com3) the swelling of expandable clays depends only on the pacted clays is very low [13]. Thus, in keeping with Eq.
distance between the clay layers and not on the charac- (23), day-rich soils or clay barriers impede the escape of
teristics of those layers;
toxic wastes from disposal sites.
4) a common exponential relation between H and ,~
An example of how clay/water interaction influences
describes the swelling of all expandable clays.
convective flow in natural sediments is presented in
Fig. 11. This figure was taken from the paper of Young
et al. [27]. It shows the effect of temperature on the
observed and calculated values of Qr/Q2o, the ratio of
the flow rate at T = Tto that at T = 20°C, for water flow
Effect of clay/water interaction
through a core of argillaceous shale that was removed
on the transport of solutes
from the earth at a depth of - 1 5 0 0 meters. The calcBy using data from experiments on neutron scattering by ulated value of Qr/T2o was obtained by assigning the
clay/water systems and from experiments on the viscous water in the core the handbook values of r/at T = T and
flow and self-diffusion of water in such systems, Low T = 20°C. In considering Fig. 11, it is important to note
[13] was able to determine the average coefficient of that the difference between the observed and calculated
viscosity, ~/, of the water in the system as a function of curves cannot be attributed to either thermally induced
mw/mc. His results are shown in Fig. 10. The coincident changes in the swelling of the clay or to thermal expancurves in this figure obey Eq. (10) with j/jo replaced by sion of the mineral grains. Zhang et al. [28] found that the
r//t/° and t replaced by d, where d = 2t. According to swelling of clay is quite insensitive to changes in temperature, and calculations of Young et al. [27] showed that
Darcy's law,
thermal expansion of the mineral grains could be
(23) neglected if reasonable values for the coefficient of therQ = Akpgi/rl = A K i
mal expansion of the grains were employed. The
in which Q is the volume of fluid flowing through a necessary conclusion is, therefore, that clay/water inporous medium in unit time across the area A under the teraction modified the effect of temperature on the
hydraulic gradient i, k is the intrinsic permeability of the viscous flow of water in the shale.
Not only is the viscous flow of water modified in the
porous medium, p is the density of the fluid, g is the acpores
of fine-grained media, but the water in these pores
celeration of gravity, and K is the hydraulic conductivity.
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is below the threshold gradient, the transport of toxic
substances through the medium would have to be by diffusion instead of convection. Diffusive transport is much
slower than convective transport.
As any ionic or molecular constituent moves through
the interparticle water along a gradient in electric potential or concentration in a clay/water system, it does so in
a series of hops over energy barriers between equilibrium
positions, i.e., positions of minimum energy. At the crest
i(
OBSERVED
•
of an energy barrier, the moving constituent is supposed
to be in an activated state and the height of the barrier in
g
units of energy is the activation energy. The activation
energy is the energy required by the constituent to push
aside water molecules ahead of it to form a hole plus the
energy required to break bonds with neighboring water
molecules so that it can move into the hole thus formed.
Consequently, the activation energy for ionic conductance or molecular diffusion should depend on the integrity of the structure of the surrounding water; and the integrity of this water should be indicated by the magnitude
of any of its structure-sensitive properties. With these
thoughts in mind, Low [29] compared measured values of
,%
the specific volume of the water with measured values of
the activation energy for exchangeable ion conductance in
Fig. 11 Effect of T on Qr/Q~-o in a natural shale
montmorillonite/water systems having Li +, Na + and K +
as the exchangeable cations. His results are reproduced in
can have sufficient structural integrity to resist shear until Fig. 13. Observe how well the specific volume of the
the hydraulic gradient exceeds a critical value called the water correlates with the activation energy for exthreshold hydraulic gradient. The existence of such a gra- changeable ion conductance. The values of both of these
dient was demonstrated by Miller and Low [1]. One of quantities differ from the corresponding values in bulk
their graphs is reproduced in Fig. 12. Under the condition solutions. We conclude, therefore, that the modified
that the prevailing hydraulic gradient in a porous medium water in a clay/water system affects ionic migration.
12

I I

Fig. 12 Relation between flow rate and
hydraulic gradient in a mixture of Namontmorillonite and water
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that both the 1,4-dioxane and water were diffusing
simultaneously through each medium and so the
geometry of the diffusion path was the same for both in
ION O N CLAY
each medium. This is especially noteworthy with respect
Fig. 13 Relation between the activation energy for exchangeable to the clay/water system. We conclude, therefore, that the
ion movement and the specific volume of adsorbed water in Li-,
1,4-dioxane interacted differently with the water molecNa- and K-montmorillonite
ules in the interparticle solution than with the water
molecules in the bulk solution. In other words, the interIn the theory of rate processes [30], the diffusion coef- particle water had a special effect on the diffusion of
1,4-dioxane.
ficient, D, of any constituent, i, is given by
From thermodynamic theory, we know that
(24)
Di = Bi e x p ( - - E i / R T )
(26)
AG = AH--TAS,
where E is the activation energy, R is the molar gas constant, B is a constant that depends on the entropy of ac- where AG, AH, and AS are the changes in free energy,
tivation, and T is the absolute temperature. If we apply enthalpy, and entropy of a system, respectively, that octhis equation to two constituents, a neutral organic cur as the result of any reaction or process. If the process
molecule and water, diffusing simultaneously through the is the spontaneous, reversible adsorption of a solute on a
same system and divide one equation by the other, we ob- solid adsorbent at constant P and T, AG < 0 and AH =
--Qa, where Q~ is the heat of adsorption. Hence, Eq.
tain
(26) becomes
~

1.01

Do

Bo

Ow

nw

I
Li

I

No

exp(Ew - - Eo)/RT ,

K

t--

'4.0

(25)

where the subscripts o and w denote the organic molecule
and water, respectively. In recent experiments in our
laboratory, T. X. Wang used radioactive isotopes to
measure the simultaneous diffusion of 1,4-dioxane and
water in clay/water systems (mw/mc = 2.5) and aqueous
solutions containing different concentrations of nonradioactive 1,4-dioxane. Hence, Eq. (25) applies to his
experiments. What he observed is reported in Fig. 14.
Evidently, Ew - - Eo changed differently with the concentration of 1,4-dioxane in the clay/water system than it did
in aqueous solution. In this regard, it is important to note

AG = - - Q a - - T A S

< 0.

(27)

Zhang et al. [31] used a Calvet calorimeter to measure
aa a s a function of T~n) S, the apparent adsorption, for
the adsorption from aqueous solution of several different
organic compounds on Na-montmorillonite. The apparent
adsorption is the difference between the amount of
organic compound actually present in the system per unit
mass of montmorillonite and that which would be present
if the concentration of the compound in the equilibrium
solution persisted up to the montmorillonite/water interface. Their results are reproduced in Fig. 15. Observe
from this figure that Qo was negative for some of the
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organic compounds, namely, phenol, ethanol, and
sodium acetate. For negative values of Qo, Eq. (27) requires that AS be positive, i.e., that the degree of randomness of the system increases with adsorption. But the
localization of the organic compound in a region near the
montmorillonite/solution interface should decrease the
entropy of the system. We conclude, therefore, that the
observed increase in entropy was due to a randomization
of the water molecules in the interracial region under the
influence of the adsorbed organic compounds. In other
words, the adsorption of the compounds was accompanied, and affected, by structural changes in the interfacial water. This conclusion is important as regards environmental pollution because adsorption affects the rate
of migration of pollutants in the soil.
In summary, we have shown that interaction between
the surfaces of clay particles and water modifies the structure of the water and that this modification: 1) affects the
swelling of the clay and, thereby, the permeability of the
system, 2) affects the viscosity and yield point of the interparticle water, and 3) affects adsorption of solutes by
the clay. Hence, it is clear that clay/water interaction will
affect the convective and diffusive transport of solutes
through a soil, especially one that is rich in clay.
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Thermochemistry and adsorption equilibria
at hematite - water interface

Abstract Enthalpy of charging of
hematite surface was determined by
calorimetry and also by measuring
the dependence of the point of zero
charge (p.z.c.) on temperature. The
calorimetric experiment was
designed in such a way that the
point of zero charge was in the
middle between the initial and final
pH. In that case, the reaction heat
corresponds to the difference in
standard reaction enthalpies of
surface deprotonation
andprotonation reactions, without

Introduction
Transport or organic substances, such as pesticides or
synthetic compost, through soil is related to the adsorption -- desorption equilibria in this heterogeneous
system. Physicochemical investigations concern model
systems, i.e., well-defined pure oxides, representing the
soil, and some model compounds such as phosphates, oxalates, salicylates, humic acids, representing the
pollutants. Adsorption equilibrium can be represented
either by adsorption isotherms at different pH values, or
by appropriate equilibrium parameters resulting from a
theoretical model. For the latter purpose the surface complexation model was found to be suitable [1--4]. The
treatment involves consideration of equilibria in the bulk
of the solution and also the postulation of reactions taking
place at the interface. The complications, commonly involved in the interpretation, are due to electrostatic forces
affecting the energy state of the adsorbed organic ions.
One possibility is to take the electrostatic term into account by assuming a certain structure of electrical inter-

electrostatic contribution. The
following obtained calorimetric
value: A0r-/° -- A~H ° =
33.3 kJ mo1-1 agrees well with the
result of p.z.c, measurements;
AJ-/° -- A,H ° = 33.2 kJ mo1-1, In
addition to the therrnochemistry
results, the adsorption of
dodecylsulfate and salicylate ions
on the hematite was examined.
Key words Adsorption enthalpy
adsorption equilibrium
hematite
-- calorimetry
-

-

-

-

facial layer and another, experimental approach is to
determine the adsorption isotherm at the pH corresponding to the isoelectric point (i.e.p.) and consequently, to
avoid any assumption regarding the electrical interfacial
layer structure [3, 4].
More recently, in addition to the adsorption equilibria
studies, calorimetry was employed in examining of the
metal oxide aqueous interface. The results deal either
with relatively simple situations, such as protonation and
deprotonation reactions at the surface or with the heats of
the adsorption of organic molecules onto surfaces. In both
cases, one encounters two problems. The first one is due
to the fact that, upon addition of a reactant, several reactions take place in the calorimeter. In order to evaluate
enthalpy of a specific surface reaction, one has to be able
to distinguish between different contributions to the heat
and also to determine the extents of all reactions taking
place in the system. The next problem is related to the
electrostatic contribution to the enthalpy. Recently, an
experimental design was developed which enabled the
proper interpretation of the calorimetric data so that one
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is able to obtain the "chemical" contribution to the difference of the reaction enthalpies of deprotonation and
protonation, i.e., the same quantity which one gets from
the temperature dependence of the point of zero charge.
The method was demonstrated on the example of titania

[5].
Since hematite represents some aspects of the soil
behavior, the aim of this study is to apply the proposed
method to this colloid, and to obtain corresponding thermodynamic parameters. In addition, some results of the
adsorption of organic substances on the hematite will be
discussed.
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Thus, from these measurements, one cannot obtain the
singular reaction enthalpy but only the difference, which
does not include the electrostatic contribution. This "enthalpy difference" may be obtained from the slope in
presentation pHpzc vs 1/T.
Calorimetric determination of the enthalpies of
deprotonation and protonation, reactions (1) and (2), involves addition of an acid or a base to suspension at certain (initial) pH. In such a case, neutralization also takes
place
O H - + H + --, H20 ; K °, AnH, A~n,

(9)

with the equilibrium constant related to the "ionic product" of water

Theoretical
K°n = 1 / K °

According to surface complexation model [ 1, 2] protonation and deprotonation of hydrated metal oxide surface
concerns amphotheric surface sites (MOH) as follows

= (an+ aOH-) -1

(10)

•

K~, A f t , A~,

(1)

The measured heat Q is a sum of products of extents of
reactions (1), (2) and (9) and corresponding reaction enthalpies since the extents of association of counterions are
negligible in the vicinity of p.z.c, at low ionic strength:

MOH --, MO- + H+; Kb, AbH, A~b,

(2)

Q = ~, AMA~r

MOH + H + --, MOH~;

where M denotes metal at the solid surface, while A~r
= aaHA~a "[- Abnm~b "~- AnHA{n .
(11)
and ArH are reaction extent and reaction enthalpy,
It is possible to obtain the value of the difference
respectively. Surface equilibrium constants K are given
AbH
° -- AaH° by performing the calorimetry experiment
by
at low ionic strength in such a manner that the difference
between pHp~c and initial pH of suspension is equal to
Ka
,.o FtPo/RT
= Aae
-- FMOrI+
"
(3) the difference between the final pH and pHp~c. In that
aH +FMOH
case, the p.z.c, value lies in the middle between the initial
and final pH. Due to the compensation of the electrostatic
Kb = t%e"° -F%/Rr _ FMo-aH+
effects,
this experimental design produces the difference
FMOH
(4)
of standard reaction enthalpies, i.e., only chemical difwhere K ° denotes standard ("intrinsic") equilibrium ference corresponds to the one obtained from the tempconstant, F is the surface concentration (amount of sites erature dependence of p.z.c. (5).
By measuring the initial and final pH values of the
divided by the surface area), ~uo is the electrostatic
potential at the 0-plane in which charged surface groups suspension (pill and pH2, respectively), one obtains the
are located, and F, R and Thave their usual meaning. At changes in the amounts of H ÷ and OH ions in the liquid bulk which are related to the amounts of added acid
the point of zero charge (pHp~), one can take
or base (AnH+¢a~d~,A n o n ~a0O~) and also to the extents (A~)
FMO = /'MOH f and ~u0 = 0 ,
(5) of protonation (a), deprotonation (b), and neutralization
(n) reactions.
so that Eqs. (3)--(5) yield

A~H+ = C0 ( V2 10-pH2
pHpz~ = 0.5 lg K--~'

(6)

V112--pHI~

y2

Yl

//

and
=

--RTlnK °

= A~G° = A J - / ° - T A r S ° .

The temperature dependence of the point of zero charge
is given by
pHr~ =

Aft-/° -- A f t °

AbS° - - AaS°

2RTln 10

2R In 10

A n n + , , d d , - A~ a + A ~ b -

A~n

(12)

(7)

(8)

(1"12 10 pH2

Ano. = K°c°\ 7

= Anon-~add~- A~, ,

Yl

/
(13)
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where I"1 and
liquid phase,
clude activity
concentration

I"2 denote initial and final volumes of the
respectively. The above relationships incoefficients (y) and the standard value of
(co = 1 mol dm -3) according to

Ci
ai ---- Yi ~-~

(14)

Equations (3), (4), (12), and (13) yield the ratio of the extents of surface reactions (1) and (2) [5]
m~a
A~b

g°
QH+(2) aH+(l)
K ° em'2/RreF~'l/Rr

(15)

Surface potential in the vicinity of p.z.c, can be approximated by using the Nernstian approach [2]
RTlnl0
~o - - (pUpz¢ -- p H ) a ,
F

(16)

where the coefficient a takes into account the deviation
from the ideal slope. From Eqs. (15) and (16), one obtains
A~
- -

a
--

10 (1-a)(2pHpzc-pH2-pH1) .

(17)

AbH°

--

A,H ° =

Q - An//m~n
A~b

,

(22)

which comes from Eq. (11).
As stated in (22), the experiment in which initial and
final pH values are related to p.z.c, by (19) yields the difference in standard enthalpies describing "chemical" interactions only and does not incorporate the electrostatic
effects, just as in the case of the value obtained from
p.z.c, dependence on temperature. The compensation of
the electrostatic effect is based on the assumption of
"symmetrical" surface potential with respect to p.z.c.
and does not necessarily assume Nernstian behavior. It is
sufficient that surface equilibria results, e.g., half pH unit
below p.z.c., positive surface potential equal in
magnitude to that one half pH unit above p.z.c. If such
a behavior is found within a certain temperature range,
then the derivative of potential with respect to temperature is again the same in magnitude but opposite in sign.
Since the electrostatic contribution to the total enthalpy
exhibits the same behavior as a derivative of the potential,
the compensation of electrostatic contribution to the enthalpies takes place.

A(b

According to (17)
A~b = --A~a ,

(18)

if the system obeys completely the Nernst equation, e.g.,
if a = 1. However, Eq. (18) still holds if the experiment
is designed so that initial and final pH values are related
by
pill -- pHpzc = pHpzc -- pH2 •

(19)

In the second case the extents are equal in magnitude
but opposite in sign (18), regardless of the possible
disobedience of the Nernstian behavior. According to Eq.
(13) the extent of neutralization should be calculated from
initial and final pH values by
A ~ n = AnoH-(.~)-

K°wC° -(.v2 10PH2

V1 -I0PHI~--.

(20)

\

Y2
Yl /
Extents of surface reactions, according to (12) and (18),
are
A ~ = --A~:

[= 0.5 [AnH+(add)- A~n -- Co
L_

( y2 I0-pH2
Y2

V1 10-PHil]
Y, / J "

(21)

In the calorimetry experiment requirements of Eq.
(19) should be respected so that reaction extents A~n,
A~a, and A~b may be calculated by Eqs. (20) and (21),
respectively. The next step is to evaluate the difference in
reaction enthalpies by the relationship

Experimental
Chemicals
The chemicals used in this study were of the analytical
purity grade. Hematite powder was a product of Alfa
Division, Danvers, Mass. U.S.A. Standard NBS buffers
[6] were: i) aqueous solution of KH2PO 4 (m = 0.05 mol
kg -1) and Na2HPO4 (m = 0.025 mol kg-1), and ii) the
solution prepared from potassium hydrogen phtalate (m
= 0.025 tool kg-l). The pH values of these buffers are
tabulated for the wide temperature range.
Point of zero charge
The effect of temperature on the p.z.c, was determined by
measuring pH of a concentrated suspension as described
earlier [7]. The ionic strength was low (10-4 mol dm-3
NaNO3). This method was found to be suitable due to its
accuracy and simplicity. The accuracy of p.z.c, is directly related to the accuracy of the pH measurement, while
the simplicity in this case is due to the fact that one just
measures the electromotive force between glass and
reference electrode for two buffers and the suspension. In
the measurements, the Jenway 3030 pH-meter was used
together with Jenway glass electrode and the Iskra (Kranj,
Slovenia) calomel electrode with a salt bridge (10 -4 mol
dm 3 NaNO3).
Calorimetry
Calorimetric measurements were performed by isoperibol reaction calorimeter constructed by Simeon et al.
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[8]. The suspension was prepared by mixing (under ultrasound) 16 grams of hematite in 80 cm 3 of aqueous solutionof H N O 3. After equilibration the pH was measured
as 4.92. The suspension (70 3) was transferred into the
calorimetric vessel and thermostated at 25°C. In the
course of the experiment 0.41 c m 3 of NaOH solution (c
= 0.5 tool dm 3) was added. By means of separate
potentiometric titration, the amount of base was chosen
so that final pH was 7.28. Since the p.z.c, at this temperature was found to be at pH = 6.10, the condition of Eq.
(19) was satisfied.
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Figure 1 displays the dependence of electromotive force
on temperature for the hematite suspension as well as for
two buffers having pH approximately 4 and 7. The pH
values of the suspension were calculated by using the
tabulated values for two standard buffers [4]. These pH
values were taken as points of zero charge [7]. The temperature dependence of p.z.c, of hematite is presented in
Fig. 2. Linear regression according to Eq. (8) resulted in

Fig. 2 The dependence of pHpzc of a-Fe203 suspension on temperature

A~b = --A~a = 1.018 • 1 0 - 4 mol from Eq. (21). The
difference in standard reaction enthalpies (AbH ° -A,H °) was calculated by Eq. (22), taking the literature
value [9] for An/-/° = --55.84 kJ tool -1, as
AbH° -- AaH ° = 33.3 kJ tool -1

AbH° -- AaH ° = 33.2 kJ m o l l
and
AbS ° - - AaS° = 122.5 kJ K -I mol 1

.

Point of zero charge of a-Fe203 suspension at 25 °C was
found to be at pH = 6.1.
In the calorimetry experiment, the measured heat was
--8.02 J. The extent of neutralization, calculated by Eq.
(20), was found to be A~n = 2.044 • 10-4 mol. Extents
of surface deprotonation and protonation reactions were
200
pH= 4 (-50 mY)

>
E

I

3.5

150

LU

The proposed approach to the design of the
calorimetry experiments, concerning charging of metal
oxide surfaces, resulted in the difference of standard enthalpies of deprotonation and protonation reactions (2)
and (1). As already demonstrated for anatase [5], the
calorimetry result for hematite agrees with the corresponding measurements of the p.z.c, dependence on temperature. The obtained value also agrees with other published
data [10, 11].
The method described here enables the proper assignment of the enthalpy to a certain surface reaction. It also
makes possible to avoid electrostatic contribution to the
enthalpy. The next step should deal with different initial
and final conditions to enable the determination of
singular values of AaH° and AbH° and also to examine
the electrostatic effect on the enthalpy.

HEMATITE

100

Adsorption
50

Adsorption isotherms of dodecylsulfate (Ds-) and
salicylate (Sal-) ions, are presented in Fig. 3. They
were fitted with Langmuir isotherm yielding:
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Fig. 1 The dependence of electromotive force on temperature for
a-Fe203 suspension and two buffers of approximnate pH values 4

and 7, respectively. Note that 50 mV were subtracted for the buffer
of pH 4, in order to enable presentation of data by using one scale
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(Fm,x is the maximum surface concentration, a is area
occupied by one molecule, and K is the adsorption
equilibrium constant as obtained on the basis of the
Langmuir isotherm.)
The experiments were performed in the acidic region;
pH = 4.6 for Ds- adsorption, and at pH = 4.2 for adsorption of salicylate ions. The interpretation of these
data by the Langmuir isotherm is an approximation which
should be further examined. At first, one may notice that
the shape of the adsorption isotherm is of the Langmuir
type. Secondly, the obtained values for occupied areas
are reasonable. They correspond to the "flat" orientation
of salicylate and to the "upright" orientation of
dodecylsulfate adsorbed species. The more detailed
analysis should take into account the effect of pH on the
surface charge. At low pH, below the isoelectric point,
the hematite surface is originally positive and it attracts
negative organic ions promoting their adsorption.
Therefore, at low pH and at high concentration of an
organic substance, one may expect the surface to be completely covered so that maximum surface concentration

,

6

' ,.&, J ~ . ,
8
10

2

pH

c/mol dm -3
Fig. 3 Adsorption isotherms of organic ions on hematite. The
dependence of surface concentration (/-) on the equilibrium concentration of dodecylsulfate ions at pH = 4.6 (o), and of salicylate ions
at pH = 4.2 (zx)

I
4

Fig. 4 Surface concentration of dodecylsulfate (0) and saiicylate
ions (zx) as a function of pH at total concentrations of 0.01 mol
dm 3

corresponds to the complete surface coverage and to the
surface occupied by an adsorbed molecule. The effect of
pH on adsorption equilibria of both anions is presented in
Fig. 4. Below pH = 6 the surface concentration of Dsis high, approaching the constant value; it agrees with the
value of Fmax obtained from interpretation based on the
Langmuir isotherm. Thus, it corresponds to the complete
surface coverage, which is understandable because the initial NaDs concentration was sufficiently high. By increasing pH, the original hematite surface becomes
negative, it repels negative Ds- ions and the adsorbed
amount is markedly reduced. The same pattern of adsorption isotherm was obtained with salycilate ions. This finding agrees well with other observations on the adsorption equilibrium of organic ions on metal oxides [3, 4].
The effect of pH in these systems is twofold; at low pH
the oxides are more positive which promotes adsorption
of negative organic ions, but at the same time the weak
acid is less dissociated so that the concentration of adsorbable anions is lowered which reduces the extent of adsorption. The latter isnot valued for relatively strong
dodecylsulfonic acid.
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The kinetic spectrum method applied
to the ion exchange of Cd(ll)
at Mg(ll)-montmorillonite

Abstract In this work the ion
exchange kinetics of Cd 2+ at
MgR+-montmorillonite have been
investigated. These kinetics are
fast, i.e., the exchange in diluted
suspension is complete after 30 s,
therefore, the stopped flow method
is applied. The data were analyzed
by the kinetic spectrum method,
because the reaction cannot be
described by classical kinetic
models. Two processes were
observed: i) A fast one with a
mean pseudo-first-order rate constant of 20 s-1. This process is
assigned to the exchange at easily
accessible sites at the outer surface.
ii) A group of slow processes with

Introduction
Ion exchange reactions at mineral electrolyte interfaces
belong to the most important processes that control the
distribution of toxic metal ions between liquid and solid
phases in the environment. While the equilibrium properties (adsorption isotherms, adsorption edges, equilibrium
constants, etc.) have been widely investigated, less information is available on the kinetics of such processes.
Most work in the latter field has been focused on the
kinetics in the slow time domain (minutes to days). In
general, the processes observed here are controlled by
diffusion in the macropores of highly aggregated or compacted colloid particles or in concentrated suspensions
[1--4]. The reactions observed are slow because of long
diffusion paths. However, many authors report on fast
reactions, whose equilibria are established instantaneous-

a distribution of pseudo first order
rate constants between 0.1 s-1 and
3 s-1. These processes are assigned
to the exchange in the interlayer
space and have a mean energy and
entropy of activation of 20 kJ
mol -I and --180 J mo1-1 K -J,
respectively. The rate controlling
step is the hindered diffusion at the
internal surfaces of the
montmorillonite.
Key words kinetic spectrum -cadmium(II) -- montmorillonite -kinetics -- stopped flow

ly compared to their accessible time domain. These fast
reactions at the solid -- electrolyte interface with half
lives of less than 1 min have hardly been examined. By
use of the pressure jump [5] and the stopped flow techniques [6] it was possible to investigate fast ion exchange
processes at clay minerals. However, only few investigations have been performed on the fast exchange kinetics
of heavy metals with layer-silicates in suspension.
Compared to reactions in solution, the interpretation
of kinetic data at solid-electrolyte interfaces is often difficult because of the heterogenity of suspended particles.
In general, the kinetic data recorded (concentration as a
function of time) are interpreted by use of a special model
like first- and second order kinetics, Elovich's equation
or a ]/}-law [1]. These models imply some special experimental constraints, e.g., a limited concentration and
time range. In Elovich's equation an exponentially de-
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experimental data, the lines are least-square-fits with Elovich's
equation and the pseudo-first-order rate law, respectively
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Fig. 2 Schematic drawing of the affinity spectrum (a) and the corresponding kinetic spectrum (b) for an arbitrary system
creasing affinity is assumed that depends on the degree of
occupancy of surface binding sites, and the l/7-1aw requires a uniform space geometry, i.e., pores of equal
shape and size. In reality, those conditions are rarely met.
As an example, Fig. 1 shows the reaction of 1.5 x 10-5
mol dm -3 Cd 2+ with 50 mg dm -3 Mg2+-montmorillonite
(2.4 × 10 -5 mol exchange sites per dm 3) at pH = 6.7
and T = 25 °C. Crosses are experimental data (see below)
and the lines show the best fits of Elovich's equation and
a pseudo-first-order reaction, respectively. It can be
clearly seen that in both cases the experimental data cannot be described correctly. The interpretation with
Elovich's equation shows greater deviations at longer
times, whereas the first-order law shows systematic
deviations over the whole time range. Other fitting attempts like a second-order reaction and the VT-law also
fail, but are not shown here.
In this work a method of data evaluation is applied that
does not require an a priori choice of a definite model.
In 1983, Shuman and Olsson proposed to apply the socalled kinetic spectrum method on the reactions of metals
with dissolved humic material [7]. The basic idea is that
binding sites on a homologous complexant [8] (like humic
acid or suspended colloid particles) are heterogeneous.
The system should not be described with a definite,
discrete affinity (expressed by an equilibrium constant),
but rather with a spectrum of affinities. That means at the
surface of the homologous complexant there exists as
very large number of exchange sites and each of them has
its own affinity to a certain metal ion. The contribution
of each site to the total occupancy can be plotted versus
its affinity, expressed as the logarithm of its specific
equilibrium constant or Gibb's function. This plot is call-

ed the affinity spectrum. As an example, Fig. 2a shows
such an affinity spectrum for an arbitrary system[8].
For the kinetics in such a system this means each site
should be described by its own rate constant, ki. This
rate constant implies, for example, its special energy of
activation or its accessibility in porous media. Figure 2b
shows the kinetic spectrum of an arbitrary system. The
changes of this spectrum can be investigated as a function
of temperature, pH or concentrations to give further information and knowledge about a certain system. As an
example, in this work the ion exchange reaction of Cd 2+
with MgZ+-montmorillonite is investigated and interpreted for the first time by the kinetic spectrum method.

Theory

The surface of the montmorillonite particles is thought to
consist of many different ion exchange sites. At each site
" L i " a bimolecular exchange reaction takes place:
Cd 2+ + Mg2+Li -~ Cd2+Li + Mg 2+

(1)

Under pseudo-first-order conditions the kinetics at each
site are described by:
n~ (t) = n~ (1 -- exp (--k~ t)) ,

(2)

where ni (t) is the concentration of site L~ occupied with
Cd 2÷ at time t, no is the total concentration of site Li --
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C d 2+ at equilibrium, and ki is the apparent rate constant
at this site. It depends on concentrations, temperature,
etc. For reasons of simplicity, Eq. (2)

Ani (t) = n o exp (--ki t)

(3)

is rearranged to Eq. (3) with A n i (t) = n o - - ni (t). Of
course, the exchange reaction CdZ+-Mg 2+ at a single site
L~ is not observable, but rather only the total change at
all existing sites.
Therefore, Eq. (3) must be converted to Eq. (4),
which describes the total time-dependent change of concentration of Cd 2+ bound to the montmorillonite. The
sum runs over all
An (t) = 2 Ani (t) = 2 n° exp (--k~ t)
i

(4)

i

accesible sites L~. If this number is high enough, the
sum may be replaced by an integral, Eq. (5). Here, An (t)
is the experimentally observable quantity, i.e., the
An (t) = F ~ A (k) exp(--k~ t) dk

change and washing from Ca-bentonite (Stidchemie AG,
Germany). Its Mg2+-content is 99%, the BET-surface is
70 m 2 g ~ and the cation exchange capacity is 9 x 10-4
mol g-~. A stock suspension of 2 g dm -3 was prepared.
Mg(NO3)2, Cd(NO3)z and the transition metal indicator
pyridyl-2-azo-resorcinol (PAR) was purchased from
Fluka Chemie AG, Switzerland. All solutions and
suspensions were slightly buffered with 5 x 10-4 mol
dm -3 of the non-complexing buffer 4-(2-hydroxyethyl)piperazine- 1-ethane-sulfonate (HEPES) at pH = 6.7. The
stopped flow apparatus is a conventional one with a
minimum mixing time of 10 ms. the photometric detection system consists of a VIS-lamp, a monochromator,
photodiodes, a differential amplifier and a personal computer. Suspensions of 0.05 g dm -3 montmorillonite were
mixed with solutions containing Cd(NO3)2 and the indicator PAR, and the optical density at a certain
wavelength is recorded in the flow-through mixing cell
and a reference cell containing the equilibrated solution.

(5)

Method

0

concentration of Cd 2+ bound to the montmorillonite. F is
a proportionality factor and A (k) represents the distribution of sites, occupied by Cd 2+, as a function of the rate
constant k, specific for each single site. IfA (k) is plotted
versus k or log k, this plot is termed the kinetic spectrum
of the observed reaction. In view of mathematics, An (t)
is the Laplace transform of the distribution function A (k),
which is unknown up to now. A (k) can be principally obtained by performing an inverse Laplace transform on
n (t). Unfortunately, this is not trivial. Because each set
of experimental data contains unknown noise components
(~0), Eq. (5) has to be written in terms of:
An (t) = F ~ A (k) exp (--ki t) dk + ~0 .
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(6)

0

This problem is ill posed in contrast to Eq. (5): an infinite number of solutions exists, all satisfying Eq. (6).
This number has to be reduced by introducing certain
logical and statistical constraints. The CONTIN software
[9--11] implies such conditions like non-negative values
for A (k) and uses the regularization method to find the
simplest solution for Eq. (6). It requires a very accurate
setof An (t)-data with a minimum of noise. The stopped
flow method used in this study (see below) easily allows
to accumulate many single runs and thereby improves the
signal-to-noise ratio. Thus, it is possible to employ the
CONTIN software to obtain the kinetic spectrum.

Materials
Mg2+-montmorillonite was prepared by fractionation
(sedimentation), oxidation of organic material, ion ex-

In the experiments presented here, the stopped flow
method is used for measuring the kinetics of ion exchange
of Cd 2+ at Mg2+-montmorillonite. As Cd ~'+ and Mg 2+
ions have nearly the same mobility in aqueous solution,
the reaction cannot be detected by electrical conductivity.
Therefore, photometric detection was chosen for this
reaction. For this purpose a CdZ+-sensitive indicator
(PAR) reaction is coupled to the exchange reaction
observed (Eq. (1)). The indicator itself does not react
with Mg 2+ or the montmorillonite, as tested in separate
experiments. Equations (1) and (7) describe the reaction
observed, when a solution containing Cd 2+ plus indicator is mixed with a suspension of Mg2+-mont morillonite.
Cd 2+ + MgZ+Li ~ CdZ+Li + Mg 2+

(1)

Cd 2+ + 2 PARH- ~ Cd-PAR + PARH- + H +
Cd(PAR)~

+ 2 H÷

(7)

The absorption maximum of the Cd-PAR complexes is
at 496 nm, that of the free indicator PARH is at
412 nm. Under the conditions employed here, the
equilibria of the reactions in Eq. (7) lie to about 90 % on
the left side and the rate is fast with a pseudo-first-order
rate constant of about 35 s-1, i.e., all reactions in the
time range greater than 0.03 s can be monitored
photometrically at 496 or 412 nm. As Cd 2+ vanishes
from the electrolyte phase due to the reaction in Eq. (1),
the equilibrium of the reactions in Eq. (6) is shifted to the
left side, and the optical density at 496 nm decreases.
As an example, Fig. 3 shows the UV/VIS spectra of
a fresh solution (1.5 x 10-5 mol dm -3 Cd 2+ plus
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Fig. 3 UV/VIS spectra of 1.5 x 10-5 mol dm-3 Cd2+ with 0.05
g dm-3 Mg2÷ montmorillonite and a indicator (PAR) concentration of 2.5 × 10-5 mol dm-3. a) at the start of the ion exchange
reaction (recorded without montmorillonite); b) at equilibrium
2.5 x 10 -5 mol dm -3 PAR at pH --- 6.7 without montmorillonite) and the equilibrated mixture (1.5 x 10-5
mol dm -3 Cd 2+ plus 2.5 × 10-5 mol dm -3 PAR at pH
= 6.7 with 50 mg dm -3 montmorillonite), recorded with
a montmorillonite suspension of 50 mg dm -3 as
reference. These spectra correspond to the start and to the
end of a stopped flow experiment. So, if the absorbance
at 496 nm is recorded in the experiment, the amount
Cd 2+ exchanged at the montmorillonite " A n " can be
calculated as a function of time. (See the example in Fig.
1). The obtained functions are now transformed according to Eq. (6) by the CONTIN software. It can be proven that the time functions have to be faded out nearly
completely, otherwise no correct transformation could be
performed.

Results and discussion
Figure 4 shows the kinetic spectrum obtained for the reaction in Fig. 1. The distribution function A (k) is plotted
versus the logarithm of the pseudo-first-order reaction
rate constant (log k) that is characteristic for the exchange
kinetics at each site. According to Sparks [1], exchange
reactions at suspended particles with an inner surface or
a porous structure could be controlled by three types of
processes: firstly, the diffusion through the solution to the

outer surface; secondly, the diffusion through the pores
or along the inner surface, and thirdly, the exchange reaction itself. The last process is too fast to be rate determining, because ligand exchange reactions at the Cd2+-ion
are controlled by the water exchange in the first hydration
shell, a process in the microsecond range. In our case the
Mg2+-montmorillonite is not completely desaggregated
even in dilute suspension, i.e., no single platelets exist,
but rather packages of several single sheets; they have an
internal surface and a very narrow interlayer space. Many
exchange sites exist in this interlayer space that are not
easily accessible, so the second process could be rate
determining, too, if the exchange reaction itself is too
fast.
In Fig. 4 two groups of processes can be distinguished
clearly: a fast one with a mean rate constant of 20 s-1
and a more complex group with rate constants between
0.1 s-i and 3 s-~. The fast process is nearly in the same
order of magnitude as the decomplexation reaction of the
Cd 2+ indicator complex, Eq. (6). It is attributed to the
exchange of Cd 2+ at easily accessible outer surface binding sites of the suspended particles. This process is
controlled by diffusion through the bulk solution surrounding the suspended particles, and it is therefore very fast.
It could not be resolved further due to the lower time limit
caused by the Cd2+-indicator reaction. The slower processes are assigned to the binding at sites in the interlayer
space, i.e., the second type of process as quoted above.
Exchange reactions at these sites are much slower than at
sites at the outer surface, because diffusion paths are long
and the mobility in the interlayer space is hindered. The
last argument implies an activated diffusion.
Figure 5 shows kinetic spectra of only the slower processes at different temperatures; the peaks of the fast process do not change with temperature and are clipped for
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reasons of lucidity. A significant temperature dependence
is recognizeable, though the different processes could not
be separated clearly. Therefore, a weighted mean rate
constant kmeanwas calculated that describes all slow processes. In Fig. 6, In kmeanis plotted versus T-1, yielding a
39"C
mean energy of activation of 20 kJ mo1-1 and mean enetropy of activation of --180 J K -l mol-L The first value
32"C
is greater than expected for free diffusion which is about
10 kJ mole -l, but much smaller than for ligand ex£
change reactions at transition metal ions in aqueous soluO=
25°C
tion (70 kJ mol-1). This proves that the slow processes
,.¢
a¢
really describe the exchange at the sites in the interior of
v
120C
<{
the montmorillonite particles. The rate-controlling step is
a hindered diffusion through the interlayer space. The
I
i
I
i
I
i
I
large negative value of the activation entropy supports
-2
-1
0
1
log (k/s "1)
this view of a hindered diffusion through the interlayer
space.
Fig. 5 Kinetic spectra for the slow processes at the reaction of 1.5
Our results are consistent with those of J. Crooks et al.
x 10-5 mol dm-3 Cd2+ with 0.05 g dm 3 Mg2+ montmorillonite
[6],
who found for the exchange of alkali ions at montat different temperatures
morillonite similar values for the activation parameters.
But these authors analyzed the kinetics by fitting a single
exponential function to the data obtained in a limited time
range, and therefore they could not differentiate between
various processes. Higher relaxation rates in the millisecond range, obtained by the pressure-jump technique,
were also reported by Tang and Sparks [5] for the exchange of alkali and earth alkali ions at montmorillonite
at higher concentrations of solid and cations. They
evaluated the kinetic data with a single exponential function, too, and did not investigate the temperature dependence.
Summarizing our results, it can be said that:
"0.5

0.0"

_L

-0.5"

-1.0
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0.0032
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0.0033
0.0034
l i T / K-1

i

0.0035

Fig. 6 Arrhenius plot of the weighted mean rate constants of the
slow processes. For T = 25 °C the error bar indicates the confidence range of the mean rate constant

i) the exchange reaction of C d 2+ at montmorillonite is
fast (complete in less than 30 s) and can be investigated in dilute suspensions by the stopped flow
method with photometric detection.
ii) the kinetic runs are complex, i.e., they cannot be
described with classical kinetic models like a ]if-law,
Elovich's equation or pseudo-first order kinetics.
iii) the kinetics can be evaluated by the kinetic spectrum
method using the inverse Laplace transform of the
time dependent functions.
iv) the exchange reaction of Cd 2+ at Mg2+-mont morillonite consists of two processes: the fast exchange at outer surface sites is controlled by free diffusion in the bulk phase, and the slow exchange at
sites in the interlayer space which is controlled by
hindered diffusion at the internal surfaces. The mean
energy and entropy of activation have been determined for this slow process as 20 kJ mol 1 and --180 J
mol -I K -~, respectively, thus supporting the view of
hindered diffusion.
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Abstract In connection with the
mathematical modeling of the
transport of pollutants in soil the
selection of data from literature
plays an important role. In the case
of sorption of pollutants mainly
partition coefficients and rate
constants from batch-experiments
are available. For the
transformation of these sorption
parameters to the transport of
pollutants in soil, however, the
dependence of these parameters
from the concentration of the
adsorbent in the batch-experiment
and in soil must be considered.
In the present paper, for the
relatively frequent case of a
pollutant sorbing only partially
reversibly, the transformation of
these parameters is described by a
model regarding the numerical

Introduction

Batch-experiments are well suited for the measurement of
sorption kinetics on defined soil components such as
oxides or clay minerals. For the transformation of kinetic
data from these batch-experiments to transport processes
in model soil columns attention has to be paid to the
dependence of the kinetic sorption parameters on the
concentration of the suspended particles.
In this context, Di Toro et al. [1] made batchexperiments on the equilibrium of sorption of hexachlorobiphenyl on montmorillonite and constructed a sorption
model. They additionally considered the partial
reversibility of this sorption process. A. M. Rodrigo and

effect of this transformation on the
transport of pollutants in
precharged and non-precharged
soil. Model assumptions were made
in order to extend the equilibrium
case to the non-equilibrium case.
As an example, sorption of
3-chlorophenol in a model soil
column from Na bentonite was
chosen. Results show that a
considerable influence of adsorbent
concentration on the proportion of
reversibly and irreversibly adsorbed
species and, therefore, also via this
effect on the transport velocity in
the model soil column is to be
expected.

Key words Batch - - transport
sorption
3-chlorophenol
-

-

-

--

-

bentonite -- model

P. C. Chan [2] found partial reversibility also for sorption
of 3-chlorophenol on Na bentonite.
In the studies presented the model developed for
sorption equilibrium [1] was extended also to sorption
kinetics. Furthermore, an approximative procedure was
outlined for the transformation of equilibrium and kinetic
sorption data from batch-experiments to transport
processes in model soil columns.

Nomenclature

a : suffix "adsorption"
A : constant
b: suffix "batch"
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constant
adsorbate concentration
suffix "desorption"
d:
D: dispersion coefficient
irr: suffix "irreversible"
Jv: percolation rate of soil water (by Darcy)
rate constant
k:
K: partition coefficient
adsorbent mass
m:
max: suffix "maximum value"
specific pollutant amount adsorbed
n:
rev: suffix "reversible"
suffix "model soil column"
S:
time
t:
Y: volume of the aqueous suspension
axial coordinate of the model soil column
Z:
O: porosity
O: suffix "initial value"
B:

Determination of sorption parameters
by batch-experiments

C:

Batch-experiments for sorption equilibrium
General Considerations For batch-experiments it is
preassumed that the reversible sorption is in equilibrium
and that irreversible adsorption corresponds to these
equilibrium conditions. Therefore, the corresponding
partition coefficients for total, reversible and irreversible
sorption are
K = n/c

Kr~v = n , J c

(1)

Kit r = ni~/c ,

with
n = nrcv + nirr

(2)

K = Krev + girr.

(3)

Due to the model assumptions ii) and iii) (viz. also
Eqs. (12--15)) the partition coefficient K~v for reversible sorption is given by

Model assumptions for sorption kinetics

In order to transform physicochemical sorption
parameters from batch-experiments to transport pro(4)
cesses in model soil columns the following model Krev ----A / ( m l F ) .
assumptions were made:
A is a constant independent of adsorbent concentration.
i) Sorption is only partially revesible;
From Eqs. (3) and (4) results in a linear equation for
ii) The adsorption rate of the adsorbate is reciprocally
the dependence of the partition coefficient on the concenproportional to adsorbent concentration;
tration m / V of the adsorbent, viz. Fig. 1 in logarithmic
iii) The desorption rate of the adsorbed species is inscale.
dependent of adsorbent concentration;
iv) The partition coefficient of the irreversibly adsorbed K = A / ( m / V ) + K i ~ .
(5)
species is independent of adsorbent concentration;
v) The ratio of the irreversibly adsorbed species amount K~,, is independent of adsorbent concentration regarding
and the total adsorbed species amount is constant at model assumption iv). Equations (4) and (5) were
published in [1].
constant adsorbent concentration.

Fig. 1 The partition coefficients of
several chloroorganic compounds
decreases with increasing adsorbent concentration. Temperature: 20--25 °C; refs.
[1--5]
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Furthermore, model assumption v), also considering
Eq. (1), provides in the case of constant adsorbent concentration
ni~/n = Ki~/K

(6)

= B .

B is a constant independent of adsorbate equilibrium concentration, but it depends on the concentration of the adsorbent. Equation (6) was verified for the sorption
equilibrium of 3-chlorophenol and other substances on
Na bentonite bY [2]. In the following, Eq. (6) is also applied to non-equilibrium conditions (assuming B as independent of adsorbate concentration) as an approximation.
determinations
Via batch-adsorption-experiments the respective partition coefficient Kb can be
calculated from the linear Henry adsorption isotherm.
The irreversibly adsorbed specific amount nirr.b, related
to the equilibrium concentration Cb in the adsorption experiment, results from subsequent desorption experiments. According to Eqs. (1), (3) and (4), it is

Experimental

girt, b = nirr,b/C b

(1)

K~v.b = g b

Ki~.b

(7)

= K~¢~.b • m b / V b .

(8)

A

-

-

Consideration of the model assumption iv) yields
K~. = K~r,b .

(9)

Batch-Experiments for sorption kinetics
General
considerations
The reversible sorption is
assumed to be in non-equilibrium; the irreversible adsorption corresponds to this condition.
The equation for the related sorption kinetics is derived as follows. Derivating Eq. (2) yields
OnlOt = On~v/Ot + O n i J O t .

(10)

For environmentally low adsorbate concentrations
first order kinetics according to Eq. (11) can be suggested.
Onrev/Ot = ]Ca. . . .

"

C-

k d. . . . " n r e v .

(11)

Model assumption ii) states that the adsorption rate is
reciprocally proportional to adsorbent concentration,
Therefore,
k,,~,~ = A ~ ( m / V ) ,

(12)

where A, is a constant, independent of adsorbent concentration.
The desorption rate ka.... is independent of adsorbent
concentration according to model assumption iii).
In the following, all transformations of sorption
parameters will be described in terms of partition coefficient and of desorption rate for reasons of comparison between the equilibrium and the non-equilibrium case.

121

For the partition coefficient Krev of reversible sorption, Eq. (13) is valid in general:
Krev = ka.rev/kd .....

(13)

and with Eq. (12) results in
Krev

=

(14)

(Aa/ka.rev)/(m/V).

Abbreviating
A

(15)

= A~/kd,rev

provides Eq. (4) for the partition coefficient Krev of
reversible sorption as a function of adsorbent concentration.
Continuing the derivation of the differential equation
for sorption kinetics under model conditions, the combination of Eqs. (11), (13), and (2) yields
Onrev/Ot = k~ .... •

Krev

•

C -

kd.... • n + kd

....

"

ni~r,(16)

and by insertion of Eq. (16) into Eq. (10),
kd,~e~ " n

On/Ot = kd .... " K~ev " c +

kd ....

" nirr +

(17)

Oni~/Ot.

From the kinetic adsorption curve for 3-chlorophenol
on Na bentonite (Fig. 2), it is realized that there is neither
an instant adsorption step for the irreversibly adsorbing
adsorbate indicated by a steep initial rise of the kinetic
curve, nor a two-step curve indicating faster irreversible
adsorption than reversible adsorption. Therefore, the irreversibly adsorbed amount can be regarded as steadily
proportional to the total amount adsorbed all along the
kinetic curve. This fact suggests, as an approximation,
the application of Eq. (6) also in this kinetic theory.
From Eq. (6), it follows that
Onirr/Ot = ( K i r r / g )

"

(18)

On/Ot.

Inserting Eqs. (16) and (18) into Eq. (10), also including Eq. (6), results in
On/Ot = kd .... •

Kre v

+ kd....

" c -

• (Kirr/K)

Summing up terms with
vides
On/Ot = k~ .... •
--

ka ....

[Krev/(1 -• n

kd,~ " n
" n + (KUK)

On/Ot

• On/Ot.

(19)

and n in Eq. (19) pro-

(K~/K))]

• c

.

(20)

Combination of Eqs. (20) and (3) leads to
On/Ot = kd . . . .

"

K • c -- kd.... • n ,

(21)

for the total sorption in the kinetic adsorption experiment.
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The differential equation (30) or (31) for sorption at
variable equilibrium concentration of the adsorbate in
pore water is derived employing the model assumption ii)
for the transport in the soil column formulated analogous
with Eq. (6), thus,

2.5

E
=t 2.0

(25)

o 1.5

nir r =

"E

where nr,ax is maximum specific total amount of pollutant adsorbed at the respective location z.
Moreover, for the model soil column, we can write, in
accordance with Eq. (1),

g
oE 1,0

(girr/gs) " n

....

Ks = nm,x/C . . . .
0.0

a

l

1

2

I

I

g

3

4

5

tlme, h

Experimental

determinations

and kd,b corresponding to

where Cmax is maximum adsorbate concentration in pore
water at the respective location z:
nir r =

Fig. 2 Adsorptionof 3-chlorophenolon Na bentonite, 25°C [2]

(26)

nrev

=

g i r r " Cma x

(27)

c,

(28)

Kr ....

"

and in accordance with Eqs. (4) and (8):
If the rate constants ka,b K~.... = A / ( m J V s ) = Krov,b " ( m b / V b ) / ( m J V s )

(29)

•

Equation (10) and (27--29) yield
On/Ot = k~,b " C -

kd,b " n

(22)

are measured in this experiment, then Eqs. (23) and (24)
for the calculation of model parameters are obtained by
comparison of Eqs. (21) and (22):
kd.... = kd,b
gb =

k..~Ik~.~

(23)
;

On/Ot = Kr~v,b ( m b / V b ) / ( m J V s )

+ K~

• ()Cmax/C)t

• Oc/Ot

(30)

,

or by insertion of Eq. (26) into Eq. (30),
On/Ot = Kr~v,b • ( m b / V b ) / ( m J V s )

(24)

" Oc/Ot

(31)

+ ( g i = / g ~ ) " Onmax/St.

K~rr,b is determined by desorption experiments and will
be inserted into Eqs. (7--9).
Non-equilibrium conditions for sorption

Model assumptions for the soil column
i) Within the surveyed interval of environmentally relevant low percolation rates of soil water the model soil column is treated with respect to sorption as a suspension
with an adsorbent concentration equal to soil density.
ii) The amount of irreversibly adsorbed pollutant is
always proportional to the maximum total amount adsorbed at this location.
iii) The constants of the convection-dispersion-equation correspond to those of a natural soil.

Reversible sorption is assumed to be in non-equilibrium
state, irreversible adsorption corresponds to this condition. In this case sorption is described by Eq. (32), which
is derived by insertion of Eq. (25) into Eq. (17):
On/Ot = kd. . . .
+

°

kd ....

Krev,~ " c " (Kirr/gs)

ka,re v -

n

" nmax

(32)

+ (girr/gs) " Onmax/Ot.

Inserting
Ks = Kr,v,s + Kirk,

(33)

and inserting Eq. (29) into Eq. (32) provides

Model equations for pollutant transport
in the soil column
Equilibrium conditions for sorption
For the transport in the model soil column it is assumed
that reversible sorption is in the equilibrium state and that
irreversible adsorption corresponds to this condition.

On/Ot = k~,r~v " [Kr~v,b " ( m b / V b ) / ( m s / V s )
+ (Ki,/(Kr~v,b " (mb/Vb)/(ms/Vs)

" C-

n

+ Kirk)) " nmax]

+ (K~/(g~v,b" (mb/Vb)/(mJV~) + K ~ ) ) • O n ~ / O t

(34)
for sorption in non-equilibrium state.
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: 1.79 1/h (calculated by data of [2])

Convection-dispersion-equation

kd ....

Equation (35) shows the applied type of convectiondispersion-equation about the transport of a pollutant in
the model soil column. The term on the lefthand side
describes the change of adsorbate concentration with time
at a certain location z. The first term on the righthand side
calculates the dispersion, the second term calculates the
convection, and the third term the sorption of the
transported pollutant at the respective location.

mb/Vb: 0.1 g/cm 3

Oc/Ot = D • 02c/Oz: - - (Jv/O) • Oc/Oz

co: 2.2

-

-

[(mslV~)lO]

• OnlOt

.
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ms/V~: 1.62 g/cm 3
Jv: 3 cm/d

D: 0.5 cm2/d
O: 0.4 cm3/cm3
T: 25 °C
•

10 -4

g/cm 3

(35)
Results

Relevant conditions for the model calculations
The kinetic parameters measured by batch-experiments
[2] for the sorption of 3-chlorophenol on Na bentonite at
25 °C (viz. the subsequent list of data and Fig. 2) are
transformed to the transport in a model soil column. The
model soil column is assumed to consist of Na bentonite
particles, to have the porosity of natural soil, and to be
saturated with water. There is a 1-day injection of
aqueous 3-chlorophenol into the column. Model calculations are made for a non-precharged column and a column precharged by irreversibly adsorbed 3-chlorophenol. Observation time is 1.5 days. The experimental
conditions for the calculations have model character with
respect to the transfer of data and do not consider possible
experimental difficulties in the soil column, e.g., by
swelling of Na bentonite.
Model calculations comprised the solution of the
system of the differential Eqs. (31) and (35) for the case
of sorption equilibrium as well as (34) and (35) for the
kinetic case (non-equilibrium). Calculations were performed by computer programs in FORTRAN 77 with the
aid of the subroutine D03PGF from the NAG-library on
the IBM-computer system ES/9600-620 of the research
center. The subroutine D03PGF employs Gear's method
for the numerical solution of differential equations.
The differential quotient Onmax/Ot in the Eqs. (31) and
(34) was considered approximately by resetting its value
after each completed step of the numerical iteration procedure. It was set Onm~/Ot = On/Ot if nmax was increased
by the foregoing step and

Results describe the application of the model assumptions
on the transport process. Figures 3--6 show the
numerical differences of pollutant distribution in the column which arise when the dependence of the partition
coefficient on the concentration of the adsorbent (Fig. 1)
is considered or not. Results comprise the equilibrium
and kinetic case. Application of the mentioned correction
for adsorbent concentration increases the amount of irreversibly adsorbed pollutant in the non-precharged column in comparison with neglection of this correction :
(Figs. 3, 4). The concentration of the adsorbate in pore
water becomes correspondingly diminished and the percolated soil depth lengthened (Fig. 5). In the precharged
column the percolated soil depth is clearly increased in
the case of correction.
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if nm,~ was not increased by the foregoing step.
Calculations were based on the following data.
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Fig. 3 The distribution of adsorbed 3-chlorophenol in a model soil
column from Na bentonite not precharged before adsorbate insertion (1 day) for the case of sorption equilibrium after 1.5 days.
"Without correction" and "with correction" means without and
with regard of differing adsorbent concentrations, respectively
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Fig. 6 The distribution of 3-chlorophenol in the pore water of a
model soil column from Na bentonite irreversibly precharged by
the pollutant for the case of sorption equilibrium and nonequilibrium ("kinetics") after 1.5 days

Comparison of pollutant distribution in the nonprecharged column in the case of sorption equilibrium
and non-equilibrium provides only little differences
without the correction (Figs. 3--5). Application of the
correction leads in the kinetic case to an acceleration of
adsorbate transport in pore water in comparison with the
equilibrium case (Fig. 5). Furthermore, in the kinetic
case a more extended distribution of the irreversibly adsorbed pollutant in the column is consequently observed
(Figs. 3, 4).
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Fig. 4 The distribution of adsorbed 3-chlorophenol in a model soil
column from Na bentonite not precharged before adsorbate insertion for the case of sorption non-equilibrium after 1.5 days
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Fig. 5 The distribution of 3-chlorophenol in the pore water of a
model soil column from Na bentonite not precharged before adsorbate insertion for the case of sorption equilibrium and nonequilibrium ("kinetics") after 1.5 days

The dependence of the kinetic sorption parameters on the
concentration of the adsorbent in the suspension of the
batch-experiment is not negligible. Neglecting this concentration dependence for reversible sorption leads to
wrong estimations of the transport velocity of the pollutant in sediment or soil. Therefore, environmentally relevant batch-experiments have to be made at adsorbent concentrations true to nature. If this is not possible,
corrective calculations under the model conditions
described could be performed as an approximation.
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Physicochemical aspects
of in situ surfactant washing
of oil contaminated soils

Abstract The paper reports on labscale column studies for in situ
surfactant washing of oilcontaminated soils. The displacment
efficiency of nonionic surfactants
and their blends was tested on
small columns. The kinetics of oil
displacement and surfactant
sorption-desorption were studied.
Further, the viscosity behavior of
emulsions of varying compositions
was investigated. No single
optimum HLB value was found for
the displacement of a selected oil.
It depends on the surfactant pair
chosen. Optimum surfactant
composition is distinctly different
for weathered and unaltered diesel
oil. The application of single

Introduction
One of the main restricting factors in the remediation of
soils is the low aqueous solubility of several organic compounds. It is connected with a resistance to mobilization
by conventional pump-and-treat measures. Therefore, the
residual concentration of mineral oils in sandy soils is in
the range of 3--20 g/kg soil [1]. To further reduce this
concentration by conventional extraction-injection techniques large volumes of water have to be treated to remove
small quantities of contaminants over a period of years
[2].
In situ application of surfactants to solve these problems has been under discussion in recent years. Despite
encouraging lab-scale results [3--11] a number of field
tests was unsuccessful [12--16]. A key problem of surfactant enhanced soil cleanup is the formation of viscous

nonionic surfactants leads to a
substantial reduction of soil
permeability or even to clogging.
This is due to formation of viscous
emulsions. This can be avoided by
using surfactant blends. This way,
the complex requirements for insitu application, i.e., maintenance
of permeability, low surfactant
losses, and low residual levels of
oil can be achieved.
Key words in situ soil washing -nonionic surfactant mixtures -mineral oil emulsions -- viscosity
-- sand

emulsions inhibiting flow through contaminated zones.
To overcome these viscosity problems combined polymer
surfactant systems were adopted [17, 18] to increase the
viscosity of the displacing fluid. Our approach was to
avoid the formation of viscous emulsions by using surfactant blends [19--20]. This paper summarizes lab-scale
displacement studies and investigations on the viscosity
behavior of mineral oil emulsions for selected surfactant
blends.

Experimental
Materials
Surfactants used were commercial polyoxyethylene
alkylether (A1, A2, A3, A4 -- HLB 10.5, 11.6, 12.5,
13.2, B1, B2 -- HLB 16.2, 17.9; C -- HLB 9.7) and
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their blends. Diesel oil was supplied by a petrol station.
The sand with a density of 2.62 g/cm 3 and a main particle fraction ranging from 0.1 to 1 mm was collected from
an uncontaminated site.
Small scale column tests
Small columns with an inner diameter of 17 mm were
packed with dry sand resulting in sand columns with an
approximate volume of 10 cm 3 and an average porosity
of 24 %. Oil was added onto the top of these columns and
flushed after 15 min discontinuously with portions of 1)
1 w % surfactant solution and 2) 100 cm 3 water. Surfactant solutions and water moved through the columns
simply by gravitation. The oil/surfactant ratio was 1.
Flow rate was monitored and the residual oil concentration in soil was determined.

dependence of viscosity on water content the values of apparent viscosity at a shear rate of 300 cm -1 were chosen
from the measurements with the rotational rheometer and
compared with the values obtained by capillary
viscosimetry.
All measurements and the preparation of emulsions
were carried out at room temperature (23 + 1 °).

Results and discussion

Figure 1 shows the results of the small scale column tests.
No value was obtained for pure nonionic C because formation of a viscous emulsion caused clogging. For surfactants A1--A4 as well as for the three different surfactant pairs an optimum HLB value was found for effective
oil displacement. However, it is interesting to note that
the
optimum values differ significantly from each other.
Kinetics
The comparison with previous results [19, 20] shows that
60 g of dry sand was packed into two 15 cm ID glass col- for the same pair of surfactants the course of residual oil
umns resulting in an average porosity of 35 %. Flow was saturation with composition is very different for
controlled by gravity.
weathered diesel oil, i.e., the blend C/B1 with HLB 11.7
The sand-packed columns were doped with 1.8 g oil. displaced only 49.5% of the oil in this investigation,
After 1 week the columns were eluted with 1) 3 dm 3 whereas it produced the best result for weathered oil (2 %
water, 2) 180 c m 3 1 w % surfactant solution (first col- residual oil). As can be seen from Figs. 1 and 2, efficient
umn A1 alone, second column A1/B1 with HLB 12.2) oil displacement as well as acceptable flow rates during
and 3) 1 dm 3 water. Surfactant and oil concentration in surfactant flushing and water rinsing could only be
the eluat fractions and flow rate was monitored.
achieved using selected surfactant combinations. This is
the case using blends A1/B1 (HLB 12.2) and A1/B2
(HLB 11.2) with residual oil values and flow rates during
Analytical procedures
the surfactant washing and the water rinsing step of
The content of mineral oils in soils and eluat fractions
9.3%, 100 ml/h, 150 ml/h and 5.2%, 100 ml/h,
were determined according to the standard German
100 ml/h, respectively.
method (Deutsche Normen: DIN 38 409, Teil 18).
Figure 3 comprises the kinetics of oil displacement
The concentration of the individual surfactants in the
(Fig. 3a), surfactant sorption/desorption (Fig. 3b) and the
aqueous samples from the columns was measured by usratio of surfactant to oil on column (Fig. 3c). A relatively
ing isocratic HPLC equipped with a refractive index
small volume of surfactant solution displaces a great
detector (30°C), and a RP-8 column (5 ~tm, 250 × 4 mm
amount of oil. With surfactant A1 alone the residual oil
ID). Aqueous samples (20 ~tl) were injected either directly or after a preconcentration step on SPE octadecyl
(C18) disposable columns and then eluted with
/
r
1
acetonitrile/water (80/20).
% res~

masurements

Emulsions were prepared from diesel oil and water at low
shear rates by adding water or 1 w % aqueous surfactant
solutions to surfactant/oil mixtures. The viscosity was
measured varying surfactant/oil and surfactant/surfactant
ratios as well as water content. For emulsions of higher
viscosity the flow behavior and the viscosity function was
determined by the rotational rheometer Rheotest 2 (MLW
Medingen) equipped with concentrical cylinder
geometry. In the range of low viscosity the apparent
viscosity was measured using an Ubbelohde capillary
viscosimeter (K: 0.0999 and 0.005). To monitor the
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concentration (230 mg/kg) was lower than in the case of
the blend A1/B1 with HLB 12.2 (990 mg/kg). On the
other hand, the residual sorption in case of the first column (1700 mg/kg) was substantially higher than in the
case of the surfactant blend (850 mg/kg). The ratio of surfactant-to-oil on the first column rose well beyond a value
of 1, whereas on column two the value approached 1.
Further, it is important to note that during surfactant
flushing the permeability of the first column reduced by
75 %, whereas for the second column permeability reduced only by 25%. Thus, despite different experimental
procedures the same permeability behavior was observed
as in the case of small scale column tests (Fig. 2).
Figure 4 shows the change of the apparent viscosity
with water content for different surfactant/oil ratios in the
case of the polyoxyethylene alkylether with the HLB
10.5. At high surfactant/oil ratio (1:2) gel formation occurs at low water content resulting in high viscosity
values. Upon dilution the gel structure breaks down and
the emulsion formed exhibits a second viscosity maximum at higher water content.
No gel formation was observed for the surfactant/oil
ratio 1 : 4. Viscosity goes through a maximum between 25
and 30 % water content. Between 15 and 25 % water content phase separation occurred immediately after stopping
agitation. Thus, viscosity could not be measured in this
region.
For surfactant/oil ratios < 1 : 4 the maximum viscosity
is shifted towards lower water content by lowering the
surfactant/oil ratio. For these low surfactant/oil ratios
total lack of stability was found between 0 and 25 % water
content.
The effect of blending on viscosity of emulsions containing 1 w% surfactant is shown in Fig. 5. Emulsions
formed are unstable below 35% water for HLB 11--16
and below 20% for HLB < 11. For the blend (HLB 10.7)
with a very low content of the more hydrophilic surfactant the viscosity maximum is shifted towards lower
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water content, whereas for blends with higher HLB it is
shifted to the opposite direction. This behavior could be
correlated with the changes in the aggregation of the
oligoether chains at the micelle/water interface upon
blending [21].
Comparing the results of displacement and viscosity
investigations no simple correlation could be found. This
is not surprising if one keeps in mind the complexity and
dynamic nature of the displacement process. Viscosity
plays a key role, however, concentration of water, surfactant and oil as well as droplet size distribution in emulsions changes continuously throughout displacement with
time as well from place to place. Earlier investigations
[20] already showed that the apparent viscosity is very
sensitive to changes of the surfactant/oil ratio. As can be
seen from Fig. 4 high viscosities are observed at high surfactant/oil ratios (>/1:4), especially in the oil-rich
region. It is supposed that the flow behavior of the oil or
emulsion film on the sand surface is influenced mainly by
the viscosity behavior observed in the range of lower
water contents. Somewhat unexpectedly, it was observed
that the surfactant/oil ratio indeed approached a value of
1 for blend A1/B1 and a value even higher when A1 was
used alone during displacement (Fig. 3c). In the case of
surfactant A1 the high ratio of surfactant to oil on the column observed during the kinetic investigations should
hinder further oil displacement. Actually, a substantial
decrease in permeability was observed which corresponds
to the formation of a viscous gel.
To discuss the results of oil displacement studies obtained with different surfactant blends on the basis of the
viscosity behavior additional viscosity measurements
have to be carried out at higher surfactant/oil ratios than
already obtained (Fig. 5). This work is in progress [21].
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No single optimum HLB value was found for the
displacement of a selected oil. It depends on the surfactant pair chosen.
Optimum surfactant composition is distinctly different
for weathered and unaltered diesel oil. The application of
single nonionic surfactants leads to a substantial reduction
of soil permeability or even to clogging. This is due to
formation of viscous emulsions. This can be avoided by
using surfactant blends. This way, the complex requirements for in-situ application, i.e., maintenance of
permeability, low surfactant losses and low residual
levels of oil can be achieved.
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Changes of the density of charge
on mineral soil components by adsorption
of some metabolites of hydrocarbons

Abstract The adsorption on clay
minerals and sesquioxides of some
polar degradation products of
naphthalene and alkylated benzenes
was investigated by 14C-tracer
experiments. Surface charge density
of the solids was measured by
titration with sodium polyethene
sulfonate and polydiallyldimethyl-ammonium chloride at
pH-range 4--7. Adsorption of
organic anions reduced the positive
charge on oxidic surfaces and
increased the density of negative
charge on clay minerals,

Introduction
In recent years a large number of hydrocarboncontaminated sites has been discovered. As a
consequence, microbial clean-up technologies have been
developed. It has been shown, however, that the
restoration of sites contaminated with lubricating oils or
other complex mixtures is very complicated [1]. The
biodegradation of the substances is often limited to
secondary formation of alcohols and acids. There is little
information about the interaction of polar substances with
soils that have a low carbon content, although the
importance of mineral soil components as adsorbents of
organic chemicals is now generally accepted [2, 3]. The
aim of the paper is to describe changes of surface characteristics of mineral adsorbents especially of the density of
charge by adsorption of polar aromatic degradation
products.

respectively. The increase of the
density of charge on clay minerals
indicated an effective bonding
mechanism. Changes of the density
of charge were due to the
adsorption of anions. The method is
suitable for screening the
interaction between polar
metabolites of hydrocarbons and
mineral soil components.
Key words Adsorption -- clay
minerals -- hydrocarbons -particle charge -- sesquioxides

Methods and materials
Model components of soils
The major constituents of soils are sesquioxides and clay
minerals. Iron oxide (goethite) was synthesized by a
method described by Gerth [4] and manganese oxide
(manganite) was prepared by a method described by
McKenzie [5]. The clay mineral montmorillonite was
obtained from Wyoming, USA, while kaolinite was
obtained from Ward Corp., USA. Organic substances
were destroyed by a pretreatment of the clay minerals
with H202. The surfaces were loaded with calcium
chloride and adjusted to pH 7.
All
minerals
were
characterized
by
xray-diffractometry. The components were stored as a
suspension in the dark at 5°C. Table 1 shows some
important characteristics of the components. The measurement of the specific surface area was done by N2-
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Table 1 Characteristicsof the soil components

Manganite
Goethite
Montmorillonite
Kaolinite

Particle size
(Ixm)

Spec. surface area
(mVg)

0.10 x 10
0.03 x 0.80
0.20-- 2.00
1.00-- 10.0

13.9
62.7
67.2
7.9

adsorption and calculation of the BET-Isotherm. The particle sizes were measured by scanning and transmission
electron microscopy (SEM, TEM).

the point of zero charge. Charge equalization is achieved
by the sorption of counterions. During the measurement
this equilibrium is disturbed by a laminar flow generated
by a piston stroke. The spatial shift of the counterions
generates an electrical potential, which can be recorded
and counted by detectors at the ends of the testing arrangement. The suspension was titrated with a polyelectrolyte and in this way the charge of the solids was
compensated. When the counterionic space charge cloud
disappears and the value of the electrical potential drops
to zero, the density of charge o- can be calculated as
follows:
V" c(PE) • F
a =

,
m

Metabolites of hydrocarbons
2-hydroxybenzoic acid (salicylic acid) and 1,2-dihydroxybenzene (catechol) were used as catabolite products
of naphthalene, benzoic and 4-methylbenzoic acid were
used as degradation products of alkylated aromatic
substances, which were important constituents of
lubricating oils. The biodegradation of naphthalene by
bacteria has been described [6], and aromatic acids have
been found in groundwater that has passed a site contaminated by alkylated benzenes [7]. The substances were
obtained from Sigma Chemie, FRG.
Experiments with 14C-tracers
Experiments with radioactive chemicals were performed
to receive ensured information about the distribution of
the metabolites in the suspension. The experiments were
carried out at different pH values. In the same way the
concentration of calcium chloride was varied between 1.3
and 3.2 gmole/1. The concentration of the metabolites
was 9 gmole/1 and that of the solids was 300 mg/1. The
vials which were used during this assay had a volume of
6 ml and were kept under constant shaking for 4 days at
21 °C. After this time, the solid phase was separated by
centrifugation. Measurement of radioactivity was done
by [3-scintillation counting. The comparison of the
radioactivity in the aqueous phase with a solid free variant
was used to describe the association of organic compounds with the mineral soil components. All experiments were done in triplicate.
Measurement of the charge density
The density of charge of the soil components was
measured by a "particle charge detector" constructed by
Miitek, FRG. The suspension was filled into a cylindrical
testing apparatus and a large fraction of the solids was adsorbed on its wall. As a function of pH and characteristics
of the soil constituents these solids are charged except at
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•

(1)

A/m

where V is the volume of the titrating solution, c(PE) is
the concentration of the polyelectrolyte, F is the Faraday
constant (9,64845 • 104 C/mole), m is the mass of the
particles, and A / m is the specific surface area of the
solids.
Preliminary tests have shown a decrease of titration
speed at the end of the measurement, and much time is
needed to obtain a result. Sporadically, the reaction between the polyelectrolyte and the surfaces was not finished, and a second titration step was necessary. Because of
these disadvantages the samples were not titrated in this
way. Instead, the solids were treated with an excess of
polyelectrolyte. The mass of the non reacting polyelectrolyte was determined by back-titration with the opposite
kind of polyelectrolyte. In Eq. (1) the term V. c(PE) has
to be substituted as follows:
V . c(PE) = Vo • c ( P E o ) - V r • c ( P E r ) ,

(2)

where V0 is the volume of the polyelectrolyte, which
was used in excess, and c(PE0) is its concentration. Vr is
the volume of the polyelectrolyte solution which was used
for back-titration, and c(PEv) is its concentration. In
relation to the sign of the charge of the soil compounds
counterionic and isoionic polyelectrolytes were used. The
sign of V • c(PE) is identical with the sign of the charge
at the surface if PE0 is the anionic and PEr the cationic
polyelectrolyte. Sodium polyethane sulfonate was used as
anionic polyelectrolyte and polydiallyl-dimethyl-ammonium chloride was used as a cationic one.
The experiments were carried out as follows: 3 mg of
a mineral soil component were transferred with a pipette
as a suspension into 20-ml glass vials. 5 ~tmole of
polyelectrolyte, 0.3 ~tmole of calcium chloride and different amounts of hydrochloric acid (HC1) and sodium
hydroxide (NaOH), respectively, were pipetted into the
vials, which were filled up to 10 ml with demineralized
water. The vials were shaken for 1 week in the dark at
room temperature. All experiments were done in
triplicate.
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pH and metabolites

m.dlm,

An interaction between the metabolites and the polyelectrolytes was investigated by titrating solid free controls at
pH 5 and 8, respectively. Results that differ significantly
from the values obtained from back-titrating the
counterionic polyelectrolyte could be observed in the
alkaline controls. Therefore, the following experiments
were carried out at lower pH values. Some data were obtained from alkaline controls that did not contain any
metabolites.
The concentration of hydronium ions was adjusted to
pH values between 3 and 7. The concentration of the
metabolites was 500 gmole/1. The concentration of
4-methylbenzoic acid was 250 ~tmole because of the
limited solubility. The polar organic chemicals existed as
anions with the exception of 1,2-dihydroxybenzene.
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Fig. 1 Sorption of the metabolites on the solids at different pH
values, 14C-tracer assay

Calcium chloride assay
In the presence of high concentrations of calcium chloride
the spatial extent of the electric field around the soil colloids was reduced significantly. The recording and counting of the electrical potential was difficult and was partly
not possible. Beyond this, the experimental results dependend on the concentration of calcium chloride. The
reason for this might be an interaction between calcium
chloride and the polyelectrolytes or a modification of the
solid surfaces.
These preliminary studies have shown that the concentration of calcium chloride should not significantly exceed 30 ~tmole/1, if a solid concentration of 300 mg/1 is
chosen. The tests were carried out at this concentration
and were compared with experiments without calcium
chloride to investigate the effects of this electrolyte.

Results
Tracer assay
Figure 1 shows the adsorbed mass (mad) related to the
total mass (mr) of the metabolites in the tests. The
results were derived from the comparison of the radioactivity of the supernatant and the radioactivity of the solid
free control. Sorption of less than 3 % of the total mass
was not significant.
As a unitary result, it was found that the sorbed mass
increased with decreasing pH values. Protonation of the
surfaces of the solids with an increased affinity to anions
might be the reason for this, rather than a hydrophobic effect. The pH-values were some orders above the plqvalues of the acids. There was no interaction between any
soil component and the substance with the highest octanol-water-partition coefficient Pow, which is 2.27 for
4-methylbenzoic acid. This result emphasizes the polar
properties of the mineral soil particles in the suspension.

There was no difference in partitioning of the
metabolites at different concentrations of calcium
chloride (1.3 and 3.2 ~tmole/1, respectively) that lies
above the range of variations of these measurements.
The interactions between goethite and benzoic acid
were unexpected and a plausible interpretation cannot be
given here.
Density of charge

pH value
The results of the measurements carried out with an excess of cationic electrolyte and with calcium chloride are
shown in Figs. 2--3. An increase of the hydronium ions
concentration in the aqueous phase is coupled with an increase of the positive charge of the particles. This can be
derived from the slope of the regression line. This result
was expected because of the interaction of the hydronium
ions with the surfaces of the soil components. The value
of the slope is higher for sesquioxides in comparison with
clay minerals. The surface of montmorillonite is
negatively charged because of the permanent charge.

Interactions with the metabolites
As demonstrated in Fig. 2, organic substances interact
with the positively charged surface of manganite. The
positive charges were reduced in the order
4-methylbenzoic
acid,
2-hydroxybenzoic
acid,
1,2-dihydroxybenzene. If goethite is used as an adsorbing
substance, only the reduction of the positive charge by
sorption of 1,2-dihydroxibenzene is significant. Beyond
that, both oxides react with the phenolic compound
1,2-dihydroxibenzene, forming green-colored complexes.
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charge density [C/m 2]
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depends on the pH if 1,2-dihydroxibenzene is the
metabolite.
No change of the density of charge was seen in the experiments carried out with the organic anions and
kaolinite as adsorbent. All experiments performed at an
excess of anionic polyelectrolyte show high values of the
mean error, and therefore changes in the density of
charge were not significant.

1,51

0,5
i
Ii

I

Calcium chloride assay

!

The presence of calcium chloride at the concentration of
30 gmole/1 reduced the order of magnitude of the mean
error of the measuring points around the regression line
of the hydronium ions adsorption by HCI and NaOH,
respectively. At least the variance of the values was the
result of the instability of the system during pH measurement and when no additional electrolyte was present. As
a rule, more than 10 minutes were required to get values
that could be regarded as reliable.
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The density of charge is nearly constant over the whole
range of pH if clay minerals are tested (Fig. 3). The
negative charges increase in the order 1,2-dihydroxybenzene, 4-methylbenzoic acid, benzoic acid, 2-hydroxybenzoic acid. The change of the charge density strongly

Changes of the density of charge observed during the adsorption of some metabolites of hydrocarbons on mineral
soil components were compared with the results derived
from partitioning experiments with radiochemicals. Some
hints at the interaction between 1,2-dihydroxybenzene
and related compounds, respectively, with iron ions [8]
or A1-OH groups [9] were found in the literature. Sigg
and Stumm [10] emphasized the reactivity between metal
hydroxides and those chemicals forming ring-shaped surface complexes like 2-hydroxybenzoic acid.
The adsorption of organic anions reduces the positive
charge of the oxidic surfaces of manganite and goethite
and increases the density of negative charge of montmorillonite, respectively. While the neutralization of
positive charges on protonated surfaces by adsorbing
anions seems to be plausible because of electrostatic
reasons, changes in the density of charge indicate an effective bonding mechanism if -- as in the case of montmorillonite -- Coulomb forces were surmounted.
Changes of the density of charge were due to the adsorption of anions. The measurements of the density of
charge were semiquantitative, because the interaction between metabolite and polyelectrolyte has to be taken into
account. The developed method could be useful to obtain
some quick information about the interaction between
organic substances and soil components without using
radiotracer tests, which are more sophisticated when contaminated sites have to be investigated to develop clean up
strategies.
Aeknowelegement This study was supported by the Deutsche
Forschungsgemeinschaft.
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X-ray microscopystudies of aqueous
colloid systems

Abstract X-ray microscopy is
capable of imaging objects with a
higher resolution than light
microscopy. The reason is the
shorter wavelength of x-rays
compared to visible light. Up to
now, the smallest structures that
can be visualized are about 30 nm
in size. It is possible to image
objects directly in their aqueous
environment without preparational
procedures like drying, staining,
etc. In the wavelength range of 2.4
nm ~< 2 ~< 4.5 nm water absorbs
x-radiation weakly compared to the
absorption of other materials like
alumino silicates, iron oxides or

Introduction
X-rays within the wavelength range of 0.3 nm--5 nm are
best suited for x-ray microscopy studies of wet colloical
systems. The wavelength range between the K absorption
edges of oxygen at )L = 2.34 nm and carbon at 2 = 4.38
nm is especially interesting because in this wavelength
range the radiation is weakly absorbed by water but
strongly absorbed by iron oxides, silicates, organic
matter, etc., resulting in a good amplitude contrast of wet
specimens [1]. Due to the much shorter wavelength, xray microscopy provides higher resolution than optical
microscopy. Most importantly, x-ray microscopy has the
potential for imaging hydrated specimens with high
resolution [2, 3]. Photoelectric absorption and phase shift
are the two diminating processes for the contrast. In the
mentioned wavelength range the absorption crosssections for x-rays are about one order of magnitude

organic materials. This yields a
natural contrast mechanism for the
imaging of structures in their
aqueous environment. Studies of
aqueous colloidal systems
demonstrate the abilities of x-ray
microscopy. The aggregation of
hematite particles under the
influence of divalent cations (Ca 2+)
is investigated. The dependence of
the size and the shape of the
aggregates on the amount of added
Ca 2÷ is directly visualized.
Key words X-ray microscopy -aqueous colloidal systems -hematite

smaller than the cross-sections for electrons in the energy
range in which electron microscopy is performed. These
absorption cross-sections for soft X-rays are appropriate
for high-resolution investigation of specimens in a water
layer of up to 10 gm thickness.

The x-ray microscope at the electron storage ring
BESSY
The Forschungseinrichtung R6ntgenphysik has developed two x-ray microscopes with zone plate optics, an x-ray
microscope and a scanning x-ray microscope. The two
microscopes are installed at the electron storage ring
BESSY in Berlin utilizing synchrotron radiation. Figure
1 shows the scheme of the x-ray microscope at BESSY.
For x-ray microscopy two types of zone plate optics
are needed. The object has to be illuminated by a
condenser zone plate, which has to collect as much
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X-radiation bettow
Fig. 1 Scheme of the x-ray microscope at BESSY

radiation as possible from the x-ray source. The object is
imaged by a high-resolution zone plate. As the size of object structures that can be imaged is nearly equal to the
width of outermost zone of this zone plate, this zone
width drn has to be as small as possible. Zone widths in
the range of drn = 20--50 nm are achieved [4]. The images of the hematite particles shown below are made with
a zone plate with drn = 30 nm.
The condenser zone plate is mounted in a bellow
which ends in an A1203-foil transparent to x-radiation.
This foil separates the vacuum of the bellow from air.
The object field is limited by a pinhole with a diameter
of about 20 gm. The object is mounted in an environmental chamber -- not shown in Fig. 1 -- where it can be
prepared in its natural state. The next vacuum compartment contains the micro zone plate and the camera. The
micro zone plate as the high resolution x-ray objective

Fig. 2 The x-ray microscope at BESSY

generates a magnified image of the object in the image
field. The enlarged x-ray image is recorded by a CCDcamera. An optical microscope on a swivel-mount is installed to adjust and to prefocus the object. Therefore, the
bellow containing the condenser zone plate can be bent
downwards [5]. Figure 2 shows a photograph of the x-ray
microscope at BESSY.

X-ray microscopystudies
of aqueouscolloidal systems
The aggregation of hematite particles with a diameter of
nominal 80 nm by CaC12 was investigated. 150 mg
freeze dried hematite was suspended in 10 ml bidistilled
water by ultrasonic treatment. To 1 ml aliquots different
amounts of a 1% CaC12 • 2 H20 solution were added. In
Fig. 3 primary hematite particles suspended by ultrasonic
treatment in bidistilled water are shown. As can be seen,
the primary particles are completely dispersed. The
addition of CaC12 leads to an aggregation of the particles. The size and the shape of the aggregates depend on
the amount of added Ca 2+. In Figs. 4, 5, and 6 the influence on the aggregation is shown after the addition of
20 gl, 80 gl, and 200 gl of the CaC12 solution, respectively. As can be expected, the size increases with the
Ca2+-content of the hematite suspension. The internal
structure of the aggregates can be visualized by x-ray
microscopy without any preparational procedures. This

Fig. 3 Completely dispersed primary hematite particles. 150 mg
freeze-dried hematite was suspended in 10 ml bidistilled water by
ultrasonic treatment
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Fig. 4 Primary hematite particles (see Fig. 3) after the addition of
20 I.tl of a 1% CaCI2 • 2 H20 solution to a 1 ml aliquot
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Fig. 6 Primary hematite particles (see Fig. 3) after the addition of
200 ~tl of a 1% CaCI2 • 2 H20 solution to a 1 ml aliquot

will lead to a better understanding o f the underlying aggregation mechanisms. In addition, the analysis o f these
images can lead to a confirmation o f the proposed
mechanisms like cluster-cluster-aggregation C C A and
diffusion-limited-aggregation D L A [6, 7].
Acknowledgements Special thanks to Prof. Dr. H. Sticher and
Dr. M. Borkovec, Institute of Terrestrial Ecology, ETH Ziirich,
Switzerland, who provided the hematite. The current research is
being funded by the German Federal Minister of Research and
Technology (BMFT) under contract number 05 5MGDXB6.

Fig. 5 Primary hematite particles (see Fig. 3) after the addition of
80 ~l of a 1% CaClz • 2 H20 solution to a 1 ml aliquot
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Direct imaging of aggregates
in aqueous clay-suspensions
by x-ray microscopy

Abstract The applicability of x-ray
microscopy for the direct
investigation of clay aggregates in
water is demonstrated. As
coagulating agents Ca 2+, an anionic
and a cationic detergent were used.
The internal structures of the
aggregates formed by the addition
of the surfactant could be clearly
visualized.

Key words X-ray-microscopy -clay, aggregates -- detergents -suspensions

Introduction

Methods

Clay minerals influence a great variety of chemical,
biochemical, and microbiological processes in soils and
sediments [ 1]. These colloids bind cations, act as carriers
of radionuclides, and influence the growth and metabolic
activity of soil microorganisms, to give but a few examples [2]. In the soil, the clay minerals are associated
with a great variety of other materials, like different iron
oxides, aluminium aquoxides, and humic substances [3].
This association leads to the formation of larger aggregates. Due to the reduced accessibility of the active
parts inside the aggregates, the turnover rates of
chemicals are reduced [4].
To obtain a measure for the influence of the geometry
on the accessibility of the centers, a direct visualization
of these aggregates and their internal structure is highly
desirable. To avoid samples under investigation being
damaged by preparation procedures, these aggregates
should be investigated in their natural aqueous environment. Due to the size of the colloidal particles, a direct
visualization with the light microscope is not possible. All
electron microscopic techniques require that the water be
removed from the sample [5]. Since these processes can
influence the object, a number of different methods has
been developed to reduce this risk. On the other hand, xray microscopy permits the direct investigation of clay
particles in the natural aqueous environment.

The principles of x-ray microscopy are presented in detail
by Schmahl et al. [6] and in the accompanying article in
this volume [7].

Preparation of the monocationic clay sample:
Na-montmorrilonite was prepared by washing the clay
(after removing particles larger than 2 gm), three times
with 1 M solution of sodiumchloride. Excess salt was
removed by washing the clay with distilled water until the
supernatant was free of chloride. The salt free clay was
freeze dried and resuspended in distilled water. The
coagulating agents were added according to their desired
concentration.

Results
In Figs. 1A--C, the influence of increasing amounts of
Na + on the delamination of Wyoming montmorillonite
suspensions in bidestilled water is shown. In Fig. 1A,
structures within a 0.1% suspension (weight by weight)
can be seen. Besides some larger particles, many platelets
of 70--100 nm thickness are observable. As can be expected, the treatment with Na + leads to a decay of the
larger particles, while the platelets are still present with
the various forms of contacts (Fig. 1B). The addition of
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Fig. 1A Structures within 0.1% suspension of Na+-montmorillonite (Upton, Wyoming)

klm
Fig. 1B Structures within 0.1% suspension of Na--montmorillonite (Upton, Wyoming) after the addition of Na ÷

Fig. 1C Structures within 0.1% suspension of Na+-montmorillonite (Upton, Wyoming) after the addition of Na +, exceeding the critical coagulation concentration

further amounts of Na +, of more than the critical
coagulation concentration, leads to a complete decay of
the originally observed platelets into smaller particles.
These small particles (Fig. 1C), consisting of a few
elementary sheets, are the building units of flocs, which
are observable with the naked eye.
It is known that the addition of cationic detergents to
clay suspensions leads to a coagulation of dispersed particles. In Figs. 2A--C, the influence of a cationic
detergent, hexadecyltrimethylammonium bromide (CTB),
on a 0.1% clay suspension is demonstrated. This time, a
Na-montmorillonite from Moosburg, Bavaria was
chosen. In the original suspension, the clay particles form
loose aggregates, as can be seen in the center of Fig. 2A.
The addition of a small amount of the detergent (5 %
weight by weight), Fig. 2B, results in a compaction of the
particles. Further addition of the detergent causes the formation of very dense structures, Fig. 2C. Here, the
amount of added detergent is doubled, so that the compaction effect is clearly visible.
Detergents are used as soil conditioners. To investigate their influence on the inner structure of the aggregates formed from a naturally Ca2+-coated montmorillonite, the effects of CTB or an anionic detergent
sodium dodecylbenzene-sulfonate (LAS) were investigated. The compaction of the large aggregates obtained is demonstrated in Figs. 3A--C. The aggregates
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Fig. 2A Structures within 0.1%
morillonite (Moosburg, Bavaria)

suspension of Na+-mont-

ilJm
Fig. 2C Structures within 0.1% suspension of Na+-mont morillonite (Moosburg, Bavaria) after the addition of 10% (weight
by weight) CTB

}

im

Fig. 2B Structures within 0.1% suspension of Na+-montmorillonite (Moosburg, Bavaria) after the addition of 5 % (weight
by weight) CTB

Fig. 3A Structures within 0.1% suspension of a naturally
Ca2+-coated montmorillonite (Moosburg, Bavaria)
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Fig. 3B Aggregates formed after the addition of CTB to 0.1%
suspension of a naturally Ca2---coated montmorillonite
(Moosburg, Bavaria)

observed in 1% clay suspension, Fig. 3A, have a very
loose and open structure. This could result in an erosion
due to wind or running water. The influence of the addition of CTB is clearly visible in Fig. 3B. The aggregates
formed have a very compact and dense internal structure.
In contrast to this, the addition of the anionic detergent,
which still causes a coagulation of the suspension, also
results in very large aggregates, but now with a more
open structure, Fig. 3C. In soils, this type of structure is
desirable, because it allows a good exchange of
substances with the surrounding soil water.

Fig. 3C Aggregates formed after the addition of LAS to 0.1%
suspension of a naturally Ca2+-coated montmorillonite
(Moosburg, Bavaria)

Summary
The behavior of montmorillonite suspension on the addition of sodium, on a cationic, and on an anionic detergent
could be directly observed with x-ray microscopy. The
internal structures of the aggregates formed by the addition of the surfactants could be clearly visualized.
Therefore, it can be expected that x-ray microscopy will
become a very useful tool in the investigation of coagulation phenomena.
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Competitive and displacementadsorption
of cetylpyridiniumchloride
and p-nitrophenolon charged surfaces:
A surface-enhancedRaman microprobe
Scattering (SERS) study

Abstract Micro-surface-enhanced
Raman scattering (micro-SERS) has
been used to study, in situ, the
competitive and displacement
adsorption of cetylpyridinium
chloride (CPC) and p-nitrophenol
(PNP) on charged silver micro
particle surfaces. The investigations
have shown that this surface
spectroscopy is an extremely
powerful technique for monitoring
the interfacial behavior of CPC and
PNP, for assessing adsorbate
orientation, displacement kinetics,
competitive adsorption and for
probing the effect of various
environmental factors on the
adsorbate/substrate interaction.
Considerations of surface selection
rules suggest that the CPC
surfactant molecule is adsorbed
with the ionic head group towards
the charged surface and the long
hydrophobic tail is directed away
from the surface. Coadsorbed
halide ions are very important for
the binding in the first monolayer.
The positively charged nitrogen
atom of the pyridinium group is
surrounded by chloride ions and

introduction
The synergistic coadsorption of surface-active substances
and organic pollutants with soils or other natural
adsorbents in aqueous environment is a mechanism of
fundamental importance in determining the fate and
distribution of these substances in the environment. In

this pyridinium/chloride surface
complex is strongly adsorbed even
on the positively charged surface.
The p-nitrophenol is transformed to
p-nitrophenolate when adsorbed on
the charged surface. Therefore, the
p-nitrophenol is bound to the
surface through the ionized Ph-Ogroup by releasing its proton and is
oriented perpendicularly to the
surface with the NO2 group
extending into solution. The
competitive coadsorption
measurements have shown that the
adsorption process depends greatly
on the surface charge, the relative
concentration of the CPC/PNP
mixture and the counterion
concentration. The kinetic
displacement studies have
demonstrated that the cationic
surfactant is able to remove preadsorbed p-nitrophenol in a secondtime scale.
Key words Micro-SERS
solid/liquid interface -- cationic
surfactants -- organic pollutants -in situ determination -- first
monolayer adsorption
-

-

addition, even small amounts of surfactants produce
major effects with respect to the transport and deposition
of pollutants in soils and sediments. Another major
environemental problem and technological challenge is
the removal of hazardous chemicals from contaminated
soil. The in situ investigation of the adsorption kinetic of
organic pollutants, the interaction with surfactants, and
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the replacement of contaminants by means of surfactants
is an open field, still largely unexplored, mainly because
of a lack of an appropriate experimental technique for
determining the adsorption process in the first
monolayer. Adsorption of single surfactants is already a
complex process involving several physico-chemical factors. The phenomena become more complicated when
different types of molecules compete for adsorption at a
solid/liquid interface.
A new spectroscopic method that appears to be promising for answering some basic questions regarding surfactant adsorption, coadsorption, and displacement reactions on charged model surfaces is Surface-Enhanced
Raman Scattering (SERS) spectroscopy [1--6]. This
enables researchers to characterize in situ the chemical
identity, structure, orientation, and chemical reaction of
species adsorbed at surfaces.
The purpose of this contribution is to utilize the SERS
microprobe analysis for obtaining fundamental information on the adsorption mechanism of cationic surfactants,
p-nitrophenol, coadsorption, and the removal of this
priority pollutant in the first adsorption layer.
The CPC and PNP molecules were chosen because of
the following reason: i) Cationic modified clay adsorbents (organo-clays) are eminently suitable for the
removal of organic contaminants from ground water and
industrial waste water. Therefore, to determinte the optimal use of organo-clays for environmental application
the fundamental understanding of adsorption processes of
cationic surfactants on charged surfaces should be first
addressed, ii) Nitroaromatic compounds are widely used
as herbicides and insecticides, as intermediates in the synthesis of pesticides and dye molecules, as solvents, and as
explosives. They have been found to be ubiquitous environmental pollutants, particularly in subsurface environments, iii) The cationic surfactant and the nitrophenol display an opposite polarity in the adsorbed state
so that the competition between the two molecules will be
important to study and to explain.
The model substrate for the adsorption studies consisted of a two-dimensional colloid-like layer of randomly
distributed submicroscopic metallic bumps (nanostructured surfaces) on a flat conductive silver surface.

Experimental
Cetylpyridinium chloride (C16H33H+CsHsCI-)
and
4-nitro-phenol were delivered by FLUKA-Chemie AG in
the purest form. All other chemical reagents were of
analytical quality from E. Merck (Darmstadt, FRG).
A SERS apparatus consists basically of a laser excitation source, the potential-controlled electrochemical cell,
the optics for collecting the surface scattering, the computercontrolled spectrometer (double or triple
monochromator), the photon-counting electronic or
multichannel detection system and the display unit.

Raman microprobe spectroscopy has become an
established technique in the past decase for particulate
and microcontaminant analysis, as well as for molecular
identification of the constituents of spatially heterogeneous natural and synthetic materials. To our
knowledge, there are few reports in the literature of surface Raman microprobe spectra which invoke electrode/SERS spectroscopy.
The use of a microscope as an integral part of the
SERS optical system provides precise control over focusing the laser light. For objectives with high angular aperture, the intensity of the incident laser radiation decrease
dramatically outside the focal-point region. Using a laser
Raman microscope to obtain vibrational information
about electrode processes offers unique capabilities in
terms of precise placement of the laser beam and in terms
of rejection of significant Raman scattering outside the
region of the laser focal point (distinction between the adsorbed state and solution molecules).
Our spectroelectrochemical cell consisted of a quartz
glass cylinder with a diameter ca. 1 cm and a capacity of
ca. 1 cm 3 of solution. The working electrode was a
polycrystalline Ag metal disk, ca. 2 mm in diameter,
enclosed in a Teflon holder. This metal electrode was
prepared before each experiment by mechanical
polishing, ultrasonic treatment and electrochemical cleaning by H2 evolution.
The electrochemical equipment consisted of a potentiostat (PAR, model 173) using a three-electrode system
and a function generator (PAR, model 175) as programmer for the ORC. Furthermore, a digital Coulomb meter
was connected to measure the charge transfer during the
ORC, which indicates the degree of metal dissolution and
recrystallization of the electrode.
Surface-enhanced Raman signals from the electrode
surface can be observed using different pretreatment procedures: a) in situ roughening. The surface is pre-treated
by running the ORC in the electrolyte solution containing
the molecule studied, b) ex situ roughening. The electrode roughening procedure is carried out in the electrolyte solution in the absence of the surfactant/nitrophenol molecule and the solution is then added to the
optoelectrochemical cell. After both roughening procedures the silver surface is composed of randomly
distributed nodular deposits in a nm-scale. To avoid conformational changes of large molecules during the electrochemical cycle procedure b) should be preferred.
Potential measurements were made with respect to the
saturated calomel reference electrode (SCE).
Micro-electrode/SERS spectra were obtained with an
Instrument S. A. MOLE-S-3000 spectrometer. The
MOLE-S-3000 is a new, fully computerized, triple spectrometer system with multichannel (E-IRY 1024) acquisition of data. The excitation sources were the lines of an
argon-ion laser or an He-Ne laser (Spectra physics,
model 2020-03 and 127). The actual laser focus used in

Progr Colloid Polym Sci (1994) 95:143--152
© Steinkopff Verlag 1994
obtaining the reported spectra was ca. 1 gm. The more
modern and ideal instrumentation for electrode-chemical
micro-SERS investigations is the multichannel detection
system. In the study of the potential dependence of SERS
during an ORC (Oxidation Reduction Cycle) at 5 mV
s-1, for example, the multichannel system allows rapid
acquisition of several Raman peaks every 5--10 s. Furthermore, since the multichannel system covers a spectral
range of ca. 1600 cm -~ with a 600 grooves mm 1
holographic grating, variations in the relativge intensities
of micro-SERS peaks, shifts in the Raman frequencies,
and changes in the line shape of SERS bands can all be
observed at the same time the surface potential is linearly
ramped.
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Raman and SERS Studies of CPC and PNP

Raman microprobe analysis of crystallized CPC
In order to utilize micro-SERS spectra to study surfactant/organic pollutant adsorption processes on charged
surfaces, it is necessary to have reasonable good
assignments of the Raman vibrational modes. For comparison purposes the microprobe spectrum of a microparticle of CPC is shown in Figs. 1, 2. The assignments are
based on extensive comparisons with vibrational spectra
of long chain molecules (polymers) and surfactants with
different head groups (7--9).
Prominated head group (--N+CsH5 pyridinium
ring)-related bands in the crystalline CPC molecule are
the ~)6b(A1) in plane ring deformation vibration at
Cts/Se( X1E3
6.000

4.800

3.600

2.400

1.200

Fig. 2 Raman microprobe analysis of cetytpyridinium chloride
(CPC) in the C--H frequency range. Experimental conditions as in
Fig. 1

651 c m - 1 ; the intense vl(A~) symmetrical and trigonal
ring breathing mode at 1028 cm-]; the Vsa(hl) ring stretching vibration at 1638 cm-l; and the CH ring stretching
mode at 3084 cm 1. The characteristic tail group vibrations are located around 1062, 1132, 1301, 1458, 2852
and 2881 cm -1. The bands at 1062 and 1132 cm -J have
been assigned to C--C symmetric and anti symmetric
vibrations, respectively and represent the trans (T) conformation of the C,6 alkyl chain bound to the pyridinium
head group. The only band of strong intensity in the midfrequency range which can be unequivocally assigned to
the CH2 group is the twisting motion at 1301 cm -l. All
the other bands for CH2 vibrations are in ranges that
overlap those of the hydrophobic CH3 terminal vibrations. The strong CH2 scissoring motion at 1458 cm -~ is
also in an area where C H 3 bending and CH2 bending
vibrations both contribute. But for the CPC long-chain
surfactant molecule this dominant band would be
automatically assigned to CH2 scissors. The bands at
2852 and 2881 c m -1 have been assigned to CH2 symmetric and anti symmetric modes respectively for different long-chain molecules with a hydrophobic
(CH2)o-tail.
As a result, head group "markers" are at 1028, 1638
and 3084 cm -' and the "fingerprints" for the hydrocarbon chain are the bands at 1301, 1458, 2852 and 2881
c m -I"

4od.o

eoG.o

I

1200,0
CM-1

:

L

1600.0

Fig. 1 Raman microprobe analysis of cetylpyridinium chloride

(CPC): Raman spectrum of a microparticle, particle size about 20
pm • 30 gm, A0 = 514.5 nm, 6 mW (at sample), beam spot 1 gm
diameter, integration time 2 s, number of readings 30

Micro-SERS spectroscopy of CPC
The potential dependence, the influence of the counterion
concentration, and the substance concentration of the
micro-SERS spectra will be discussed in sequence.
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Fig. 3 Micro-SERS spectra recorded as
the Ag electrode surface is cycled
through an ORC at 5 m V s-1 from
--0.6 V to +0.2 V and back to --1.2 V
in0.1 MKClplus2 • 10-SM
cetylpyridinium chloride. Laser excitation
line 514.5 nm, laser power l0 mW, laser
spot focus 1 pm
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Potential dependence: The use of an optical multichannel
analyzer for recording micro-SERS spectra not only has
the advantage of fast recording of a single spectrum, but
also allows successive spectra to record as a function of
electrode potential for three-dimensional recordings of
SERS intensity-wavenumber-potential plot. Figure 3
shows the micro-SERS spectra in the wavenumber range
between 400 cm -~ and 2000 cm 1 at different potentials.
There are two intensity maxima of the SERS vibrational
modes in the potential range from 0.0 V to --1.0 V. The
potential of 0.0 V corresponds to a very positively charged surface and the potential at --0.6 V is the neutral surface (point of zero charge --p.z.c.--). The first maximun
is around 1030 cm -~ and this SERS band can be attributed to the enhanced vl(A~) ring breathing mode of
the pyridinium head group. The second SERS maximum
is at 1626 cm -t and is assigned to the vs~(A~) ring stretching vibration.
Comparing the relative intensities of the micro-SERS
spectra and the microprobe normal Raman spectrum, we
can clearly see that the enhancement of the pyridinium
ring vibrations and the hydrocarbons modes are quite different. The characteristic tail vibration at 1301 cm -~
(chain CH2 twisting motion) is completely absent in the
adsorbed state. The CH2-scissoring vibration at 1452
cm-' shows a very low intensity. For a better understanding of these intensity changes in the ORC-SERS spectra,
the spectrum at --0.6 V is shown as an example in Fig.
4. On the basis of the short-range sensitivity of the SERS
enhancement (10), we can conclude that the pyridinium
head group is attached to the surface, leaving the
hydrocarbon chain directed away from the surface.
Perhaps the most striking evidence for this molecular
orientation with the pyridinium ring adsorption at the
neutral surface is the SERS behavior in the v(C--H)
region, shown in Fig. 5. The pyridinium CH-ring stretching mode at 3080 cm -~ is more enhanced relative to
other SERS bands in this spectral range. The strong intensity of this CH-vibration, the enhanced ring breathing
mode, and the intense ring stretching band at 1626 cm 1
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Fig. 4 Micro-electrode SERS spectrum of cetylpyridinium
chloride. Ag electrode, ex situ roughening, Es of --0.6 V vs.
SCE, concentration 5 • 10-5 M, ~0 = 514.5 nm, 10 mW, integration time 1.5 s, number of readings 60
suggest that the pyridinium head group is in a standing
configuration (edgewise orientation) [3, 1]. These results
are in agreement with the investigations of Sun et al. [8].
By changing the potential to more negative values,
e.g., --1.0 V the most intensive band in the SERS spectrum is now the mode at the frequency of 1518 cm -~ (cf.
Fig. 6). This band can also be assigned to a totally symmetric stretching vibration Vlga(Ax). The strong enhancement of this mode at the negatively charged surface can
be explained by the surface resonance Raman selection
rules (electronic SERS contribution). At this negative
potential the Fermi level of Ag metal comes in the region
where the laser incident energy (2ex = 514.5 rim) can
give this energy to an electron and a charge transfer from
the metal to the affinity level of the adsorbed CPC
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the adsorption process was studied. The cetylpyridinium
concentration was kept constant at 10.3 M and the
chloride concentration was varied from 0.01 M KC1 to
1 M KC1 aqueous solutions. The ex situ pretreatment was
3.600
carried out in a very low electrolyte concentration and
this pretreatment solution was replaced by purified water.
Increasing the specifically adsorbing CI- concentration
3.000
from 0.1 M to 1 M affects the adsorption of the active
surface complex and markedly changes the SERS spectra
in the whole potential range from --0.1 to --1.2 V. Con2,400
sidering the CPC SERS spectrum in the 1 M KCI solution, the CT band at 1518 cm -1 is significantly enhanced
at the positive, neutral and negative charged surface. RoI.BO0
jhantalab and Richmond (12) observed in SHG (optical
second harmonic generation) experiments that by increasing the concentration of C1 , the surface charge density
1.200
increase while the maximum in the surface excess charge
I
I
I
I
I
I
I
•
versus potential curve shifts to negative potentials. These
2400 2600 2800 3000 3200 3400
CM-I
SHG results are in agreement with our SERS investigations: at high concentrations of the halide supporting elecFig. 5 Micro-SERS spectrum of cetylpyridiniumchloride in the
trolyte ions the SER-scattering of the characteristic CT
C--H frequency range. Experimental conditions as in Fig. 4
band is strongly increased. Therefore, it is possible that
the
chloride acts as a bridge for electron transfer between
PYRI.LO0
REGION: t
the metal surface and the CPC molecule in the charge
Cts/Sec XIE3
transfer type enhancement mechanism [13].
Besides this charge-transfer effect, the orientational
3.600
change of the adsorbed molecules might be correlated
with the position of the energy difference between the
ground state of the CT-complex and the charge-transfer
band [11]. This orientational change in the adsorbed state
at high C1 concentration and at a positive surface
charge results in intense SERS bands of the two
characteristic (CH2)n-tail vibration: the C H 2 twisting
mode and the C H 2 scissoring vibration. Under these
conditions the CPC headgroup is in close proximity to the
surface and C--C bonds of the long chain stretch tor800
tuously on the surface with some parts of the chain close
to the surface.
Cts/Sec XIE3
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Fig. 6 Micro-SERS spectrum of cetylpyridiniumchloride. Surface potential --l.0 V vs. SCE. Other experimental conditions as
in Fig. 4

molecule is possible. In this case, we have a strong
enhanced intensity about the A-term resonance mechanism [11], especially for this v,9,(A~) charge transfer
band (CT band). This electronic resonance is a shortrange phenomenon which is characteristic of the adsorbed
CPC surface complex stabilized by coadsorbed C1 ions.

The effect of counter ions:
In order to further elucidate the nature of the CPC/
halide/complex, the effect of chloride concentration on

The effect of CPC concentration:
The SERS spectra of CPC molecules from an aqueous
solution containing 0.1 M KC1 have been obtained over
the concentration range of 1 • 10-3 to 1 • 10-5 M. This
concentration range encompassed the CPC's critical
micelle concentration (CMC) which is known to be 2.4 •
10 4 M. No strong structural adsorption changes appear
to take place with increasing the surfactant concentration
from the monomer to micelle conformation. That means
that the CPC's packing/orientation in the first monolayer
does not change with increasing surface coverage. The
onset of micellization does not appear to cause any
discontinuity in the SERS spectra in the potential range
from --0.1 to --1.2 V. These results are in agreement
with the SERS investigations on cetyl trimethylammonium bromide (CTAB) [14].
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Raman microprobe analysis of crystallized PNP
The microprobe Raman spectrum of p-nitrophenol will be
discussed first, to provide assignments for the surface
species in the first monolayer. Figure 7 shows the Raman
spectrum of a microparticle of PNP. Traditional notation
is used to describe the vibrations of a substituted phenole
molecule. Stretching vibrations are denoted by v, and inplane bending or deformation by ft. Symmetric deformation modes involving the --NO2 substituent are denoted
by 6. A brief discussion of several characteristic bands is
given below. The most intense feature in the spectrum appears at 1337 cm -~ and is assigned as the vs(NO2)
stretch of the nitro group on the benzene ring which is
strongly electron withdrawing and rotates freely about the
Ph--NO2 bond [15, 16]. The asymmetric Vas(NO2) stretching vibration of the nitro group occurs at 1504 cm -~.
The strong band at 872 cm -1 is due to the deformation
of the NO2 group, and its shoulder at 809 c m -1 (not
shown in Fig. 7) is attributed to a ring-breathing mode.
The v(C--C) ring stretching mode is located at 1593
cm -~. Another characteristic C--C stretching vibration
with a very low intensity is located at 1458 cm -~. The
most important vibration of the Ph--OH moiety is the A 1
symmetric stretching mode at 1286 cm -~. This band
shifts up to about 20 cm -~ in an alkaline medium, indicating the phenoxide ion vibration v(Ph--O-).
Micro-SERS spectroscopy of PNP

NIP41.LO0
REGION:
Cts/Sec XtE3

6.000

5.000
r,j

4.000

3.000

2.000

~Od.O ~o611o ~oolo
CM-i

Fig. 8 Micro-SERS spectrum of p-nitrophenol. Ag electrode, ex
situ roughening, Es of --0.6 V vs. SCE, concentration 2 • 10-3
M, k0 = 514.5 nm, laser power 4 roW, laser spot focus 1 gin, integration time 1.5 s, number of readings 60

negative charges. For example, as the potential is changed from --1.3 V to --0.7 V, the ring breath mode at 848
cm -z and the ring stretching vibration at 1582 cm -z
decrease in intensity. At 1 0 . 3 V the band at 1465 cm -1
NP4KR.LO0
(very weak v(C--C) stretching mode at 1458 cm -~ in the
REGIDN: 1
microprobe Raman spectrum) begins to dominate the
Cts/Sel XIE3
SERS spectrum, particularly at --0.01 V. As an example
for a characteristic SERS spectrum of PNP the spectrum
at --0.6 V (potential of zero charge-pzc-) is shown in
B.O00
Fig. 8. Competitive investigations of protonated and
deprotonated nitrophenol micro-SERS measurements
have shown that the PNP molecule is transformed to p6.000
nitrophenolate when adsorbed from the neutral 0.1 M
KCI aqueous solution. The SERS spectrum obtained from
the solution that was adjusted to pH 12 with KOH shows
the same vibration bands as in neutral solution. In Table
4.000
1 the surface Raman bands are compared with the Raman
microprobe vibrations and the solution Raman characteristics at pH 5 and pH 12.
2.000
The preferential binding of the Ph--O- group to the
surface over the NO2 group is also demonstrated by the
complete absence of the v(NO2) vibrational band (cf.
Fig. 8). Therefore, under these conditions the
400 600 800 1000 1200 1400 1600
nitrophenolate
ring would be oriented perpendicularly to
CM-'t
the surface with the --NO2 group extending into soluFig. 7 Raman microprobe analysis of p-nitrophenoh Raman spection. The strong increase of the ring breathing mode at
trum of a microparticle, particle size about 10 rtm• 20 ~tm, k0 =
514.5 nm, 1 mW (at sample), beam spot 1 gm diameter, integration 848 cm -l and the intense ring stretch SERS band at
1582 cm l support this end-on orientation.
time 1 s, number of readings 10
There are many changes in the PNP micro-SERS spectra
as the surface is changed between positive, neutral, and
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1 Vibrational data (wavenumber cm-1) and corresponding assignments for p-nitrophenol (PNP)

Micro Ra
crystal
-438 m
636 s
809 w

PNP in KC1
0.1 M, pH 5
-457 w
640 w
--

872 s
968 w
1172 m
1286 s

868 s
1009 m
1174 m
1290 s

1 3 3 7 vs

1 3 4 4 vs

PNP in KC1
0.1 M, pH 12

SERS
Ag, --0.6 V

SERS
Ag, --1.1 V

Vibrational assignment

370 w
-634 w

373 w
464 w
636 m

375 m
467 m
631 w

ring vibration
C--H o.-p. deformation

8 2 2 sh

8 4 8 vs

8 4 7 vs

ring b r e a t h i n g m o d e

858 vs
998 w
1176 m

-1020 m
1162 vw

1294 vs
1338 m

1278 s
1346 vw

-1026 m
1164 m
1268 s
--

1504 m

1508 m

1529 m

--

--

1593 s

1598 s

1586 w

1582 s

1581 s

~(NO2)
i.p. ring deformation
fl(C--H)
v(Ph--O-)

6s(NO2)
Vas(NO2)
ring s t r e t c h

Intensities: m = medium, w = weak, s = strong, vw = very weak, vs = very strong, sh = shoulder

The coadsorbed K + cations are very important for the
strong p-nitrophenolate binding at the negative charged
surface. The negative charged P h - - O - group is surrounded by potassium ions and this phenolate/K + complex can strongly adsorb on the negatively charged surface.
On the basis of the above results, the micro-SERS
" m a r k e r " is at 1465 cm -I for the positively charged surface and the "fingerprints" at the neutral and negative
surface are the SERS bands at 848 cm -1 and 1582 cm -~.
Together, these three bands provide an excellent indication of the structural rearrangement possibilities in the
surfactant/nitrophenol monolayer system.

Simultaneous Adsorption: Competition between CPC
and PNP
Adsorption of single surfactants or nitrophenol is already
a complex process involving several physico-chemical
factors. The phenomena become even more complicated
when different types of molecules compete for adsorption
at the interface. With respect to competitive adsorption,
distinction has to be made between simultaneous adsorption and displacement reactions. SERS spectroscopy is
probably one of the most sensitive and chemically
specific methods for investigating the processes at the
solid/liquid interface because the signals of the coadsorbed CPC and PNP molecules can be observed simultaneously in the first monolayer.
Synergetic coadsorption of cetylpyridinium chloride
and p-nitrophenol have been studied as a function of CPC
and PNP in aqueous KC1 solutions, from 1000:1 to
t : 1000, the surface charge of the substrate from positive
to negative charged surfaces, and the presence of different concentrations of the C1- counterions in the solution.

Adsorption from CPC : PNP Mixtures
Surface-enhanced Raman scattering is a surface
phenomenon and only molecules close to the substrate
surface show enhanced Raman spectra. In a mixture there
will be competition for surface sites. If one species is
more highly attracted to the surface than another the latter
will not show a SERS spectrum. For this reason, we can
use SERS spectroscopy for identifying and quantifying
the individual adsorbed compound in the first monolayer
of mixtures of CPC and PNP. The ex situ surface
roughening procedure is carried out in a 0.1 M KC1 electrolyte solution in the absence of other molecules and the
binary mixture of CPC/PNP is then added to the optoelectrochemical cell. The detailed analysis of the
system containing mixtures of CPC and PNP can be summarized as follow:
- - For a mixture containing 10 -3 M each of CPC and
PNP in a 0.1 M KC1 solution it was found that there
is no measurable amount of PNP at a negatively charged surface and that, instead, the CPC molecules are the
dominant chemisorbed species.
- - At a neutral or positive surface, the competitive adsorption of the two molecules becomes dependent on
the coadsorbed C1- ion concentration. With decreasing the KC1 concentration to 0.01 M a decreasing in
the intensity of CPC modes at 1030 cm -~ and 1626
cm -~ is observed. Simultaneously, new bands at 848
cm -1 and 1582 cm 1 develop, and this is ascribed to
the corresponding vibrations of adsorbed nitrophenolate ions (cf. Fig. 9). Therefore, the coadsorbed halide
ions are very important for the binding of cationic surfactants and organic pollutants in the first adsorption
layer.
--Similar
results are obtained if we study different
relative ratios between the pyridinium ion and the pnitrophenolate ions, from 1000:1 up to 1:1000 in

150

Fig. 9 Micro-SERS spectra of
CPC : PNP mixtures. Mixture containing
10-3 M each of CPC and PNP, ex situ
surface roughening, Es of--0.6 V vs.
SCE, laser excitation line 514.5 nm, laser
power 8 roW, laser spot focus 1 Ixm.
a) SERS spectrum in a 0.1 M KC1
supporting electrolyte solution
b) SERS spectrum in a 0.01 M KC1
supporting electrolyte solution
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moles per liter at different charged surfaces. As an example, in a mixture of 10 -6 M of CPC and 10-3 M of
PNP the pyridinium surfactant molecules are always
very strongly adsorbed at high C1 ion concentration
in a potential range between --1.2 V and --0.1 V.
- - If the KC1 concentration is decreased to 0.01 M, also
the adsorption of the CPC is reduced. At a positively
charged surface the CPC signals have completely
vanished and only the SERS bands of PNP appear.
But, even at this very low CPC concentration of 10-6
M, in presence of 0.1 M of KC1 the surfactant
molecules are still adsorbed.
- - A l l these experimental findings indicate the importance of CPC/Cl-/surface complex formation in
determining the role of stabilizing C1- or other coadsorbed species on the positively charged metal surface.

Displacement reactions:
Competition between CPC and pre-adsorbed PNP
Adsorbed chemicals of environmental and biological interest can be desorbed by suitable displacers, either small
molecules or surface active substances (surfactants).
To understand the details of such surface rearrangement following displacement reactions, it is first
necessary to understand as fully as possible the kinetic
behavior (on a second time scale) of molecules which are
undergoing these surface desorption reactions in the first
adsorption layer. Information from SERS experiments
allows the temporal course of the displacement reaction
and additional information about structures in the adsorbed state. Therefore, to examine the question of reorientation and desorption of PNP by CPC molecules, surface
Raman spectra were collected in real time at different
stages of adsorption.
The SERS activation of the Ag electrode surface was
carried out ex situ, in pure supporting electrolyte (0.1 M

1
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Fig. 10 Micro-SERS spectra
of displacement reactions of
pre-adsorbed PNP by CPC.
a) Micro electrode SERS
spectrum of adsorbed pnitrophenol. Ag-electrode
surface, ex situ roughening, Es = --0.6 V vs.
SCE, concentration
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b) Micro-SERS spectrum of
the displacement reaction:
1 Ixl of 10-3 M CPC was
added to the optoelectrochemical cell. The
SERS spectrum was taken
15 s after injection of the
displacing CPC molecules.
Experimental conditions as
in a)
c) Micro-SERS spectrum of
the displacement process.
The SERS spectrum was
taken 90 s after injection
of the CPC surfactant
molecules. Experimental
conditions as in a)
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KC1). This electrolyte solution was removed and the same
electrolyte with 10-3 M concentration of PNP was added.
The SERS spectrum of PNP measured at --0.6 V is shown
in Fig. 10a. 1 ~tl of a 10-3 M CPC solution was then
added to the 1 ml optoelectrochemical cell volume. First
excellent results can be obtained from SERS measurements even at early times. The first data point was
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taken 15 s after injection of the displacing CPC molecules
(cf. Fig. 10b). The partial disappearance of the PNP
bands at 848 cm -1 and 1582 cm -1 indicates a
characteristic interaction between CPC and PNP on the
surface. As well as the marked decrease in the PNP surface scattering intensity the coadsorption effect of CPC
and PNP is clearly demonstrated by the strong scattering
intensity of the CPC vibration modes at 1032 cm -~ and
1624 cm -t. CPC is able to displace a fraction of the preadsorbed PNP in the first 15 s after the injection. The preadsorbed PNP fraction decreases with increasing the rearrangement time, which suggests that CPC becomes more
strongly attached at the surface. After 90 s a complete
displacement of the pre-adsorbed PNP has already taken
place (cf. Fig. 10c).
With the information obtained from this measurements
of surface displacement kinetics, the question of which
interaction dominates in the adlayer can be obtained.
Physically, one can describe the desorption of the
nitrophenolate ions through two main structural models.
The first one in which the CPC molecule bonds with the
pyridinium head group to the surface, but in which the
hydrocarbon tails remain in the electrolyte solution, and
in this state there is a competition with the PNP
molecules. In the next step, the cationic surfactant
molecules align and van der Waals interaction between
adjacent tails becomes important until a complete CPC
monolayer is formed: the pre-adsorbed nitrophenolate
ions are completely removed from the first monolayer.
If the displacement time of PNP from the surface is
also electrostatically determined, it would be expected
that the PNP desorption kinetic can be strongly influenced by the electrode surface charge. It appears, therefore,
that electrostatic considerations of the PNP adsorption on
the charged metal surface play a central role in determining the desorption time of PNP by CPC. Electrochemical
measurements show that ionic molecules like the
nitrophenolate ions generally adsorb very weakly on an
electrode surface of the p.z.c. These investigations are in
agreement with the very fast desorption time of 90 s at
this electrode potential in the SERS replacement experiments as shown in Fig. 10. After pretreating of the
PNP adsorption at --0.6 V the surface potential was
scanned in the negative direction from --0.6 V to
--1.2 V. At this potential the negatively charged Ph-O- group of the PNP molecule is surrounded by
potassium ions and this phenolate/K+/Ag surface state is
strongly adsorbed on the negatively charged surface. This
strong PNP adsorption process results in a longer desorption time in the CPC displacement investigations: if the
pre-adsorbed PNP molecules are adsorbed at the negative
surface the complete replacement time takes 3 min.
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The strong potential dependence of the desorption process can be observed when the potential is shifted to
--0.1 V. At this highly positively charged substrate surface the adsorption of the nitrophenolate ions increase
dramatically by the electrostatic attraction to the surface
and we obtain a high population of nitrophenolate ions
that are strongly attached to the surface. As mentioned
before, the displacement of the pre-adsorbed PNP by the
secondly added CPC is strongly influenced by the electrostatic interaction between the adsorbent surface and the
respective surfactant. At positive potentials to the point of
zero charge, cationic surfactants can desorb from the surface because of the electrostatic repulsion. Specifically,
coadsorbed C1 counterions near the positively charged
surfactant head group are necessary to explain the strong
binding of cationic surfactants on positively charged surfaces. Therefore, the adsorption, rearrangements, and
desorption of PNP molecules from positively charged
surfaces follow a more complicated displacement mechanism. The SERS desorption measurements at this surface
charge are quantitatively similar to those at the neutral
and negatively charged surfaces, but everything now occurs much more slowly: the CPC adsorbs at a much
slower rate and the nitrophenolate ions leave the surface
much more slowly. These slower desorption kinetics
result in a complete replacement time of 9 min.

Conclusions
In summary, the utility of micro-SERS spectroscopy for
the evaluation of potential-dependent interfacial competititve and displacement reactions at charged surface
has been demonstrated. The data obtained allow the
determination of the chemical identity, structure, orientation, competitive and displacement adsorption of cationic
surfactants and nitrophenol in the first adsorption layer.
The examples of these measurements in the field of surfactants and organic pollutants reviewed in this article
were selected to illustrate the sensitivity, molecular
specificity of adsorption processes, accuracy, ease of
substrate preparation, and manifold applications of
Raman analysis. The spatial resolution of the laser
microprobe, coupled with the 10 6 enhancement of the
Raman cross-section, means that picogram quantities of
material localized to gm-sized surfaces areas can be
detected and identified by SERS vibrational spectroscopy.
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Chemical and physicalaspects
of coagulation

Abstract It is the aim of this
contribution to identify situations
where predominantly physical
variables affect or even control the
coagulation process in a chemically
controlled and optimized system.
Observations in technical systems
show that the mixing of coagulation
chemicals can be slower or faster,
depending upon the hydraulic characteristics of the mixing reactor.
This leads to satisfactory
destabilization in one case and
unsatisfactory destabilization in
another, in particular if metal ions
or hydroxilized metal species are
used. It has been shown that the
energy dissipation in stirred real
reactors leads to a nonhomogeneous
distribution in terms of the absolute
size of the (locally linear) velocity
gradient, i.e., aggregation

Introduction

Coagulation, as described for instance by von Smoluchoski's concepts [1], is the result of a process-initiating
group of more physicochemical reactions causing colloid
destabilization and a second process step consisting of a
group of predominantly physical transport phenomena.
Investigations on the rate-limiting step have identified the
transport reaction as controlling process in many instances. For other, very specific boundary conditions the
destabilization reaction has been found to be the controlling one. Thus, in one instance coagulation has been
described more in physical terms, and on other occasions
it has been described as a predominantly chemically

conditions. This will be
superimposed by the characteristics
of the coagulating chemicals, i.e.,
the ability to form stronger or less
strong flocs. Data on the separation
effectivity of geometrically different
units for systematically varied
boundary conditions of the
coagulation process show that one
type of floc is withheld more
efficiently than another in the same
separation unit and likewise that
one kind of separation unit may be
more efficient for a specific floc.
Key words Colloid destabilization
with metal ions -- colloid collision
-- shear flow -- liquidsolid-separation -- homogeneity and
heterogeneity of coagulating
systems

controlled process. This dichotomy of definitions and interpretations still exists today.
If coagulation is employed technically, for instance,
for the improvement of the separation of solids (such as
sedimentation, flotation or filtration) through aggregation, induced by technical means, then additional reaction
steps and reaction parameters must be considered. These
include the addition and mixing of the chemical reagent
that must be dosed for the destabilization of the sol. Furthermore, desirable fluid velocity gradients must be
created, mostly through controlled energy dissipation.
And, finally, the relationship between the characteristics
of the solids formed and the specifics of the large-scale
separation reactor must be observed.
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In the analysis of these reaction phenomena, one finds
that there is a strong interaction of chemical and physical
parameters, i.e., coagulation is then no longer a
predominantly chemical process or is described mostly by
physical parameters: coagulation in large-scale systems
depends to a large extent on the simultaneous optimization of chemical and physical boundary conditions.
It is the aim of this discussion to identify situations
where predominantly physical variables affect or even
control the coagulation process. The fact that these
phenomena have not been described extensively until now
may be explained by the effect of optimizing or even
maximizing chemical aspects: non-optimal physical
boundary conditions for the reaction, resulting in a lower
reaction rate, might be compensated by higher dosages of
chemicals. Thus, the main objective of this contribution
is the discussion of the "rate-controling" effects of
physical parameters in a chemically controlled and optimized system.

The interrelationship of chemical
and physical phenomena in the effective mixing
of coagulating reagents with the sol
Coagulation has been analyzed so far as the result of two
major reaction steps, the destabilization of the colloids
and the transport and adherence of the destabilized
dispersed solids to form permanent aggregates. And this
model suffices to explain all observations as long as
coagulation is studied in a laboratory context, i.e., smallvolume batch reactions.
As soon as coagulation is explored in a technical context, under conditions of continuous flow and in larger
reactor vessels, then the addition and mixing of the
destabilizing reagent must be considered an additional
and possibly rate-controlling step.
This may be illustrated by the following example: If
one wants to effectively coagulate a suspension under the
conditions of a large (hydraulic) flux, one will have to be
careful not to use too large a volume of liquid (i.e., water)
for the dissolution and transport of the chemical ~). To
mix such disparate streams will require additional reaction time. It may also lead, under unfavorable reaction
conditions, to situations where this step will be ratelimiting.
If addition and mixing of chemicals is thought of as an
independent reaction step, then the following configurations of physical and chemical boundary conditions could
be envisioned:

a) The coagulating chemical is formed in situ upon its entrance into the sol and its effectiveness depends upon
the solution regime encountered,
i.e.,
the
homogeneous concentration of all solute constituents
(e.g., hydrolyzing metal ions).
b) The destabilizing chemical is introduced already in its
active form and the reaction is not dependent upon the
mixing characteristics of the system in this instance
(e.g., prepolymerized metal hydroxo-complexes).
c) The coagulant or flocculant is of such concentration
and of such molecular size that its "interaction" with
the colloid, for instance, its motion toward the colloid
surface, is dependent upon turbulent transport as well
as upon diffusion processes (high molecular weight
organic polymers).
d) The interaction of the coagulating/flocculating
chemical with the colloid is independent of turbulent
transport phenomena and therefore cannot be improved by controlling the hydraulic regime (highly charged
counterions).
e) The reaction of the destabilizing chemical with the colloidal surface is, from a point of view of available
reaction time, irreversible (e.g., adsorption or organic
polymers).
f) The surface-chemical reaction is to be considered
reversible under conditions of practical application,
i.e., non-homogeneous solution characteristics can be
corrected or compensated later on (e.g., counterions).

For the most frequently encountered situations where
hydrolyzed and hydroxo-complexing metal ions are used
for the destabilization of aqueous sols, the situation, as it
is to be envisioned, is shown in Fig. 1. The upper part
describes schematically the theoretical situation: the first
phase of the chemical mixing step leads to uniform
hydroxilation of the metal ion. Subsequently, the metalhydroxo-complex adsorbs - again uniformly -- at the surface of the predominantly hydrophilic colloid (as encountered in aqueous systems).
The lower part of the figure describes the situation as
it might be encountered under technical conditions where
mixing and transport leads to non-homogeneous situations: First of all the hydroxo-complexation is nonuniform. This is "visualized" by showing mixed species
of hydroxilated and hydrolyzed ions simultaneously. Second, the interaction of the colloid surface and the metalhydroxo-complexes leads to insufficient destabilization in
one case and re-stabilization in another, for reasons of
less efficient transport. The overall effect is insufficient
destabilization, even though the amount of chemicals added was sufficient on the basis of "theoretical" calculations. Such hpyotheses are confirmed by observations
reported in the literature. Figure 2 illustrates with data by
In practical applications this can lead to situations where a suspen- Masides et al. [2] the reversible or irreversible hydroxilasion stream of 3000 1/h has to be mixed effectively with a
chemicals stream of as little as 0.5 l/h, i.e. one thousands of the tion of aluminum as used in the coagulation of technical
systems: depending upon the previous pH-regime, to
volume flow or less.
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Fig. 2 Coagulation efficiency, i.e., destabilizing efficiency of
aluminum prepared under different pH regimes, illustrating the irreversible hydroxilation or hydroxide formation (after [2])

which the coagulant was exposed, the chemical is more
or less effective in destabilizing water-borne colloids.
Observations on mixing in real systems, schematically
described in Fig. 3 (after [3]) show that the mixing can
be slower or faster, depending upon the hydraulic characteristics of the mixing reactor, denoted by lower or higher

Reynolds' numbers. Here, the point of addition of
chemicals has been designed such that the highly concentrated stock solution is added into the central flow trajectory of the pipe flow. The flow regime is laminar or turbulent, depending upon the hydraulic load of the system.
Measurements have shown that for conditions of "normal" loading of the system, i.e., lower flow velocity and
therefore lower Reynolds numbers, the time required for
complete mixing is very large. The state of mixing can be
described by the difference in concentration, for instance,
between the peripheral and the central flow trajectory. If
the so-called through-put, i.e., the flow per unit crosssectional area, is increased, this leads to an increase in the
flow velocity and an increase in the Reynolds number.
Within limits there is an increase in the degree of turbulence within the system. The result is a shortening of
the mixing time, the time to reach homogeneous concentration of for instance, metal ions or hydroxilyzed metal
species in the system.
The actual effect of such different hydraulic boundary
conditions in the stage of chemicals addition, i.e., more
or less successful chemicals' mixing, is shown by the data
described in Fig. 4 (after [4]). Here, the coagulation efficiency is described for two different chemicals dosing
systems. The difference between the two systems is a
solely geometrical one, as the schematic indicates.
In the instance of the dosing fixture "A", one needs
an amount of some 40 mg/1 prepolymerized metalhydroxo-complexes coagulant to reach effective destabilization. This is recognized from measurements on electrophoretic mobility as well as from observations on the
removal rate (measured as particle number, or turbidity

156

H.H. Hahn
Chemical and physical aspects of coagulation

t u r b i d i t y ( F o r m a z i n - T r Obungs e i n h e i t e n )

1"5~//

I r--~d°sing systems

/

A

L__

algal couat/ml

:

3.6

40

60

:

PAt; ( m g / 1 )
PER UNIT TIME A VOLUMEAV IS FILLED:
width ~
length
f~
1/2c~p~ unit t i f F "

i

?.4

a

/~V=2(R,ja-zZ)"
through

3.2

. . . . . . . .

[(du/dz)z]

thickness

]

dz

i n t e g r a t i o n f r o m - R ijto +Rij :

(with a c o n c e n t r a t i o n of n i p a r t i c l e s p e r u m t v o l u m e )

~.

~..... .

60

PAC (!m g / 1 )

COLLISIONS PER UNIT TIME WITH CENTRAL PARTICLE

J = (4/3)niRij3(du/dz)
~i~otrop~. mobn (,m.:om/~eo.V)

ao

o
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Von Smoluchowski [1] has developed a readily
understandable and practically useful mathematical model
for the rate of collisions in a locally linear shear flow
Fig. 4 The effectivity of two slightly different designs of chemical system (cf. Fig. 5). He assumes that all particulates coldosing points expressed in terms of resulting electrophoretic lide if they move within a sphere of a diameter that cormobility and the rate of the coagulation and separation process responds to the sum of the diameters of the potentially
(measured by reduction in algae and turbidity after [4])
colliding solids. The calculation of the flux through such
a sphere of influence leads to the (potential) number of
collisions of all particles "i" transported into that sphere
or chlorophyll alpha in the case of algal matter). If fixture with a particle "j" located in the center.
"B" is used then for the same sol and the same chemical
This collision number (see Fig. 5) describes the rate of
a (significantly) larger dosage is needed to attain values collisions as directly dependent on the number n~ of parof the electrophoretic mobility that signal sufficient ticles "i", i.e., the ones that are moving into the sphere
destabilization. Turbidity measurements and chlorophyl of collision. The total number of collisions is obtained by
alpha recordings again support these electrophoresis data. multiplying it with the concentration nj of the central
Clearly, the mixing situation with apparatus " A " leads particle "j". Furthermore, the collision rate is directly
to a more homogeneous or more efficient or faster mixing proportional to the linear velocity gradient. In most practhan the apparatus "B". And since the surface reaction is tical applications such linear velocity gradients will exist
not readily reversible within the given detention time, this only locally. Camp et al. [5] have shown the relationship
leads to satisfactory destabilization in one case and un- between such conceptual linear velocity gradients and the
satisfactory destabilization in another.
energy input per unit volume of reactor space. This
parameter is used widely in the description of collision
rates in practical applications. The expression for the colPhysical effects upon the collision of chemically
lision rate can be rewritten as a rate of particle aggregacompletely destabilized colloids
tion or as a rate of disapperance of primary or total parCollision of colloids can be effected by Brownian motion, ticles (see for instance [6]). The resulting rate law for
by velocity gradients resulting from laminar and turbulent coagulation still contains the linear dependence on the
flow and also by differential movement in the sedimenta- volume related energy input. This has been the basis of
tion of such particulates. If coagulation is used as most quantitative assessments of coagulation processes: it
technical process for the improvement of solid separation is postulated that the energy input or the torque at the
through aggregation, then velocity gradient induced colli- shaft of the stirrer in the coagulation chamber is the
physical variable that exclusively describes the control of
sions predominate.
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the process rate. The type of stirrer, for instance, should
be of no effect.
One may assume, however, that the energy dissipation
in stirred real reactors leads to a non-homogeneous
distribution in terms of the absolute size of the (locally
linear) velocity gradient. There will therefore be locally
differing aggregation conditions. This will be superimposed by the characteristics of the coagulating chemicals,
i.e., the ability to form stronger or less strong flocs. The
possible consequences of such non-uniform boundary
conditions for the aggregation process are shown in
Fig. 6 (where the first column depicts schematically the
various alternatives for particles to aggregate, the second
column indicates the effect of such aggregation for the
selection of a separation process, and the third column indentifies quantitative measures to assess this specific
reaction progress). The indications given in Fig. 6 as to
the effects of these aggregate properties upon the liquidsolid-separation process and how to assess these characteristics are significant for the operator. Measuring, for
instance, the d6o/dlo, i.e., the diameter of the
60-percentile in the particle distribution curve, relative to
the diameter of the 10-percentile, furnishes quantitative
information on the heterodispersity of the system. The
products of the coagulation reaction will differ in terms
of:

1)
2)
3)
4)
5)

absolute size of the aggregates formed;
the degree of heterodispersity of the aggregated sol;
the shape of the agglomerates;
the porosity of the aggregates;
the destruction of the aggregates formed under changed shear conditions if the adherence is a weak one.

These aggregate characteristics have been investigated to
a lesser degree, yet, they are of great significance for the
practical or technical application of the process.
Such deviation of the reaction progress from the
course described by the collision term developed by [t]
can be observed if particle counting devices are used to
follow the reaction. Figure 7 (after [7]) describes such
reactions in stirred cylindrical batch reactors where for
identical stirrer speed the reaction progress should be the
same in all systems. The observed reaction progress,
however, is different in each system. One would conclude
that the so-called turbine-type stirrer is the most effective
in generating a reaction-favorable environment, while the
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Fig. 6 Schematic depiction of the consequences for colloid aggregation if energy dissipation (and chemicals distribution) is nonhomogeneous

Fig. 7 Observations on the different rate of coagulation in stirred
systems under identical conditions of energy input for differently
designed stirrers (after [7])
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r e a c t i o n PROGRESS

Interaction of chemical and physical parameters
in the removal of aggregates in specific (technical)
separation units

( a s s e s s e d for i n s t a n c e by p a r icle n u m b e r r e d u c t i o n in 30 r a i n )

diss. ENERGY
(for i n s t a n c e as d i s s
energy per volume as fit)

cylinder stirrer systems by factor 2)

Fig. 8 The effect of heterogeneous energy dissipation on the progress of the coagulation reaction: in geometrically similar systems
of different scale the reaction progress is different even if the
(microscopically determined) overall energy dissipation is identical
(after [8]). There are no numbers given since they depend exclusively on the experimental boundary conditions

propeller stirrer is less effective. For higher rotational
speed the stirrer characteristics appear to change, the propeller stirrer generates at higher rotational speeds the
most favorable flow regime while the turbine stirrer is
less favorable. In all instances the ancho-type of stirrer is
least effective for this type of destabilized suspension. If
other chemicals are used, for instance, organic polymers
instead of Ca 2+ then the sequence of effectivity of stirrers is a different one again (compare [7]).
These observations suggest that there are inhomogeneous patterns of energy dissipation in stirred
coagulating systems. This might lead to a reaction progress of differing magnitude if different stirrers are
employed. More recent investigations on the fluid structure in stirred coagulation chambers [8] and its effects
upon the coagulation rate confirm this notion. In these
studies the fluid regime was analyzed by Laser-Doppler-Anemometry techniques, permitting an instantaneous recording of all three components of the convective and turbulent fluid motion. The reaction progress
itself was also analyzed in a microscopic and close to instantaneous way by using a most detailed particle-counting technique, based on the blockage of a rotating laser
beam (see [9]). Figure 8 shows first results in a generalized form: the dimensionless plotted reaction progress
grows nearly linearly with increasing energy dissipation
(calculated in this instance with the help of the observed
and detailed fluid motion parameters). Yet, if the reactorstirrer system is enlarged, i.e., only the scale changed,
then the same observed overall energy dissipation
(however, with locally differing flow patterns) will yield
a different overall reaction progress.

As indicated earlier, coagulation is frequently used in a
technical context for the improvement of the liquid-solid
separation. Separation techniques employed today are
sedimentation, flotation, and filtration. Sedimentation
and flotation, which might be looked at as analogous unit
processes, are considered separation methods with a large
capacity in terms of solids loading. They also appear as
highly economical due to their favorable loading characteristics. The following discussion will therefore focus on
sedimentation, or flotation, respectively, as a separation
step following the coagulation process.
The notion of technically successful sedimentation
describes the course of a sedimenting particle or aggregate through the sedimentation reactor in the way
depicted schematically in Fig. 9. It is postulated that the
particle which reaches the bottom of the tank before it
enters the outlet zone is removed permanently. By the
same arguments, a particle whose travel time for horizontal movement through the basin is shorter than its
sedimentation time is not removed at all. This concept of
the sedimentation process, which can be adjusted for different reactor geometries, has been confirmed by many
observations from large-scale technical systems. The
most significant conclusion from this concept is that only
the size and density, i.e., the Stokes' velocity of spheres
controls the removal rate. In an analogous way it is formulated and proven useful for flotation.
If a suspension is destabilized by a given amount of
metal ions then the coagulation reaction described as
destabilization ratio -- or for defined energy input as
reaction rate constant -- and the result in terms of aggregate size and density should be identical. And then the
removal rate should also be identical. However, it is frequently observed that some destabilizing reagents produce better sedimenting aggregates than others with very
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Fig. 9 A simplified model for the removal of solid matter in a
sedimentation tank
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Fig. 10 Observations of the different removal efficiency of
suspended solids coagulated with different chemicals at identical

dosages in a sedimentation tank (after [10])
similar chemical characteristics applied at comparable
concentrations (see Fig. 10 drawn after [10]). The data
indicate that for these boundary conditions aluminum
sulphate produces the most effectively settled flocs, while
iron chloride generates flocs which do not all reach the
bottom of the tank in a sufficiently short time to be
removed completely. Other investigations have shown
that A13÷ coagulated flocs sediment less readily than iron
coagulated flocs at identical concentrations [11].
Such deviation from the simple concept of sedimentation -- the analogy holds for flotation as well with only
the direction of motion changed -- can be explained by
the interaction of aggregate properties with the flow
structure in the separation unit: if there are regions with
higher shear stress in a separation apparatus then the
more stable floc will be separated more effectively than
the shear-endangered one. Or, similarly, the less
heterodisperse suspension will be separated more effectively in sedimentation tanks than suspensions with a
broader spectrum of aggregate sizes.
This concept of interdependence of the coagulation
step and the separation step is confirmed by data from
systematic investigations on the separation effectivity of
geometrically different units for systematically varied
boundary conditions of the coagulation process. Figure
11 (after [12]) illustrates some results of these studies.
Suspensions were coagulated quite differently using
aluminum or iron or a combination of iron and polymeric
flocculants. This is described quantitatively by the
observed collision efficiency factor "alpha". Increasing
values of "alpha" indicate more rapidly coagulating
systems. The resulting aggregates are described in more
detail in terms of first and second moment of the
statistical distribution of the aggregate diameters in the insert in Fig. 11. The removal of such aggregates has been
studied in reactangular sedimentation tanks and in a

REACTOr~/0.35 0.47
0.59
0.84
T Y P E / fio-e type ( d e n o m i n a t e d by alpha)

Fig. 11 Removal efficiency of aggregates in different separation
reactors showing the interdependence of the coagulation step with
the separation step. The X-axis describes the different reactor types
investigated, the Y-axis the various aggregate types generated and
separated, and the Z-axis the observed removal efficiency

flotation unit of a geometry similar to one of the sedimentation units. It has been recorded a s (Cin-Cout)/Cin, i.e., as
removal efficiency. We conclude from these data that
there is a very clear effect of the floc type upon the
separation efficiency, even if the chemical conditions are
kept constant, i.e., for unchanged "alpha" values. More
rapidly aggregating systems, characterized by a higher
collision efficiency factor "alpha" are sedimenting better
than a slowly coagulating one. This is not the same for
flotation as a separation process as is shown by the data
(the geometry of the flotation tank is the same as that of
the sedimentation tank). For practical purposes of designing and operating a liquid-solid separation step, one can
deduce that
1) flotation is more effective than sedimentation, under
conditions of geometrically similar reaction units;
2) flocs sedimenting relatively effectively cannot in all
instances be separated with good results by flotation
(the difference results from the type of aggregation
chemical), and
3) very dense and/or heavy flocs are sedimented and
floated equally well.
It has been described elsewhere [12] that the flow pattern
in the tanks investigated and described by the dimensionless dispersion number (DN = D/[u.L 1, where D is
the turbulent dispersion coefficient, u the convective
transport, and L a characteristic length) has, in conjunction with the floc properties, a more pronounced effect
upon the separation effectivity than can be concluded
from the coagulation rate alone.
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Conclusions/Summary
The coagulation reaction, as it occurs in the laboratory,
can be described as the result of two mostly independent
reaction steps, a more chemically controlled destabilization and a transport step that is more controlled by
physical parameters, i.e., fluid dynamics of the system.
In large-scale or technical realization of this process there
is at least one more reaction step to the considered, the
addition and homogeneous mixing of coagulating
chemicals. Furthermore, the conceptually very clear
separation between the chemically controlled destabilization and the physically controlled transport fails. There
are numerous observations on the interaction of physical,
mostly fluid dynamics parameters with chemical reactions and vice versa.

Interactions manifest themselves in the irreversible
and incomplete destabilization of colloids in inefficiently
mixed systems or in the heterodispersity of sols formed
under conditions of non-homogeneous energy dissipation
or through the differing effectivity of liquid-solid-separation for coagulated systems.
In the past, these phenomena have been studied to a
lesser degree since existing analytical tools did not allow
microscopic description of the coagulation and the separation process. And furthermore, such reductions in effectivity were frequently compensated by the addition of
larger amounts of destabilizing reagents. Today the user of
coagulation processes for technical systems attempts an
optimization of operating conditions such that with a
minimum amount of costly chemicals a maximum effect in
aggregation and liquid-solid-separation is obtained.
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Control and optimization of flocculation
processes in the laboratory and in plant

Abstract Flocculation processes
are of great importance for
numerous industrial processes, such
as paper manufacture, mining, and
the treatment of industrial and
municipal waste waters. Polymeric
flocculants having molecular
weights up to 1 • 1 0 7 g/mol are
generally used for this purpose.
The flocculation mechanism
(bridging, charge-mosaic) is determined by the chain length, the
charge density and the molecular
weight of the polymeric flocculant.
There is a closely defined optimum
for the dosing rates of flocculants,
from both an ecological and an
economic point of view. The
specific choice of flocculants
therefore requires a reliable
measuring method with which tests

Introduction
Flocculation processes with following solid/liquid separation are the basis of numerous industrial processes.
Significant sectors, such as the paper industry, textile
finishing, the detergent industry and the ecologically important sector of water treatment and protection, owe
their technological progress in large measure to the use of
organic flocculants. These are polymeric, water-soluble
materials of different charge density having molecular
weights up to 1 • 1 0 7 g/mol [1]. The most important
product group for the waste water sector is that of cationically and anionically modified polyacrylamides.
Flocculation processes involve a complex interaction
of individual, elementary processes (Fig. 1) determined
by aspects of colloid and surface chemistry:

of effectiveness can be carried out,
ideally under service conditions.
This paper describes a fiber-optic
flocculation sensor (FOFS) for
measuring the flocculation state in
flowing systems, which has proved
useful in practice for both
laboratory flocculation tests and as
a measuring component of control
systems for dosing equipment. The
focus of this contribution is the use
of the FOFS for assessing the
effectiveness of polymeric
flocculants in relation to waste
water treatment.
Key words Flocculation -polymeric flocculants -- fiber-optic
flocculation sensor -- waste water
treatment

--production of a homogeneous mixture of the
polymeric flocculation aid and the substrate to be flocculated;
-- adsorption of the polymer onto the particle surface
which thus becomes destabilized after a particular
degree of polymer coating;
-- rearrangement of the adsorbed polymer on the particle
surface to achieve an equilibrium conformation;
--collision of destabilized particles (before or after
rearrangement) which initiates aggregation or flocculation;
-- floc growth;
-- breakup of flocs by shear stress.
The nature of the polymers determines their mode of
action, which is explained by structural differences in
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result [2, 16]. Both ecological and economic factors are
important in driving the targeted development of flocculants, their specific selection and their optimal dosing.
This requires effective measurement methods which
allow assessment of the prevailing flocculation state
under defined conditions which are close to those in practice. This paper describes a fiber-optic flocculation sensor
(FOFS) for measuring the flocculation state in flowing
systems, which has proved its value both for basic studies
in the laboratory and as the measuring component of control systems for actual dosing equipment [6, 11--13, 16].
The focus of this contribution is the use of the FOFS for
assessing the effectiveness of polymeric flocculants in the
treatment of industrial and municipal waste water.

Adsorption and Flocculation Kinetics

N1~

'~2
k12N1N2

N1~ ' )

adsorption

~lf k12N1N2

rearrangement

~fk11N12
~_
+

+

+

flocculation

~.! ~fk12N2

+
+

Fiber-optic flocculation sensor (FOFS)
~-_

The measuring device is made up of three integrated
units:
bridgingmodel
patch charge model
152JOQO.0(e)
35 -- an arrangement for mixing in the flocculation aid and
a region for floc formation,
-- a fiber-optic sensor fitted in an enveloped-flow cell,
Fig. 1 Interaction of adsorption and flocculation kinetics
-- detector electronics connected to a computer for combined data analysis and control of dosing.
the adsorbed layers [3--5]. The flocculation mechanism of
The principle of the experimental arrangement of the
bridging is enhanced by high molecular weights and a low
affinity between the flocculation aid and the surface. FOFS is shown schematically in Fig. 2. The medium to
Destabilization and flocculation is achieved when a be flocculated is turbulently mixed with the solution of
voluminous far-reaching polymer conformation is present the flocculation aid in a mixing chamber, which achieves
and the surface is about half-coated. Polyelectrolytes with rapid homogeneous distribution of both the components.
a high charge density tend to give a fiat surface adsorption; Flocculation takes place slowly under defined shear conthe resulting mosaic structure at a particular degree of ditions in a region of laminar flow. The length of the
polymer coating is therefore characterized by regions hav- laminar-flow tube can be matched to the applicable pracing positive and negative charges (patch charge model). A tical conditions.
After passing through the laminar-flow region, the
correlation between flocculation effect and surface charge
flocculated material flows through the fiber-optical
can only be derived for the charge-mosaic mechanism.
Differentiation of the two flocculation mechanisms is measuring cell (Fig. 3). The transmitted light of a laser
often possible by observing the shear stability. Polymer beam passing through the sample is detected (IR laser
bridges are relatively shear-stable, the destruction of
floes by increased shear stress generally being irreversible. Floes formed by the charge-mosaic mechanism, on
flocculant
waste water
~~
•
the other hand, are substantially more compact and shearlabile; however, destroyed floes return reversibly to the
original state after the stress is stopped [6, 7].
For those flocculation processes which are initiated by
laminar-flowtube
polymers, the depletion flocculation mechanism is also
being discussed in addition to the mechanisms based on
polymer adsorption. In the depletion mechanism, the
osmotic pressure causes the displacement of polymer
molecules from between neighboring particles as soon as
these are closer than a particular minimum distance
[8--10]. Theoretically, this mechanism is quite feasible,
although it has as yet not been experimentally verified, in
I
particular for real systems.
Besides the polyelectrolyte structure, the dosing and
mixing conditions play a decisive role in the flocculation Fig. 2 Principle of the flocculation sensor
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Fig. 3 Laser-optic flocculation monitoring technique

beam 835 nm; diameter in the suspension 1 ram). The intensity fluctuations of the transmitted laser light resulting
from particle density variations very sensitively mirror
the decrease in particle number caused by flocculation
and the corresponding increase in particle size. The electrical signals of the detector are converted by an integrated electronic component into the flocculation value
F (in volts) by means of a root-mean-square analysis [14],
this value serving as the assessment criterion for the effectiveness of flocculation.
It is of decisive importance for the optical measurement and for the use of the sensor that contamination of
the measuring cell is avoided. This is achieved by means
of an enveloping stream of deionized water which surrounds the substrate stream and so prevents the contact of
the latter with the wall of the measuring cell (Fig. 3). Furthermore, the optical path length can be adjusted for an
optimal signal-to-noise ratio by varying the ratio of the
sample stream to the enveloping stream, thus enabling the
measurement of typical samples of practice, such as
sewage sludge, paper pulp, coal suspensions, etc., in
their original concentration without prior dilution.
The measurement and evaluation of flocculation state
is typically carried out over 10 min by means of programmed dosing, in which the flocculation value F is
recorded during a stepwise increase in flocculant dosing.
Figure 4 shows an example of a flocculation curve. The
amount of flocculant required for optimal flocculation is
that where F reaches an asymptotic limit (bridging mechanism) or a maximum (patch charge mechanism).
The degree of flocculation F derived from intensity
fluctuations correlates with the floc size, which can be
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Fig. 4 Flocculation curve: dependence on the degree of flocculation F on flocculant dosing
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Fig. 5 Dependence of the degree of flocculation F on floc size for
the model system of glass spheres/glycol

shown both theoretically [15] and experimentally [13].
Figure 5 shows the results of model experiments with
glass spheres of differing size with glycol as the continuous phase. A linear relationship between the degree of
flocculation F and the sphere size is obtained, regardless
of the amplification of the detector.

Screening method for assessing the effectiveness
of flocculation aids for waste water treatment
In waste water treatment, flocculation (coagulation) of the
solid particles present in the water or sludge is induced
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by polymeric flocculants. Voluminous, stable flocs are
formed, which speeds up the process of sedimentation
and makes dewatering of the sludge possible. Depending
on the nature of the water or sludge, it is necessary to
select polymeric flocculants which have optimal properties with respect to effectiveness and economics. The
fiber-optic flocculation sensor has the particular advantage, when compared with conventional laboratory tests
such as sedimentation experiments (jar test), that the
monitoring of the flocculation process and therefore the
assessment of the flocculant is possible within a few
minutes.
Flocculation of excess sludge
Excess sludge occurs in the treatment of industrial effluents in concentrations of 10--15 g/1. Figure 6 shows
flocculation curves for excess sludge, in which anionically modified polyacrylamides from the Sedipur (registered
trademark of BASF) products were used (A--D) which
are different concerning their molecular weight and their
charge density. Assessment criteria are the amount of
flocculant needed for optimal flocculation and also, as a
measure of the floc size, the derived flocculation
parameter F. The differing effectiveness of the products
is clear from a comparison of the results (Fig. 6).
The flocculation curve of flocculant A is almost ideal:
after a short initiation or response time, during which the
amount of polymer is still too low for sufficient
destabilization of the particles, there is a significant increase in the degree of flocculation at higher polymer
concentrations. The flocculation curve is linear over a
wide range and finally approaches an asymptote at even
higher polymer concentrations. The flocculation curves
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Fig. 7 Flocculation curves for excess sludge with Sedipur products (A1, A2, A3); variation of molecular weight of the flocculants
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Fig. 6 Flocculation curves for excess sludge with Sedipur products (A, B, C, D), which are different concerning molecular
weight and charge density

of the polymers B, C and D are fatter, which implies a
higher usage of flocculant and a poorer flocculation effectiveness.
Systematic tests with selected anionic products have
shown high molecular weight flocculants with low to
medium charge densities (--2 to --4 meq/g) to be optimal
for flocculating excess sludge (Figs. 7, 8). In these floc-
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culation processes calcium ions serve as links between the
anionic polymers and the negative particle surfaces.
Because the bridging mechanism is responsible for the
destabilization, measuring methods based on a charge
characterization of the systems for assessing flocculation
(e.g. electrokinetic methods) are not appropriate.

BASF Waste Water Treatment Plant

neutralization
~1~
wastewater
BASF,communilies
mechanicaltreatment

41"

...............

Flocculation of digested sludge from a municipal
waste water treatment plant
For more highly concentrated grades of sludge, too, the
effectiveness of flocculants can be assessed without difficulty by means of the fiber-optic flocculation sensor.
Figure 9 shows this for the example of a digested sludge
(30 g/l) from the waste water treatment plant of
Obererlenbach, which was flocculated with cationically
modified polyacrylamides (K1, K2).
For the examination of highly concentrated systems
(30 to 60 g/l), such as thickener sludge, a modification to
the mixing chamber is required. The usual mixing
chamber operates as a static mixer, i.e., the mixing
energy is derived only from the volume flows of the two
components. For concentrations > 30 g/l, this arrangement can no longer ensure turbulent mixing. The use of
a mixing chamber to which additional mixing energy can
be provided (Ultra Turrax, blade stirrer) is therefore required.
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Fig. 10 Flow diagram of the BASF waste water treatment plant

waste water, mechanical treatment is carried out in a
screening plant and in clarifier. This is followed by
biological treatment in the activated sludge basins using
bacterial sludge. The bacteria degrade dissolved organic
substances with the aid of oxygen from the aeration, forming
water, carbon dioxide, and a new biomass, the exUse of the fiber-optic flocculation sensor
cess
sludge mentioned earlier (70% protein). The
as on-line control device in the Sedipur dosing facility
sedimentation
of the activated sludge in the secondary
of the BASF waste water treatment plant
clarifier (4--5 g/l) and the concentration of the excess
The individual steps of mechanical and biological waste sludge in the thickeners (10--15 g/l) is aided by anionic
water treatment in the BASF plant (Ludwigshafen, FRG) Sedipur products. After addition of conditioning agents
[17, 18] are shown in Fig. 10. After neutralization of the (ash and carbon), the thickened sludge (50--60 g/l) is
flocculated with a cationic Sedipur product. After
F-value [V]
dewatering, the filter cake is finally incinerated, the ash
being largely reused in the mining industry.
7c (sludge) = 30 g/I
The flocculant usage of the waste water treatment
plant
is about 8 tons per month. At present, flocculation
K2
6dosing occurs on the basis of empirical data. With the aim
of achieving more effective and more economical dosing
5which will, in particular, also allow the flocculant usage
to
match variations in the nature of the sludge, it is plann4ed to install the fiber-optic flocculation sensor as the control unit in the Sedipur dosing facility.
3"
The FOFS is at present installed in the distributor 4 of
2
the waste water treatment plant and is fed with a representative bleed stream which is taken from the unflocculated
1"
main stream of an aeration basin via a bypass. The optimal amount of flocculant is determined for this bleed
0
i
I
I
i
stream every 15 min. In the long term, it is planned to
0
012 0.4
016 018 110 112 114 1.6
1.8
2,0
connect the flocculation sensor to the process control
polymeric concentration [mglg]
system of the waste water treatment plant. After a proporFig. 9 Flocculation of municipal sewage sludge with Sedipur pro- tional transmission control factor has been determined for
ducts (K1, K2)
the process and plant, it will be possible to control the
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Original Record of the FOFS in the Waste
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ted to the process control system, the optimal dosing for
the main stream is determined, taking the varying conditions (flow rates, concentrations, dimensions, etc.) into
account.
As long-term experiments, the optimal flocculant concentrations together with the corresponding F-values
were recorded over several months. Evaluation of these
results has made it clear that the activated sludge flocculation is being carried out with considerable over- or underdosing of flocculant over extensive periods of time.
Controlled dosing matched to the sludge properties would
save flocculant and give improved flocculations.
The FOFS in distributor 4 of the waste water treatment
plant is still in the test phase, although connection to the
process control system is approaching.
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Fig. 11 Extract of an original record of the FOFS in the waste
water treatment plant

dosing in the main stream with the aid of the optimal flocculant amount in the bypass.
Changes to the laboratory version of the FOFS relate
essentially to data processing. Instead of the computer used in the laboratory, the control program will be installed
on a programmable interface (Multi Data), enabling connection to the process control system of the waste water
treatment plant. A printer coupled to the interface logs the
results continuously. Figure 11 shows an extract of an
original record.
The time of day, the actual flocculation aid concentration, the change in the flocculation value in comparison
with the previous concentration step (dF), and the absolute flocculation value (F) are given; the bar chart corresponds to the flocculation curve shown before. The optimal flocculant concentration is defined as that at which
increasing of the Sedipur concentration twice no longer
increases the flocculation value by more than 20%. On
the basis of this Sedipur concentration, which is transmit-

The fiber-optic flocculation sensor has proved its utility
as a robust measuring device with short response times
and high resolution, both in research investigations and in
field tests.
Systematic investigations with model suspensions and
with real systems lead to clarification of flocculation
mechanisms. Knowledge of the applicable flocculation
mechanisms is a fundamental requirement for understanding and optimizing flocculation processes. The fiber-optic flocculation sensor is, furthermore, useful as a screening method which is close to practice for developing and
for assessing the effectiveness of flocculants.
Use of the flocculation sensor as an on-line control
device in real dosing facilities is possible, which could in
the future be of particularly great value for water treatment in industrial and municipal waste water treatment
plants. With regard to the economics and effectiveness of
process operation, the advantages of optimized flocculant
dosing have already been shown in activated sludge treatment, and will certainly become even clearer with highly
concentrated types of sludge (excess, thickener, digested
sludge).
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The role of surfactants and polymers
in the filler flotation from waste paper

Abstract High contents of fillers
such as kaolin or calcium carbonate
limit the use of waste paper,
especially in tissue paper
production. In order to determine
the effect of flotation reagents on
the removal of fillers, adsorption,
zeta potential, and particle size
measurements, as well as flotation
experiments using model
dispersions of calcium carbonate,
kaolin, and cellulose fibers were
carried out. The adsorption of the
cationic polymer starts at low initial
concentrations on the negatively
charged filler surfaces and cellulose
fibers. However, due to the steeper
slope of the adsorption isotherm on
the fillers, the polymer is
preferentially adsorbed on the
fillers. Furthermore, the adsorption
of the polymer causes an increase

Introduction
Waste paper has become one of the most important raw
materials for the production of paper and cardboard [1].
Besides simple repulping, deinking has become the best
known technique for waste paper recycling. Deinked
stock is the predominant raw material in the manufacture
of newsprint, recycled graphic paper and sanitary paper
in Central Europe, and its use in wood-containing paper
for magazines is likely to become possible within the near
future [2].
However, not only the removal of printing inks but
also the control of the filler content is necessary for their

in the particle size of the fillers.
Anionic surfactants are generally
better suited for waste paper
systems containing calcium
carbonate than for those with
kaolin. This is due to the fact that
the adsorption onto calcium
carbonate occurs at lower
concentrations than that onto
kaolin. Calcium ions dissolved in
the pulp improve the adsorption of
anionic surfactant onto kaolin and
are necessary for a sufficiently high
recovery of the fillers.
Key words Fillers -- flotation -adsorption -- anionic surfactant -cationic polyelectrolyte

production. In the Central European paper industry,
kaolin and calcium carbonate are the most important
fillers and coating pigments. They not only improve
paper quality, but also reduce the production costs by
economizing on fiber utilization. Therefore, there has
been a trend towards utilization of more white pigments
in paper production. Together with the high recycling
rate, this led to a high filler content in the recycled stock,
limiting its use in special recycled papers.
In high quality sanitary papers, for instance, the ash
content should be as low as possible (at about 2%). At
present, the filler content is usually reduced by a washing
process and cannot be decreased by flotation, the most

Progr Colloid Polym Sci (1994) 95:168--174
© Steinkopff Verlag 1994
important deinking process in Europe. As flotation has
proved to be superior to washing in terms of economics
and minimal ecological impact, specific reagents have
been developed to improve filler removal by flotation
[3--5]. In a previous paper, we investigated the influence
of the type of filler, its particle size and the presence of
dispersants on the flotation recovery [6]. This paper deals
with basic aspects of the selectivity of special surfactants
and polymers in this process.

Experimental
Flotation tests
Flotation tests were carried out in a Denver-type, 2-1
laboratory cell. The concentrations of the reagents were
specified as solution concentrations. The procedure of
waste paper flotation is described elsewhere [5]. For the
filler flotation an aqueous dispersion with 0.2% filler in
tap water (pH 8.5) was stirred with the respective collector for 10 min and then floated for 5 rain. The floated
fillers were subsequently filtered; the filtrate was dried at
150 ° - 1 8 0 ° C and weighed to determine the recovery.
Particle size mesurement
The particle size distributions were determined by means
of laser diffraction (Particle Size Analyzer, Sympatek,
model Helos KA). The filler suspensions were prepared
under the same conditions as the corresponding flotation
tests (pH, water hardness, collector concentrations, stirring conditions). The solid material concentration was between 40 and 100 mg/1.
Zeta potential measurement
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The concentration of the surfactant were determined
by
titration
with
cetylbenzyldimethylammonium
chloride, which forms water-insoluble complexes with
the anionic surfactant. Potentiometric titrations were carried out with a Titroprocessor 672 (Metrohm,
Switzerland) using a surfactant-sensitive electrode [7].
The cationic polymer was analyzed by polyelectrolyte
titration with poly-(ethylensulfonate) (PES). The
equivalence point of the polyelectrolyte complexation
reaction was indicated either by streaming potential (PCD
2, Mtitek GmbH, FRG) [8] or, for lower concentrations
of the cationic polymer, by a color change due to the
cooperative binding of a metachromic dye on the excess
chromotrope titrant [9, 10]. Brilliant Yellow was used as
dye indicator.

Substances
Fillers
The following commercially available fillers were used:
Kaolin Spex IF, calcium carbonates of the type
Hydrocarb 90 OG (powder and slurry). The specific surface area of the fillers used for adsorption was determined
by the BET method (Sorptomatik 1800, Carlo Erba
Strumentazione, Italy). It was 7.5 m-~/g for kaolin and
10.3 m2/g for Hydrocarb 90 OG. Fibers: Sulfate-bleached cellulose from soft wood was used for the adsorption
experiments. The cellulose fibers were disintegrated and
left to swell after several treatments with distilled water.
The water-soluble impurities were removed from the
material by hot water extraction for 1 h, which was
repeated two times.

The electrophoretic mobilities of the minerals were
measured with a Zeta-Meter (Pen-Kern Lazar Zee Meter,
type 501, USA), the mobilities being converted into zeta
potentials by means of the Helmholtz-Smoluchowski
equation. The filler concentration of the suspension was
20 mg/1. The ionic strength was kept constant by adding
1 X 10 -3 mol/1 KC1. Measurements were carried out
after a conditioning and pH regulating time of 30 min in
a nitrogen atmosphere at pH 8.5.

Reagents

Adsorption measurements

The flotability of particles, i.e., the formation of bubble
particle aggregates and the enrichment of these aggregates in the foam layer, is given by a complex relationship of interfacial properties, particle size and
hydrodynamic conditions [11]. The two parameters, surface properties and particle size, can be controlled with
the aid of surface-active chemicals, such as surfactants or
polymers.
A certain hydrophobicity, which is a prerequisite for
the flotation of a solid particle, can be achieved by the adsorption of surfactants or polymers ("collectors") on the
solid surface. In the case of filler flotation, selective

The amounts of alkyl sulfosuccinate and of the cationic
polymer adsorbed on the fillers and fibers were determined by the depletion method. 1 g of the filler or 0.5 g of
the fibers were shaken with 100 ml of surfactant or
polymer solution of known initial concentration at pH 8.5
in a glass tube for 60 min. The suspension was subsequently separated by centrifugation (labcentrifuge UJ II E
Heraeus-Christ, FRG) at 4000 rpm for 60 min. Control
experiments without the addition of solids did not indicate
any change in the polymer concentration during centrifugation.

A commercially available fatty acid (Olinor 4020, mainly
C18, Henkel KGaA, FRG) was used for deinking. The
filler collectors are laboratory products: two different
anionic surfactants -- di-sodium alkyl sulfosuccinate
(alkyl = tallow, type A) or sulfonated oleic acid (type B)
-- and a cationic polymer (all from Henkel KGaA, FRG).
Fundamentals
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separation means that the amount of collector adsorbed on
the fillers as well as the degree of hydrophobicity have to
exceed the adsorbed amount on the fibers in the concentration range generally used for flotation.
The relationship between flotation rate and particle
size is complex [12]. The flotation efficiency decreases
distinctly below a certain particle size (often below 1
gm). On the other hand, paper manufacturers prefer fine
pigments, because many properties of the paper, such as
degree of brightness, opacity and smoothness, are improved by decreasing particle size of the fillers.
Therefore, a large amount of fillers with a particle size
below 1 gm is expected in the waste paper.
The adsorption mechanism of collectors strongly
depends upon the surface charge and characteristics of the
solids involved. With the exception of the ink particles,
the electrokinetic behavior of all solid materials which are
present during waste paper recycling has been investigated thoroughly [13--20], and the complex surface
models of kaolin and calcium carbonate are not dealt with
here. Under flotation conditions, i.e., in the pH range
from 8 to 10, the commercially available fillers used for
the experiments as well as the fibers are negatively charged. The negative charge is improved by the adsorption of
anionic dispersants, which are used for the stabilization of
filler slurries [4].
Different mechanisms have been suggested for the adsorption of anionic surfactants on negatively charged surfaces [21]. Multivalent cations in solution such as calcium
ions can improve the adsorption of anionic surfactants
when the cations adsorb on the surface and do not form
insoluble metal soaps with the surfactants. Sulfonate and
phosphate group containing surfactants have proven to be
particularly suitable [22].
In general, polymer molecules are adsorbed on a solid
surface from solution more or less as random coils. Some
of the polymer segments are anchored on the surface and
the rest of the segments form loops or tails. The extent to
which the segments are anchored to the surface is supposed to depend on the affinity between polymer segments
and solid surface. The adsorption of cationic polymers is
based either on the electrostatic attraction with anionic
surface sites or on an ion exchange in the Stern plane. A
similar mechanism has been suggested for the adsorption
of polymers onto cellulose [23]. In the interaction of cationic polymers with cellulose fibers, the main factors are
supposed to be the cationic charge of the polymer and the
negative charge of the cellulose fibers [17]. Most of the
cationic polymers, such as poly-(ethylenimines), which
are used as retention aids to control drainage and formation properties during paper manufacturing, are strongly
adsorbed on cellulose fibers.
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Fig. 1 Adsorption isotherm of the cationic polymer on kaolin (m)
and calcium carbonate (A) at pH 8.5
lustrated in Fig. 1. The adsorption experiments were conducted at a constant pH value of 8.5 in distilled water.
There is a steep increase of the adsorption isotherms at
low equilibrium concentrations. At higher concentrations
the polymer adsorption reaches a point of saturation. For
kaolin, this point of saturation is slightly higher than for
calcium carbonate. The steep slope of the isotherms indicates a high affinity between the cationic polymer and
the negatively charged filler surfaces.
Futher information on the adsorption of polyelectrolytes can be obtained from zeta potential studies.
Figure 2 shows the zeta potential of both pigments as a
function of the polymer concentration in a semi
logarithmic plot. In the absence of polymers at pH 8.5 the
zeta potentials of kaolin and calcium carbonate are
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Cationic polymers
The adsorption isotherms of the cationic polymer with
both fillers -- kaolin and calcium carbonate -- are il-

Fig. 2 Zeta potential of kaolin (I) and calcium carbonate (A) as
a function of the cationic polymer concentration at pH 8.5 in
deionized water
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negative and lie in the range of --60 mV and --40 mV,
respectively. With increasing polymer concentration the
surface charge of the pigments becomes less and less
negative, and at a concentration of 5 x 10 4 g/1 the sign
of the charge is reversed.
For the zeta potential measurements a solid/liquid
ratio of 20 rag/1 was chosen. Under these conditions the
decrease in polymer concentration due to adsorption can
be neglected and the equilibrium concentration is approximately equal to the initial concentration. Thus, a direct
comparison of the adsorption isotherms and the zeta
potentials as a function of the polymer is possible. For
both pigments the information correlates: The change in
the negative charge of the pigment at low concentration
is due to the polymer adsorption. Further adsorption
reverses the sign of the zeta potential and at the plateau
value of the adsorption isotherm the zeta potential remains constant. The corresponding zeta potential value is
higher for kaolin than for calcium carbonate, correlating
with the different adsorbed amounts of the cationic
polymer. Thus, the positive charge of the polymers
superimposes the negative surface charge, and the
positive charge of the polymer adsorption layer determines the electrokinetic behavior of the pigments.
In practice, multivalent cations in the flotation pulp
strongly affect the recovery of printing inks and fillers.
The formation of calcium soaps is supposed to be the
basic mechanism for the deinking with fatty acids as collector [24]. The specific adsorption of calcium ions on
pigment surfaces also modifies the electrokinetic
behavior of the fillers. The zeta potential of pure filler
pigments can change its sign in the presence of calcium
and aluminium ions [16]. In the case of the commercially
available fillers investigated in this study, the negative
zeta potential of calcium carbonate and kaolin decreases
with an increasing amount of calcium ions, but does not
change its sign [25].
Due to the still negatively charged surfaces, the adsorption of the cationic polymer is only slightly affected
by calcium ions in solution. Thus, the zeta potential of
calcium carbonate and kaolin at high polymer concentrations is nearly the same in tap water with 286 ppm
calcium ions as in distilled water (Fig. 3). Due to the
calcium adsorption on the filler surface and the decreasing number of negative surface sites, the charge reversal
occurs at five times lower concentrations than in calciumfree solution. The recovery of the fillers isnot influenced
by the water hardness, tested from 0 to 1780 ppm calcium
ions as CaCO3 (not shown here).
The data of the polymer adsorption on cellulose fibers
are represented in Fig. 4. They show a Langmuir-type adsorption isotherm. The plateau value obtained from Fig.
4 is more than 25 mg/g. Somewhat lower values have
been reported for the adsorption of other cationic
polymers such as poly-DADMAC or poly(ethylenimine)
on various cellulosic materials [26, 27]. The cationic
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Fig. 3 Zeta potential of kaolin (u) and calcium carbonate (A) as
a function of the cationic polymer concentrationin tap water (286
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Fig. 4 Adsorbed amounts of the cationic polymer on kaolin (m),
calcium carbonate (A) and cellulose (e) as a function of the
equilibrium concentration at pH 8.5

polymer not only contains monomer units with cationic
groups like poly-DADMAC, but also hydrophobic
elements. The interfacial properties of the polymer, i.e.,
their ability to attach to and hydrophobize the pigment
surface, result from the systematic optimization of the
hydrophobic/hydrophilic ratio of the monomers. Due to
the hydrophobic parts it-seems reasonable that the
polymer does not adsorb on surfaces in a flat conformation, but rather in the form of loops or tails. This conformation of the adsorbed polymers causes higher adsorbed
amounts than in the case of poly-DADMAC. A flat adsorption of poly-DADMAC has been assumed for different types of cellulose fibers [28].
The onset of the isotherm starts at low equilibrium
concentrations, but the slope of the isotherm is steeper in
the case of the fillers (Fig. 4). The specific surface area
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of swollen cellulose fibers is reported to be between 50
and 200 m2/g, depending on the size fraction and
pretreatment [20]. Corresponding to these values, the adsorption of the collector per unit area is considerably
lower than in the case of the fillers (Fig. 1). However, the
hydrodynamically accessible surface area for the polymer
adsorption lies in the range from 1.5 to 15 m2/g, depending on the fine fraction and the molecular weight of the
polymer [29].
Nevertheless, for waste paper recycling the plateau
values of the isotherm are not decisive. With 0.2%
dosage of the cationic polymer and 1% stock consistency,
the initial concentration is only 20 mg/1. Due to the
steeper slope of the adsorption isotherm on the fillers, the
polymer should preferentially be adsorbed on the fillers.
Figure 5 shows the flotation recovery of all three solid
materials -- calcium carbonate, kaolin, and cellulose.
These flotation tests were performed with pure systems.
The solid content was the same as in waste paper recycling: 1 and 0.2% for fibers and fillers, respectively. At a
concentration of 20 mg/1, the recovery of kaolin is higher
than 90%, while 70% of calcium carbonate are floated.
However, with the same initial concentration the
recovery of the cellulose fibers is below 20 %. In comparison with the adsorption isotherms it can be concluded
that the adsorbed amount of the cationic polymer is too
low in order to hydrophobize the cellulose surface. Thus,
the cationic polymer is a selective collector with respect
to filler pigments. This fact has been confirmed by flotation tests with synthetic mixtures of cellulose and fillers

1~ [mg/m =]

2]

1.5-

~

1

0.5

--m
0

r
10

100

i

1000
eoq x 10 3 [g/L]

Fig. 6 Adsorption isotherm of sodium alkyl sulfosuccinate on
kaolin at pH 8.5 with 0 (m) and 286 ppm (T) CaCO3

have been carried out on kaolin fillers. For these experiments a well-characterized sodium alkyl sulfosuccinate was used. In Fig. 6 the adsorption isotherms are
shown both with and without 286 ppm calcium hardness.
In distilled water the amount of adsorbed surfactant is
very low, reaching a plateau value of about 0.35 mg/m 2
at higher equilibrium concentrations. From this amount
an average surface area of 2.2 nm 2 per molecule can be
calculated. Taking 0.53 n n ] 2 a s the basis for the crosssectional area of a surfactant molecule [31], this cor[30].
responds to 20--25 % monolayer coverage. As a layered
silicate, kaolin has different chemical reactivities of the
Anionic collectors
basal plane and the edge surfaces. It is quite possible that
Since the adsorption of anionic surfactants on calcite has the anionic surfactant only adsorbs at the edges of kaolin
already been thoroughly studied, adsorption experiments which possess a higher number of cationic surface sites
[14]. A plateau coverage between 10 and 25% of a
monolayer was reported with other sulfates and
sulfonates above pH 5 [32, 33]. The adsorption of the
recovery [%]
alkyl
sulfosuccinate at the edges of kaolin is not reflected
100
in a noticeable change of the zeta potential (Fig. 7). This
is partly due to the fact that the electrophoretic mobility
so
"
of kaolin is not primarily determined through the edges,
but through the charge of the basal planes. On the con60
trary, the zeta potential of calcium carbonate decreases by
15 mV in the concentration range from 0 to 20 mg/l alkyl
sulfosuccinate; this suggests an adsorption of the alkyl
40
sulfosuccinate on filler calcium carbonate already at low
concentrations and confirms direct adsorption ex20
periments on pure calcite [25].
In the presence of 286 ppm CaCO3 the onset of the
0
adsorption isotherm starts at much lower equilibrium
0
10
20
30
40
50
60
concentrations, reaching a fivefold higher plateau value
c,,itl,i x 10 ~ [g/L]
(Fig. 6). As a result, calcium ions improve the adsorption
of
anionic surfactant molecules on the kaolin surface.
Fig. 5 Flotation recovery of kaolin (m), calcium carbonate (A) and
However,
under these circumstances the precipitation of
cellulose [30] (e) as a function of the initial polymer concentration
Ca-surfactant complexes is noticeable. The adsorption
at pH 8.5
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Fig. 7 Zeta potential of kaolin (m) and calcium carbonate (A) as
a function of the anionic surfactant concentration
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Fig. 9 Particle size distribution of two different types of calcium
carbonate with and without the addition of 20 mg/1 of the cationic
polymer:
la. Hydrocarb 90 OG
lb. Hydrocarb 90 OG + 20 mg/1 cationic polymer
2a. Hydrocarb OM 50
2b. Hydrocarb OM 50 + 20 mg/1 cationic polymer

carbonate than kaolin. However, the flotation capability
is highly dependent on the respective calcium carbonate
type.
The main differences in the behavior of the calcium
carbonate types have been attributed to their different particle size. Figure 9 shows particle size distributions of the
used fillers. For these measurements the filler suspensions were produced with the same concentrations of collectors and water hardness and under corresponding stirring conditions as in the flotation process. This procedure
0
50
1 O0
150
200
is used to register the particles present under flotation
Clni.°l x 103 [g/L]
conditions. It includes agglomerates which determine the
flotation behavior and not just the particle sizes of the
Fig. 8 Flotation recovery of kaolin as a function of the concentra
tion of sodium alkyl sulfosuccinate with 0 (B) and 286 (V) ppm filler particles present under optimal dispersion condiCaCO3; recovery of kaolin (v), calcium carbonate Hydrocarb 90 tions (complete stabilization in the aqueous medium of the
OG (A) and calcium carbonate Hydrocarb OM 50 (A) with
particle size produced by grinding). The mean particle
sulfonated fatty acid in tap water
size decreases in the following order: OM 50 >
Hydrocarb 90 OG. As was expected, the filler recovery
isotherm includes both adsorption and precipitation of the during flotation diminishes in the same order (Fig. 8).
surfactants in solution.
Figure 9 also displays the particle size distribution of
The flotation behavior of kaolin in distilled water is both calcium carbonate types under flotation conditions
poor. Even with high initial concentrations, only 30 to with the cationic polymer. It is obvious that the particle
40 % of the kaolin are recovered with the foam (Fig. 8). diameters have considerably increased for both types.
On the other hand, in hard water the recovery increases The adsorption of the polymers causes agglomeration of
more strongly even at low surfactant concentrations, the fillers, i.e., an increase in particle size. There are
reaching a recovery of 75 % in the plateau region. The hints that in agglomeration of colloidal systems, e.g.,
high recovery in hard water shows that the adsorption of water-based printing inks, the polymer acts via electhe surfactant on the surface predominates the precipita- trostatic effects rather than bridging mechanisms [22].
tion in solution. A comparison of the recovery of fillers Due to this agglomeration effect, the recovery of all
with a technical collector in hard water (Fig. 8) leads to calcium carbonate types is high, independent of their
the conclusion that it is distinctly easier to flotate calcium original particle size.
•
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ash content

Filler flotation from waste paper

[%]

25

Based on these fundamental results the filler flotation
from different types of waste paper was investigated. The
flotation experiments were conducted in tap water (286
ppm CaCO3) using the standard deinking formulation.
Besides alkali this formulation contain hydrogen peroxide
and sodium silicate, which increases the selectivity and
has been proven to be a dispersant for fillers [4]. 0.2%
of the anionic surfactant or of the cationic polymer was
applied. The results are summarized in Fig. 10 and are
given as percent ash (filler) content in the flotated pulp.
A low ash content means a high recovery of the fillers.
The cationic polymer has a comparably good effect for
kaolin and calcium carbonate (Fig. 10). The ash content
of paper mixture 1 (kaolin containing) and of mixture 2
(calcium carbonate containing) is reduced from 18 to 2%
or from 21 to 3%, respectively. The filler recovery exceeds 80% for both mixtures. In accordance with the
results from the model system, the cationic polymer is
suitable as a collector for both types of fillers, calcium
carbonate, and kaolin.
The ash content obtained with the anionic surfactant
was considerably lower in waste paper mixtures with a
high calcium carbonate content than in mixtures containing only kaolin. 0.2% of the surfactant reduces the ash
content of paper mixture 1 (kaolin) from 18 to 10%, but
in the case of paper mixture 2 (calcium carbonate) from
21 to 5 %. Thus, the anionic surfactants are generally bet-

[] kaolin
[] calcium carbonate

20

15
10

/// ' /:i1

before flotation

i
after flotation with
0.2 % anionic
0.2 % cationic
surfactant
polymer

Fig. 10 Ash content of two different mixtures of waste paper with
the cationic polymer and the anionic surfactant

ter suited for waste paper systems containing calcium carbonate than for those with kaolin. This is due to the fact
that the adsorption onto the calcium carbonate surface occurs at lower concentrations than that onto the kaolin surface.
Acknowledgement Financial support from the German Federal
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Application of magnetite sols
in environmental technology

Abstract Theoretically and
experimentally, it could be shown
that 10 nm magnetite particles can
be stabilized in aqueous carriers by
electrostatic and/or Born repulsion,
also under action of external
magnetic fields.
The bare or monolayer and bilayer
covered particles can be used in
environmental protection to
eliminate dangerous components
from waste water, polluted air and
soil by adsorption, and extraction
or heterocoagulation in combination
with magnetophoresis of the
modified magnetite particles in
presence of an external magnetic
field.
A mixture of water and the
ammonium salt of a
perfluoropolyether (PFPE)-acid was
used to determine the adsorption

Introduction
The preparation of stable, concentrated hydrosols containing nanometer particles is well known. An aqueous
iron-oxidhydratsol (Graham sol) is a typical example.
If the nanometer particles consist of ferri or ferromagnetic nm-particles such as magnetite or iron, the
prepared magnetic sols show -- besides the high colloidal
stability -- a superparamagnetic behavior: no hysteresis
in the magnetization curve.
Surprisingly, the sols are even sedimentation stable in
strong magnetic field gradients: Therefore, the whole
fluid volume can be moved towards a magnetic pole and
can be fixed on the pole. In literature, these stable sols are

capacity of stable dispersed,
positively charged magnetite
particles. Under the condition o f
monolayer formation the PFPE-salt
can be nearly totally eliminated
from the water carrier. At bilayer
formation the adsorption capacity is
increased two fold, but there is an
equilibrium between the adsorbed
and in the carrier solved PFPE salt.
Key words Magnetite sol - ferrofluid -- adsorption isotherm --

filtration -- interparticle interaction
-- perfluoropolyether

known as magnetic or ferrofluids [1]. The magnetic fluids

are mostly prepared with magnetite as the magnetic component and with dispersion media such as water,
hydrocarbons, hydrocarbon esters, silicones, and
perfluoropolyethers. The main problem for the preparation of stable sols is to find the right surfactant to cover
the particles. There is current aim to use the volume properties of the magnetic fluids in environmental protection: On the one hand, ferrofluidic exclusion seals [2]
prevent dangerous gas, oil-drops, and dust leakage of
chemical and biotechnological reactors, and on the other
hand, the float-sink technology [3] in magnetic fluids can
be used for separation of non-ferrous metals of automobile and electronic scrap.
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In this paper the dispersed 10 nm magnetite particles
were used for separation processes in environmental protection, such as was already proposed for the magnetic
separation of oil from the water surface or from oilin-water emulsions after mixing with magnetic fluids
[4--6], the decontamination of radioactive waste water
[7], the selective deposition of fine particles such as Sn
of Sn-hydrosols [8] or minerals [9] onto magnetite particles, and the elimination of biological components [10].
The general conditions for obtaining stable, water-based magnetite sols are described by superposition of the individual interparticle interaction energies (DLVO theory)
of dispersed magnetite particles: the electrostatic repulsion, the Van der Waals attraction, the Born repulsion,
and the induced magnetic attraction. Stable aqueous
magnetite sols can be most effectively used for elimination purposes. The high adsorption capacity of the
magnetite particles will be demonstrated by determining
the adsorption isotherm of a perfluoropolyether surfactant.

The stabilization mechanisms of diversely stabilized
magnetite particles in aqueous carriers are now described
in detail. For the calculation a special computer software
[17] was used: The dimensionsless individual energies
V/kT and the superposition of these energies were
calculated as functions of particle distance d.

Electrostatically stabilized magnetite particles
The calculated individual interaction energies and their
superposition (V) curves of 10 nm magnetite particles are
shown in Fig. 1, but in the presence of a magnetic field
in Fig. 2, respectively. For a 1 : 1 electrolyte with a con-

s [[''"~el
""

VMI'

Stabilization mechanisms
According to DLVO-theory [11], the interparticle interaction of dispersed particles can be described by superposition of their individual interparticle interaction
energies as function of their particle distance (d).
The energies can be attractive or repulsive: generally,
the electrostatic repulsion energy (Ve~) [12] and Van der
Waals attraction energy (Vd) [13] act between non
magnetic particles dispersed in aqueous carriers.
In an external homogeneous or inhomogeneous
magnetic field an induced interparticle magnetic attraction energy (I'm) [14] between subdomain magnetic particles must be considered.
Particles with anchored surfactant layers cannot come
into direct contact. The distance of closest approach can
be, at most, two time the adsorption layer thickness.
Using nm particles the V:energy of particle core no
longer acts at closest approach, therefore the Van der
Waals attraction energy of the adsorbed layer (V0 [15],
the Born repulsive energy (Vb) [16], and the Vet of the
external ionic adsorption layer determine the colloidal
stability of the dispersed particles.
For the interparticle interchange energy calculations
the experimentally determined properties of the particles
and the following Hamaker constants were used:
the Hamaker constant of magnetite: 2.3 • 1 0 -19 J ,
the Hamaker constant of water: 3.5 • 10 -20 J;
and the Hamaker constant of the adsorption bilayer
should be very similar to the Hamaker constant of the carrier: 3.4 • 10 -20 J.
Further parameters are given in the figure legends.

-5 0

3.75

7,5

1125

d/nm 15

Fig. 1 Dimensionless interparticle interaction energies Vel, lid,
Vb and their superposition V-distance curves for electrostatically
stabilized 10 nm spherical magnetite particles. Hammaker constant
of the magnetite = 2.3 • 10-19 and of the carrier = 3.5 • 10-2°
J, an 1 : 1-electrolyte concentration of 0.003 tool/l, and a zetapotential of 35 mV

'lJ

V/kT

"""-....~,Ve..l

0 !~'[

--...~ ..............i

,JtF
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3.)5

7;

11"25 d/tun 15

Fig. 2 Dimensionless interparticle interaction energies Ve~, Vd,
Vb, Vmand their superposition V-distance curves of electrostatically stabilized magnetite particles in an external magnetic field; same
constants as in Fig. 1
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centration of 1 • 10 -3 mol/1 and an assumed zetapotential of 35 mV, both V-curves have an energy barrier of
V/kT > 2. That means the sols should be stable against
coagulation, even in a magnetic field.
An increase of the electrolyte concentration or a
decrease of the zetapotential or a change of the pH value
would decrease the energy barrier shown in Figs. 1 and
2, and the particles would flocculate.
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Sterically stabilized magnetite particles
0

10 nm magnetite particles can also be stabilized in water
by a bilayer of surfactant. If the external layer is a nonionic one, the particle charge is nearly zero. These particles should be sterically stabilized.
Figures 3 and 4 show the interaction energy curves
outside of and inside an external magnetic field.
The figures show that Born repulsion creates the high
particle stability against coagulation.
Under action of additional external forces such as centrifugal or magnetic ones, the particles come into more or
less temporary contact at the distance of closest approach.
V becomes negative, so that small attraction energies are
created (Fig. 4). But the energies are much smaller than
1 kT. That means the particles can be redispersed by their
own kinetic energy kT, if additional forces do not act any
longer.
The sols should be extremely stable: The pH-value and
the electrolyte concentration can be changed in a wide
range without any particle flocculation.
To accomplish coagulation the Hamaker constant of
the carrier or of the bilayer must be changed, i.e., by addition of less-polar solvents.

3.75

7.5

11.25

d/rim

15

Fig. 3 Dimensionless interpartMe interaction energy V-distance
curve of 10-magnetite particles, modified by a bilayer: the external
layer is a nonionic one. Adsorption layer thickness: 3 nm, Hamaker
constant of the magnetite: 2.3 • 10-19 J, of the carrier: 3.5 •
10-20 J, of the surfactant layer: 3.4 • 10-20 J. The Vband V curve
are identical, Vel and VI can be neglected and not shown

V/kT

-V

%
0

VI

-5
0

3-~/5

7'.5

11'.25 d/nm 15

Fig. 4 Dimensionless interparticle interaction energies lib, Vel,
V1, Vm-distance-curvesin presence of an external magnetic field;
same constants as in Fig. 3

Sterically plus electrostatically stabilized
magnetite particles
Magnetophoresis
10 nm magnetite particles covered by a double layer can
be stabilized sterically and electrostatically, if the external layer has a positive or negative charge. This can be
realized by using cationics and anionics as external
layers.
The particles should be very stable against coagulation, but a destabilization is possible, i.e., by changing
the pH or ionic strength of the carrier. Figures 5 and 6
show the interparticle energies curves outside of and inside a magnetic field.
At the distance of closest approach the stabilization occurs by Born repulsion alone, at larger distances by a
superposition of Born plus electrostatical repulsion.
If the external adsorption layer is a salt of an organic
acid the sols can be reversibly flocculated by changing the
pH value of the carrier.

Magnetic particles can move in an external magnetic field
gradient by interaction of the particles with the external
magnetic pole, called magnetophoresis.
The velocity v/m s ] of pure magnetite particles with
their magnetic polarization I / T in a magnetic field gradient grad H/A m - 2 is given in a first approximation
[181:
= 2 l a 2 grad H/9 rl
a = particle radius/m
r/ = viscosity of the carrier, for water: 10 -3 Pa s.

v

The migration velocity v was calculated for different
particle aggregate sizes. A technically realizable grad H
of 107 A m -2 was assumed. The results are:
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Preparation of magnetite sols
..V

V/kT

Magnetite sols (ferrofluids) have been well known for
about 30 years. Our preparation methods are based on
Khalafallas' [19, 20] and Massarts' [21] suggestions.
Using the above-mentioned nm magnetite particles the
following water based magnetic fuids were prepared:

a) Magnetic fluids in surfactant free acidic aqueous carriers at electrolyte concentrations of 1 : 1-electrolytes
below an electrical conductivity of 10-3 ~-~ cm -1,
corresponding to electrostatically stabilized magnetite
sols.
-5 0
3.75
75
11.25 d/nm 15
b) Magnetic fluids in alkaline carriers stabilized by a
double layer of carbonic acids [22] or perfluoropolyFig. 5 Dimensionless interparticle interaction energies Vb, Vel,
V~, -- distance-curves of 10 nm magnetite particles modified by a
ether-mono carbonic acids, corresponding to sterically
bilayer. Adsorption layer thickness: 3 nm, zetapotential of the explus electrostatically stabilized magnetite sols.
ternal adsorption layer: 20 mV, 1.1 electrolyte concentration =
c)
Magnetic fluids in neutral, acidic or alkaline carriers
0.002 mol/1, Hamaker constant of the magnetite: 2.3 • 10-19 J, of
stabilized by two different layers: the first one consists
the carrier: 3.5 • 10-20 J, of the surfactant layer: 3.4 • 10-20 J
of a carbonic acid, the second one of nonionics [23],
corresponding to sterically stabilized magnetite sols.
WkT
..V
These fluids are environmentally friendly and
therefore suitable for the separation of non-ferrous metals
using the magneto-levitation effect [24].
~-vb
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3.)s

m

715

Adsorption of surfactants on the magnetite particles

11:2s ,U.m 15

Fig. 6 Dimensionless interpal'ticle interaction energy Vb, Vel, Vl,
Vm - - distance curves of magnetite particles modified by a bilayer,
in presence of an external magnetic field; the external layer is an

ionic one; same constants as in Fig. 5
Size of particle aggregate

v/mm

s -L

1 magnetite particle (mp)
6 • 10-5
10 mp
4 " 10 -4
1000 mp
8 • 10 -3
The calculations indicate that particle aggregates of more
than 1000 individual particles can be effectively separated
by a simple laboratory magnet.

Experimental results
Preparation and properties of the magnetite particles
The magnetite (Fe304) particles were prepared in the
water carrier by coprecipitation of concentrated iron(II)
and iron(III) salt solutions with ammonium hydroxide.
The particles have the following physical properties:
Medium particle core diamter: 10 +/--1 nm
Specific area (BET-method): 130 m2/g
Saturation polarization: about 400 mT,
No hysteresis in the magnetization curve.

To estimate the adsorption capacity of surfactants onto
electrostatically stabilized, 10 nm magnetite particles at
80°C the adsorption isotherm of an ammonium salt of a
perfluoropolyether mono carbonic acid with the molecular weight 929, prepared at Ausimont (Italy), was determined.
The amount of the surfactant was increased stepby-step to determine the formation as well as of the monoand the bilayer by checking the wetting and dispersing
properties of the modified particles towards water and to
Galden HT 90, a perfluoropolyether of a average molecular weight of 617 and a viscosity of 0.59 cSt at 40°C.
Experimentally, a strong wetting and dispersing of the
magnetite particles in the Galden carrier was found at a
surfactant concentration of 0.5 mMol surfactant/g
Fe304. This oleophilic behavior should correspond to
the monolayer coverage of the particles.
On the other hand, at higher surfactant concentrations
the modified particles became more and more
hydrophilic, and could be very well dispersed in the
aqueous carrier at a coverage of 1.0 mMol surfactant/g
Fe304. This concentration should correspond to a
bilayer coverage of the particles.
The adsorption curve in Fig. 7 shows that the surfactant can be nearly totally extracted from the carrier under
the conditions of formation of the monolayer possibly
caused by the high chemical affinity to the surface. In the
opposite case the formation of the second, external layer
is caused by hydrophobic interaction. There is an
equilibrium with the adsorbed amount and the concentra-
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Fig. 7 Adsorption isotherm of an ammonium salt of the perfluoropolyetheracid $2 (row = 929) at 80°C onto electrostatically stabilized 10 nm magnetite
particles
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tants can be fixed on 1 g magnetite, but the water is not
fully free from the surfactant. The second adsorption
layer is fixed on the magnetite particles by hydrophobic
interaction. It can be extracted by a suitable solvent or
evaporated.
A combination of processes b) with a) should give an
optimal filtration effect for harmful components.
Conclusions
For extraction of harmful components monolayer or
bilayer covered particles can be used: Aqueous magnetic
The colloidal stability of 10 nm particles of magnetite fluids, stabilized by bilayers of hydrocarbons can solve
dispersed in aqueous carriers can be calculated by super- organic molecules, i.e. benzene or chloroform within
position of the individual interparticle interaction their layers. During this process the particles flocculate
energies including the Born repulsion and the induced and can be magnetically separated. In principle the
separated particles can be recycled after separation of the
magnetic attraction.
10 nm magnetite particles can be stabilized both elec- adsorbed organic molecules, i.e., by distillation.
trostatically and/or by Born repulsion.
The hetercoagulation of solids or the covering of
The calculations were in agreement with the ex- droplets on the modified magnetite particles depends in
perimental results. Therefore, stable magnetic fluids with first approximation on the interface tension ratio: the inpositively charged magnetite particles and with bilayer terface tension of the adhered different particles must be
smaller than the sum of the interface tensions of the difstabilized magnetite particles could be prepared.
The particles can be used to eliminate harmful ferent particles to the carrier. It is possible to vary the inmolecules or solids from waste water, polluted air or con- dividual interface tensions by the kind and amount due to
taminated soil by adsorption, extraction or heterocoagula- mono or bilayer coverage of the particles. That should
tion:
make it possible to realize a specific adsorption and
The adsorption measurements show that at conditions specific magnetic separation of the harmful components.
The advantages of this separation technology are that
of monolayer formation 0.5 mMol perfluoropolyethersurfactant can be fixed on 1 g magnetite, and that it is the harmful ingredients together with the magnetic parpossible to nearly totally eliminate the surfactant from the ticles can be eliminated from the polluted system by a
water carrier. During the adsorption process the modified simple magnetic field. After magnetic separation, the
particles coagulate and can be separated by a simple harmful components can be often removed from the
laboratory magnet.
magnetite particles, and the magnetite particles can be
For recycling the modified magnetite particles can be used again.
dissolved in hydrochloric acid, the insoluble PFPE-surWe think that the described processes are an alterfactant is separated, and the dissolved iron chloride solu- native for the effective extraction of harmful molecules or
tion can be used to prepare new magnetite particles.
particles from polluted systems. Nevertheless, some basic
The adsorption can be carried on to formation of a research seems to be still necessary to make this process
double layer adsorption. 1.0 mMol of the PFPE-surfac- effective for a technical application.

tion of the surfactant in the carrier. The adsorption is not
so effective, but the molecules of the second adsorption
layer can be extracted by suitable solvents or can be
evaporated.
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