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CHAPTER 1:
INTRODUCTION
Silicate chemistry is comparable to carbon chemistry when we consider
its tremendous complexity. An enormous quantity of silicate compounds
exists. Every silicate compound is in equilibrium with other silicates. In the
solid phase reactions will be quite slow but in aqueous solution reactions are
fast. This impedes purification and identification of silicate compóunds in
solutions. Nowadays silicates can be identified with

29

Si-NMR. As chemica}

equilibria are not disturbed with this technic it is very suitable for the
determination of silicate ions in solutions. Recently work in this field was
published by Wijnen [1] and McGormick [2].
At present zeolite synthesis has become an important field of research
in silicate chemistry. Zeolites are crystalline, microporous structures which
contain mainly silica and alumina. They are used as additives in washing
machine detergents, as drying agents and form selective supports for catalysts and many other purposes.
In the last decades the number of synthetic zeolites has been extended.
Usually zeolite syntheses follows a general scheme:
A silica source, usually a gel, is dissolved in a base. Depending on the
kind of zeolite required an alumina source is added. The reaction mixture is
hydrothermally treated. It is thought that in the solution large silicate ions
are present which are the primary building units of the zeolite. These units
are joined together and a zeolite is formed. Under hydrothermal conditions
some zeolites are not stable. After some time quartz is formed by decomposition of the zeolite.
1
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In the beginning zeolites were prepared by treating aluminosilicate gels
with alkali and alkaline earth metal hydroxides. But nowadays frequently
templates are used. Templates are organic molecules or ions. A wide variety
of substances is used as templates (T ABLE 1.1).

TABLE 1.1: Templates used in zeolite syntheses
Structure
TMA
TEA

TPA
TBA
Methyltriethylammonium
n-Propylamine
Choline

Pyrrolidine

H2l'ir-(ClI2)n-l'irH2
n=2-6
n=7-10
n=2
n=2, 3, 4
n=8

Reference

Sodalite
ZSM-8
ZSM-12
ZSM-20
Mordenite
ZSM-5
ZSM·ll
ZSM-12
ZSM-5
ZSM-38
ZSM-34
ZSM-43
CZH-5
ZSM-35
ZSM-21
ZSM-23

3,4
5

ZSM-5
ZSM-11
ZSM-21
ZSM-35
ZSM-48

22,23,24,25
26,27
15,16
20,22,23,24
26,27

6
7
8,9
10

11
12
13,14
15,16
17
18
19
20
15,16
21

TMA is Tetramethylammoniurn, TEA is tetraethylammonium, TPA is
tetrapropylammonium and TBA is tetrabutylammonium.
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TABLE 1 doesn't claim to be a complete list of templates. A large quantity
of compounds can be used for this purpose. Por some zeolites mixtures of
templates are used. Examples of this are mixtures of templates as TMA and
TEA [28,29] and TMA and n-Propylamine [28,29,30,31] or mixtures of
templates with alkali metal cations as TMA with sodium [32,33].
As is very clear in T ABLE 1 a large number of zeolites can be formed
with the use of templates. Some zeolites can be synthesised with several
kinds of templates, and with some templates several kinds of zeolites can be
obtained.
During the synthesis the template influences a lot of processes on
molecular scale.
At first the dissolution of the silica is influenced. Wijnen [1] shows
that the dissolution rate is dependent on the base cation. Potassium hydroxide
dissolves the silica fast while TMA hydroxide bas a low dissolution rate.
In the solution formed a lot of different kinds of silicate ions are
formed. The cation present has a large influence on the distribution of the
silicate over the different structures. Por the anorganic bases only subtle
changes have been found in silicate distribution but for the organic bases the
silicate distribution is strongly influenced by the kind of organic cation
present. In the presence of TMA Hoebbel et.al. [34,35,36] found the cubic
octameric silicate ion Si80 20s.. Por TEA they found the hexagonal prismatic
SÏt;0 1s6" and for TPA they found the pentagonal Si 100 25 10•• These larger
silicate ions are sometimes present in sodium or potassium silicate solutions
but never in the quantities as found for the tetraalkylammonium (TAA) ions.
These large double ring silicate ions are thought to be the primary building
units of the zeolite.

3
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The large silicate ions are joined together to form the zeolite. This
process is also influenced by the T AA ions. By comparing the synthesis of
the ZSM-5 zeolite with TPA as template the reaction rate is much higher
than with TEA as template. The difference can only be explained by differences in the joining rate of the large silicate ions. Knight et.al. [37] found
an unexpected slow approach to thermodynamic equilibrium of the silicate
anion in aqueous TMA silicate solutions. This may favour side reactions as
the coupling of the primary building units.
When inorganic bases are used the zeolite is not the most stable form.
The zeolite reacts further to quartz. When organic bases are used this is not
observed. According to Jansen and van Beckum [38] the organic cation is
present in the cavities of the zeolite. The presence of the template in the
cavities of the zeolite is expected to prohibit the zeolite-quartz rearrangement. This is thought to be another important role of the organic cation as a
template.
A special group of templates are the symmetrical quaternary ammonium ions. They are used for the syntheses of sodalite, silicalite, ZSM-5 [3,4]
and many others. The kind of zeolite formeel depends on the kind of base,
the silica/alumina ratio, the silica/base ratio and the temperature. The
differences in structure are probably due to differences in interactions
between the ionic species. In all steps of the synthesis differences in behaviour are found depending on the kind of cation. This means that in every step
of the synthesis interactions between the cation and the silica take place
which have a large influence on the formation of the zeolite.
In this thesis we want to investigate the processes which take place on
a molecular scale. The systems encountered in the zeolite syntheses have a
4
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quite complicated composition therefore we rather study model systems. A
good model system is a solution of a quaternary ammonium salt wbich is in
contact with solid silica. By investigating the adsorption behaviour information can be obtained about the interaction of the template with a silica surface.
Another system which can serve as a model system is a solution of a
quaternary ammonium silicate. The dependence of the silicate composition
on the kind of cation, as found by Hoebbel [34,35,36], shows that even in
homogeneous solutions specific interactions between the ions are ·present.
These systems are typical colloid chemical model systems and by means of
colloid chemical methods it should be possible to obtain information about
these interactions. Although many research efforts have been spent on the
zeolite syntheses, until now hardly anything is known about the coUoid
chemistry of systems containing silica and quaternary ammonium ions.
In the next chapters attention will be paid to viscosities of silicate
solutions (chapter Il) and adsorption of quaternary ammonium ions on silica
surfaces (chapter IV). The viscosity of a solution is determined by the
interactions that take place in solutions. These interactions are for instance:
solvent-solvent interactions, solvent-solute interactions and solute-solute
interactions. In chapter II we want to obtain insight in processes on a
molecular scale.
During the research an interesting phenomena was observed: coacervation. This is demixing of the homogeneous aqueous solutions into two
aqueous phases. Usually coacervation takes place in solutions which contain
interionic interactions. lt is likely that these interactions are the same as
those encountered in the zeolite syntheses. Therefore the research was extended to coacervating systems (chapter III).
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CHAPTER II:
VISCOSITIES OF
SILICATE SOLUTIONS
2. 1 Introduction
Interactions in solutions play an important role in the deformation
behaviour under shear. This results in a high viscosity for solvents with
strong intermolecular interactions and a low viscosity for solvents with weak
intermolecular interactions. Solute molecules can change interactions between
the solvent molecules and will have interactions with other solute molecules.
Therefore the presence of dissolved compounds will have an influence on the
viscosity. These interactions can be electrical interaction, hydrodynamica!
interaction and many others. In this chapter we will discuss the influence of
electrolytes, in particular silicates, on the viscosity.
In 1847 Poiseuille [l] was one of the first who studied the influence of
electrolytes on the viscosity of water. In the same century Arrhenius [2]
developed one of the first theories about the viscosity of electrolyte solutions:
(2.1)

In this equation '11r is the relative viscosity, 'IJ the viscosity of the electrolyte
solution, 11° the viscosity of water and A a constant.
8
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In 1929 Jones and Dole [3,4] found an empirical relation which
describes the viscosity of solutions as a function of the electrolyte concentration:
(2.2)

In which c is the molar concentration and A and B are the Jones-Dole
coefficients.
This equation was in agreement with experimental data for concentrations up to 0.05 M. Por higher concentrations Kaminsky [5] added a term
proportional to the square of the concentration: Dc2 •
(2.3)

In these equations the coefficients have the following meaning:

A

describes long range electrostatic interactions.

B

describes solute-solvent interactions.

D

describes solute-solute interactions other than electrostatic interactions.

This division is not quite accurate since higher order terms of the two first
mentioned effects are incorporated in the D coefficient.
Other equations describe the dependence of the viscosity on the
temperature. The viscosity of water is strongly temperature dependent. At
high temperature the viscosity is lower than at low temperature. Sepulveda
and Gamboa [6] give an exponential relation between viscosity and temperature:

9
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1

ln(T) )cxr

T

(2.4)

T is the temperature in K.
They attributed the slope of this curve to the activation energy for the
creation of a hole in the liquid. Electrolytes have an influence on flow by
influencing these holes as is described in work of Werblan [7], Feakins et.al
[8] and Crudden et.al.[9,10]. This mechanism is usually called activated
flow.
For describing viscosity data as a function of concentration the JonesDole equation and the activated flow theories are available. The Jones-Dole
equation seems to be most useful, because it describes the viscosity in terms
of interaction parameters. These parameters are supported by quantitative
and semi quantitative theories by work of Falkenhagen [11,12,13], Onsager
[14], Stokes and Mills [15] and Palma and Morel [16]. The theories about
activated flow are still in an empirica) stage. The molecular view of the
activated flow model is not completely satisfactorily. In addition, in activated
flow mechanism only the influence of solute-solvent interactions are considered, while Jones and Dole clearly show that other interactions ( for instance
long range electrostatic interactions ) are not negligible. Therefore the
mechanism of activated flow cannot describe all aspects of viscous behaviour. As the Jones-Dole B coefficient describes solute-solvent interactions, the
mechanism of activated flow can possibly contribute to the theoretica! back-

10
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ground of this parameter. The Jones-Dole equation is fit for describing the
viscosity of electrolyte solutions and is a first step for the interpretation of
viscosity data to processes on a molecular scale.
In this chapter the Jones-Dole A, B and D coefficients are reported for
solutions of TMA silicate, sodium silicate, potassium silicate and mixtures of
TMA and alkali silicate solutions. These values were compared with each
other and with the coefficients of other electrolytes. Most theories for the
Jones-Dole equation are only valid for strong electrolytes. Since, recently,
McGormic [17] showed that in solutions of sodium silicate ion association
may take place, deviation from Nernstian behaviour is investigated by means
of ion selective electrodes for sodium and potassium ions.

2.2 Theory: The Jones-Dale coefficients.

At first the Jones-Dole equation ( equations 2.2 and 2.3) was empirical. However, it did not take long to obtain insight in the physical meaning
of these coefficients. In this paragraph the coefficients will be quantified as
much as possible and different theories about these coefficients will be
discussed.

2.2. 1 The A coefficient.

Shortly after the papers by Jones and Dole, Falkenhagen ( 1929 )
[11,12,13] and Onsager [14] gave a physical background to the A coefficient. The A coefficient describes the contribution of the long range electrostatic interactions to the viscosity. The main backgrounds will be summarised
below.

11
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In solutions of strong electrolytes the behaviour of the ion cloud is
described by the Debye-Hückel theory. The Debye-Hückel theory describes a
spherical distribution of counter ions around a centra! ion. Under the
influence of shear the charge distribution will become distorted. This causes
a gradient in counter ion

concentra~ion,

and thus a potential difference

(disturbed potential), in the shear direction (see Figure 2 .1). The counter
ions will move back towards their equilibrium position. Because of the size
of the ions there will be a drag force present working on the ions and on the
solution. This will cause an increase in viscosity.

---+
G
+

Figure 2 .1: Distortion of a charge distribution by shear.
In 1929 an equation was presented by Falkenhagen for symmetrical
electrolytes with equal mobilities of cat- and anions [11], hut in 1932 the
complete formula was available for asymmetrical electrolytes with different
12
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mobilities [13].
In this calculation the products of the concentration of counter ions
with the distorted potential are integrated over the ion cloud. At a close
distance the distortion is small and the concentration of counter ions large
and at large distance the distortion is larger and the counter ion concentration
smaller.
The equation for the A coefficient given by Falkenhagen en Vernon
[13] is as follows:

(2.5)

In this equation are:
11 and 12 mobilities of ions of types 1 and 2, respectively
z 1 and Zz valencies of ions of types 1 and 2, respectively
v 1 number of ions 1 per molecule
71° viscosity of solvent
D 0 dielectric constant of solvent
T temperature

13
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According to some authors [15, 18] the effect of the A coefficient is
negligible at higher concentrations. The main reason for this is that in some
cases the contribution of the A coefficient will be much smaller than the
contribution of the B coefficient. Although at high concentrations the A
coefficient will not very accurately reflect electrostatic interactions, because
of deviations from Debye-Hückel behaviour, this is no reason to exclude the
effect. The distortion of the ion cloud will take place at all concentrations.
Therefore it is better to bring the A coefficient into account over the whole
concentration range, although we realize that the Debye-Hückel theory is
only a rough guide in the more concentrated concentration range.
Equation (2.5) is only valid for strong electrolytes. Weak electrolytes
have a less pronounced charge distribution than strong electrolytes. Quintana
et.al. [19] gives for the contribution of the electrostatic interactions of a
weak electrolyte to the viscosity:
AFalhnhagen J(l-a)c

(2.6)

Here AFa1kentiagen is the A coefficient calculated with equation (2.5) and ex is
the degree of association.

2.2.2 The B coefficient.

As the B coefficient is proportional to the concentration it is widely
believed that the B coefficients describe the effect of the solute on its direct
environment, the solvent. It is analogous to the viscosity relation of Einstein
for dilute suspensions [20] which describes the hydrodynamical interaction of
a sphere with the solvent:
14
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(2.7)

in which

</>

is the volume fraction.

Several theories have been reported in order to describe the B coefficient. Some of them consider solute-solvent interactions as being the main
cause of the B coefficient [7,8,9,10,21]. Out [22] shows that both hydrodynamics and solute-solvent interactions contribute to the B coefficient.
In 1965 Stokes and MiHs [15] presented a semi quantitative theory
including both hydrodynamical effects and solute-solvent interactions:
(2.8)

Bh is the hydrodynamica! contribution which originates from the Einstein

viscosity relation (equation 2.7),

B<>rient

is a positive contribution due to the

orientation of the dipoles of the solvent when a solvent molecule is moving
past the ion and B.1, is a term which brings into account the structure breaking or building properties of the solute.
Krumgalz [23] added a positive term Breinr to equation 2.8 for the
reinforcement of structure which is caused by hydrophobic hydration.
Although hydrophillic hydration (Bstr) and hydrophobic hydration

<Brem~

are

of a different origin, as is suggested by Frank and Wen [24], they both
describe the influence of the solute on the solvent structure. Therefore it is
probably better to combine these terms, similar to Out [22] and Krumgalz
[25]. They give for the B coefficient:

15
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(2.9)

B81r is a temperature dependent term which mainly involves the
structure breaking and building effects.

Borient

in equation 2.8 is most proba-

bly incorperated in B.1" For hydrophobic hydration and structure builders the
water surrounding the ion is more or less ice-Iike. At high temperatures the
ice-like hydration structure "melts down" .. The term Bstr diminishes and may
approach zero at high temperatures. If the ion present is a structure breaker
the Bstr is negative. This means that the hydration structure is less ordered
than the bulk solvent. At high temperatures the bulk solvent becomes less
ordered. The difference in structure between hydration structure and bulk
water decreases and Bstr approaches to zero.
2.2.2. 1 The addition of B coefficients.
The B coefficient describes the solute-solvent interactions. In order to
obtain this term, it is supposed to be additively composed of contributions of
every single ion in solution. As a consequence of this the B coefficients of
mixtures can be calculated by summing the B coefficients of the pure components. Dordick [26] showed that the additivity rule for the B coefficients is
valid in the case of alkali halogenides.
2.2.2.2 Splittinii of B coefficients into jonic contributions.
A salt is a mixture of cations and anions. It is not very likely that both
ions have the same contribution to the viscosity. Every ion will have a
characteristic size and influence on the water structure. For the determination
of the influence of an ion on the water structure at first the B coefficients
found in different salt solutions should be split up into their ionic contri16
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butions. Because of the additivity rule, as proved by Dordick, the overall B
coefficient will be the sum of the two ionic B coefficients. Two methods are
described in the literature for water as solvent.
In 1957 Kaminsky (27] described a suitable method for the splitting of
B coefficients. By measuring the electric conductivity it had been found that
the effective radius of the potassium ion was nearly equal to that of the
chloride ion. Kaminsky supposed that, because of the same valency, the
solute-solvent interaction were the same as welt This leads to the conclusion:
(2.10)

In 1979 Desnoyers [28] suggested that Kaminsky's method was not
completely accurate. Desnoyers supposed that a better approximation should
be that the tetraethylammonium ion in water neither behaves as a structure
builder nor as a structure breaker. The ionic B coefficient could be well
described with the hydrodynamica) term. The hydrodynamical term is
calculated with the Einstein relation for viscosity (equation 2.7). The volume
fraction, </>, was calculated by multiplication of the concentration with the
molar volume.
(2.11)

The differences between ionic B coefficients calculated with Kaminsky 's method and with Desnoyers method are quite small. Out [22] used
Kaminsky's method to calculate the ionic B coefficients. Por the ionic B
coefficient of the tetraethylammonium ion he found an important temperature
17

Chapter II
dependent term. Even when calculated with Desnoyers method this temperature dependent term is present. This .indicates that the tetraethylammonium
ion is a structure builder. This is confirmed by Heuvelsland [29] who
measured enthalpies of dissolution ( solvation ). He calculated the hydrophobic hydration of quatemary ammonium ions. He found that even tetramethylammonium is hydrophobically hydrated. This means that the approximation of Desnoyers [28] is not valid and that in this case there is no
alternative for Kaminsky's method.
2.2.3 The D coefficient.
The Jones-Dole equation comprising only the A and B coefficients is
found to be valid for concentrations up to 0.05 M. In 1957 Kaminsky [5]
added a third term, proportional to the square of the concentration, just like
Thomas [30] did with regard to the Einstein equation for viscosity (equation
2.12). In the beginning these D-values were quite inaccurate, but in 1972
Desnoyers and Perron [28] were among the first who published accurate D
coefficients. They denoted this term as a mixture term which contains solutesolute interactions; in addition higher order terms of the A and B coefficient
are incorporated in the D coefficient. Out calculated the contribution of the
higher order term of the B coefficient with the higher order term of the
hydrodynamica! relation for suspensions which was presented by Thomas
[30]:
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'lr =1+2.5 cl>+ 10.05 cf>2

According to Batchelor [31] the coefficient of the

(2.12)

q, 2 term should be

6.2 because ions can be considered as small particles where Brownian
motion plays a role.
Out [22] found that the D coefficient is proportional to the square of
the B coefficient of quaternary ammonium salts. Therefore he described the
D coefficient in terms of hydrodynamical interactions. For the B coefficient a
difference is made for the hydrodynamical contributions and the influence of
the solute on the solvent (equation 2.8 and 2.9). For the hydrodynamical
contributions for the D coefficient this should be the same. The proportionality of the D coefficient with the square of the B coefficient, as found by

Out, cannot be a consequence of hydrodynamics. In solutions of T AA ions
large contributions of the solute solvent interactions to the B coefficient are
present. The linear correlation between the D coefficient and the square of
the B coefficient shows rather that the effect that causes the B coefficient bas
a quadratic effect on the D coefficient. The B coefficients for the T AA
bromides, as found by Out, show a nearly linear dependence on the chain
length and the D coefficients show a linear dependence on the square of the
chain length. The molar volumes of the T AA ions are not linearly dependent
on the chain length. Therefore other interactions than hydrodynamical
interactions are the main cause of the B and D coefficients for these ions.
In 1979 Palma and Morel [16] drew a parallel with the work of Frank

and Evans [32]. Frank and Evans described the B coefficient in terms of
solvent entropy. Pal ma and Morel calculated for every electrolyte the charac19
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teristic solute-solute pair interaction ·entropy. This entropy gave a linear
connection with the D coefficients found in mixtures of T AA bromides with
tertiary butanol.
Palma and Morel's work does not give a complete theory describing
the D coefficient. A number of effects contribute to this coefficient. In
solutions of normal electrolytes, e.g. alkali metal halogenides, the solutesolute interactions are thus small that th.e high order terms of the A and
especially the B coefficient form the principal contribution to the D coefficient. In Palma and Morel's approach for the D coefficient some restrictions
have to be mentioned. Probably the high order terms of long range electrostatic interactions and solute solvent interactions have to be subtracted from
the experimental D coefficient before relating it to the electrolyte-electrolyte
pair interaction entropy. Until now the size of these high order terms is not
known. Therefore the use of this theory is restricted.

2.2.4 Viscosity of silicate solutions.

Most of the theories presented until now are only suitable for strong
electrolytes. These systems are precisely defined. Silicate systems are far
more complicated. Silica can be present in several forms, for instance
monomers, dimers, trimers and so on, and the pH of the solutions is high.
This means that a considerable amount of hydroxylic ions is present in
solution. Therefore the charge on the silica cannot be calculated accurately
and a mixture of ions is present. This can have consequences for the coefficients of the Jones-Dole equation.
The behaviour of the A coefficient in mixtures has not been investigated until now. But it is very likely that the ions with the highest mobility
20
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will have the highest influence on the A coefficient. The hydroxylic ions

have a very high mobility and therefore they will have a large influence on
the A coefficient. In order to avoid complications arising from differences in
mobility between the different ions present, we have determined A values
from measurements on systems with reasonably constant silicate compositions. These A values will be compared with A values found for other
electrolytes. Hoebbel [33,34,35] showed that the number of silicate types is
dependent on the concentration, the kind of cation and the silica I base ratio.
We have to choose a concentration and silica I base ratio which bas a
reasonably constant silicate composition.
For the B coefficients of mixtures the additivity rule of Dordick [26]
will be used (see section 2.2.2.1).
The situation for the D coefficient can be compared with the A coefficient. A reliable theory about D coefficients of mixtures has not been
presented yet. The values can onJy be used in comparison with other values.

2.3 Experimental.
2.3.1 Determination of Nernstian behaviour.

2.3.1.1 Materials.
Sodium hydroxide, ex Merck Titrisol.
Sodium chloride, PA., ex Merck.
Potassium hydroxide, ex Merck Titrisol.
Potassium bromide, PA" ex Merck.
Precipitated silica, ultra pure, ex Merck.
twice distilled water .
21

Chapter II
2.3.1.2 Procedure.
Potentials were measured with a Coming Sodium Selective Electrode for the
sodium salts and a Philips Potassium Selective Electrode for the potassium
salts against an Orion Double Junction Reference Electrode. The potential as
function of the concentration for the bromide, hydroxide and silicate salts of
sodium and potassium was determined by means of the Orion Autochemistry
System 940/960, with the "serial calibration" standard option. Therefore in
this chapter the curves of the potential versus the logarithm of the concentration are called "electrode calibration curves" . In order to expand the concentration range, solutions with concentration of 2 and .1 M were used to
determine the calibration curves. For the silicate solutions the alkali metal I
silicate molar ratio was 2: 1. All experiments were carried out at 20 °C.
2.3.2 Yiscosity measurements.
High precision viscosity measurements were carried out with an
automized Ubbelohde capillary viscometer. Viscosities were calculated from
the following equation:
(2.13)

Here t and t 0 are the flow times of sample and water respectively, corrected
for loss of kinetic energy (36,37]. p and p 0 are the densities of sample and
water, respectively. SC is the surface tension correction as given by [38].
Surface tension corrections were calculated from:
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a)p

ao- SC=l+K ( po

(2.14)

where K is a factor which contains geometrical constants of the viscometer,

o 0 and

<J

are the surface tensions of water and sample, respectively and p 0

and p are the densities of water and sample, respectively.

2.3.2.1 Materials.
TMA bromide, Merck, >99 %.
TMA hydroxide pentahydrate , 97 %, ex Janssen Chimica.
sodium hydroxide, ex Merck Titrisol.
potassium hydroxide, ex Merck Titrisol.
precipitated silica,

> ultra pure, ex Merck.

twice distilled water

2.3.2.2 Procedure.
The viscosities of TMA bromide solutions were measured for comparison with literature values in order to check our experimental procedure.
For the silicate solutions stock solutions were made with a base to
silica ratio of 2: 1. The cation composition was expressed as the molar
fraction TMA of all cations. Por mixtures of sodium and TMA silicate TMA
fractions of 0, 0.25, 0.5, 0. 7 and 1 were used and for mixtures of TMA and
potassium silicate TMA fractions of 0, 0.25, 0.5, 0.75 and 1. Eight solutions
of TMA bromide and of each stock solution were prepared in the concentration range 0.02 s; c s; 0.7 M based on the cation concentration. At the

23

Chapter II
highest concentration the composition of the silicate ions was determined by
a method described by Groenen [39]. No significant differences in silicate
composition were found for sodium and TMA silicate solutions. Viscosities
were measured using a Schott Ubbelohde viscometer Oa and a Schott Viscosity Meàsuring unit AVS 310 (± 0.01 s). The temperature was fixed at 25
°C with a LKB 7600 A precision thermostat (± 0.001 °C). Densities were
measured with an Anton Paar DMA Calcu.lating Precision Density Meter
(± 0.00001 g/ml). Measurements of the surface tensions were carried out

with the Krüss tensiometer KT 10 (

± 0.1 mN/m) using the Wilhelmy plate

method. Surface tensions were found to be dependent on time. This is
thought to be due to slow approach to equilibrium. As the liquid in the
Ubbelohde viscometer is moving, the surface is not in equilibrium. Therefore
the initia! surface tension was used in equation 2.14.

2.4 Results.
At first the results of our measurements of TMA bromide are compared with the results obtained by Out [22]. In Figure 2.2 the viscosity of
TMA bromide solutions as a function of the concentration is compared with
Out's data. The Jones-Dole coefficients obtained from our data were:
A=0.0063, B=0.0772 and D=0.0581. The differences between our data
and Out's coefficients (A=0.0063, B=0.076, D=0.059) are minimal.
Figure 2.3 gives the electrode calibratîon curves of the sodium salts
(Figure 2.3a) and of the potassium salts (Figure 2.3b). The curves are
shifted in vertical direction, by approximately 20 and 40 mV, to emphasize
the Nernstian behaviour. If any association of silicate and alkali metal ions
takes place, this will be visable as a decrease in slope with increasing
24
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concentration.
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0.00

0.40

0.20

0.60

concentration

·Figure 2.2: Viscosity of TMA bromide as function of the concentration

( + measurements, drawn line Out's results).
Figure 2.4a gives the coefficients of the extended Jones-Dole equation, for
the five ratios of TMA silicate and Na silicate. Figure 2.4b gives the
Jones-Dole coefficients for the mixtures of TMA and potassium silicate. On
the horizontal axis is the fraction of TMA of all cations. These coefficients
were obtained, by fitting the experimental data with a method provided by
Press et.al. [40], to the extended Jones-Oole equation (equation 2.3). The
viscosities are listed in appendix A. The total cation concentration was used
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Figure 2.3: Calibration curves of a) sodium salts b) potassium salts.
in the fitting procedure instead of the silica concentration. As a result of this
we have to divide literature A coefficients of bivalent electrolytes by v'2 to
adjust them to the concentration scale we used. Because of the additivity rule
for the B coefficients, literature values of the B coefficient can be used. The
concentration scale we used is particularly convenient for comparison of the
A, B and D coefficients of the silicate solutions with those of sodium
chloride and TMA bromide. The influence of the silicate ions on the coeffi26
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cients is shown most clearly by keeping all other variables constant while the
bromide is replaced by the silicate.
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Figure 2.4: Jones-Dole coefficients of silicate solutions as function of the
TMA fraction ( lO*A, B, D), a) sodium-TMA, b) potassium-TMA.
The uncertainties in the viscosities are less than 0.01 %. The uncertainties
caused by the fitting procedure, provided by Press et.al. [40], in the A
coefficients are about 5 % and in the B and D coefficients are approximately
1 %. The straight lines through the B coefficients are the theoretical lines
based on Dordick's [26] additivity rule calculated with data provided by Out
[22] (equation 2.15).
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2.5 Discussion.
The precision of the coefficients permits to conclude that in Figure 2.4 the
curves of the A and D coefficients are significantly convex towards the
X-axis. For ratios up to 0. 7 the B coefficients can be described as straight
lines.
2.5.1 The B coefficient.
The B coefficients were in the range of 0.24 - 0.32 dm3 mote· 1 for
mixtures of sodium and TMA silicate and for mixtures of potassium and
TMA silicate they were in the range of 0.18 - 0.29 dm3 mo1e· 1• Out [22]
found for sodium chloride 0.078 dm3 mo1e· 1, for potassium bromide -0.0468
dm3 mo1e· 1 and for TMA bromide 0.076 dm3 mote· 1• The difference in B
coefficients between the halogenides and the silicates indicates that the
contribution of the silicates to the B coefficient is large. As silicate ions have
a hydrophillic hydration, the large B coefficient is most probably due to a
large Bst, in equation 2.9. This means that silicate ions have large structured
hydration regions and can therefore be considered as structure builder.
According to the additivity of the B coefficients, the curve for sodium
TMA mixtures should have been a straight line, described by:
(2.15)

where

BTMA

and BNa are the ionic B coefficients of the TMA and sodium ions

and X is the fraction of TMA of all cations. One could expect a factor 2 in
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the second term because the base/silicate ratio is 2. This factor is not used
because the concentrations used in the fit are the total cation concentration
and not the silicate concentration. The slope can be calculated from B
coefficients found by Out [22], and from these data is expected to be 0.044
dm3 m0Ie· 1• This was found for molar fractions up to 0. 7.
For mixtures of potassium and TMA silicates a slope can be calculated
in a similar way and is expected to be 0.123 dm3 mote· 1• Similarly for
sodium-TMA mixtures the slope does agree with the experimental B-values
for ratios up to 0.75. The exceptionally small B coefficient found for TMA
silicate, does not conform with the additivity rule.
An explanation for the small B coefficient of TMA silicate is the

difference in hydration of the ions. Silicate ions are hydrophillic structure
builders and TMA is a hydrophobic structure builder. Frank and Evans [32]
suggested that these two hydration types are of a different origin. Therefore
these different structured regions do not overlap. The small B coefficient of
TMA silicate can then be explained by the assumption that at points of
contact of hydrophillically induced and hydrophobically induced solvent
regions structure breakdown occurs.
2.5.2 The A coefficient.

The A coefficients of TMA, sodium and potassium silicate found in
this investigation were 0.0266, 0.0099 and 0.0056 1°· 5 mole-05 respectively.
Out [22] calculated with the Falkenhagen equation (equation 2.5) for sodium
chloride, TMA bromide and potassium bromide 0.0061, 0.0063 and 0.0050
1°· 5 mole-0. 5 • The difference between chloride and bromide ions is of no

importance, because they have the same mobility. Stokes and Mills [11]
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mention 0.0142, 0.0092, 0.0113, 0.0106, 0.0117 and 0.0118 1°· 5 moie·0 ·5 for
barium chloride, cadmium chloride, cobalt chloride, iron (Il) chloride,
magnesium chloride and lithium sulfate respectively. These values are
corrected for the concentration scale we used. The A coefficient of sodium
silicate is comparable with the value of other 2:1 electrolytes. The A
coefficient of potassium silicate is much smaller. The A coefficient of TMA
silicate was 2 1h times higher than that of sodium silicate. As the A coefficients of sodium chloride and TMA bromide have nearly the same value, the
difference in A coefficient of the silicates cannot be explained with the
Falkenhagen theory. According to Quintana [15] the small values of the A
coefficient can be caused by ion association. However, if this would be the
main reason for the difference between the A coefficients of TMA silicate
and sodium silicate then, according to equation 2.6, 86% of the sodium ions
should have been associated to silicate ions. McGormic [13] showed that in
solutions of sodium and silicate ions association can take place. This association should strongly influence the electrode calibration curves shown in
Figure 2.3. An association percentage of 86% would cause a potential drop
of 51 mV with respect to the value observed in completely dissociated salt
solutions. The calibration curve in Figure 2.3a shows a nearly Nernstian
behaviour for silicate solutions. The difference in slope between the three
sodium salts is negligible compared to the pronounced change in slope which
should occur if association takes place. This indicates that the large difference in A coefficient cannot be explained in terms of association of sodium
silicate.
Calculating the A coefficient of sodium monosilicate with the Falkenhagen equation, we found an A coefficient of 0.016 1°5 mole..o.s. However,
application of the Falkenhagen equation to our results is interfered by the
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consideration that silicate solutions are mixtures of different silicate ions and
hydroxide ions, and that even the charge of the silicate ions is not very well
known. The charge on the silicate ions is limited by the base to silica ratio
and its average value therefore cannot exceed two charges per silicate ion.
The high pH of the solution indicates that the charge is lower than the
maximum charge. The pH of the solutions is between pH=12 and pH=13.5;
therefore the charge is expected to be between -l 1h and -2 per silicate ion.
The uncertainties in charge and the presence of the very mobile hydroxide
ions can cause a smaHer A coefficient. This may explain the differences
between the experimental value for sodium silicate (0.0099 1°5 mole-0. 5> and
the calculated one (0.016 1°5 mole-0.s>. This is not the case with TMA
silicate. Based on Falkenhagens equation the A coefficients of TMA silicate
and sodium silicate should be the same ( conform Out's [22] calculations for
the halogenides ). According to Frank and Evans [32] the presence of large
structured solvent regions around ions can cause a deformation of the
Debye-Hückel ion cloud. The hydration shell will cause a hindrance in the
approach of the counter ions. In fact the deformation of the ion cloud,
caused by the structured region, is an increase in average ion-counterion
distance. This means that the attraction between TMA and silicate ions is, on
the average, less than would be expected on the basis of the charge and
dimensions of the ions themselves. The increase in average ion-counterion
distance is in agreement with the results of the coacervation (chapter lil).
The influence of this enlarged ion-counterion distance on the A coefficient is
large. As the distance between ion and counter ion is large the shielding will
be diminished. A consequence of this is that the potential does not drop as
fast with the distance as for the Debye-Hückel ion cloud in the absence of
structured regions around the ions. At large distance from the ion the
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deformation of the ion cloud in a shear field is more pronounced. As the
potential is large, compared to the Debye-Hückel ion cloud, the
disturbed potential is also large. In solutions of TMA silicate the counter
ions are present at a larger distance from the

centra! ion than for

sodium silicate. At large distances from the central ion the disturbance of
the potential is larger than close to the central ion thus the product of
counter ion concentration with the disturbed potential is larger as well.
Thus the large A coefficient of TMA silicate can be explained by
an enlarged TMA-silicate distance because of the different hydration
regions of TMA and silicate which do not overlap. This is supported by
the form of the curve in figure 2.3a. The curve, convex to the X-axis,
shows a large influence of sodium on the A coefficient. The TMA-silicate
distance is larger than the sodium-silicate distance. In mixtures of TMA
and sodium, the effect of the TMA is small because sodium can approach
the silicate closer than TMA. The mean ionic distribution does not differ
much from sodium silicate and gives rise to an A coefficient which is in
the same range as the A coefficient of sodium silicate.
The A coefficient of potassium silicate is distinctly smaller than the
A coefficient of sodium silicate. The electrode calibration curve for
potassium silicate, as shown in Figure 2.3b, is perfectly parallel with the
curves of potassium bromide and potassium hydroxide. lonic association
would have been visible as a decrease in slope. The Nernstian behaviour
for potassium silicate excludes significant association. As potassium bas a
higher mobility than sodium the difference in A coefficient between
potassium and sodium silicate is conform the Falkenhagen equation. The
curve of the A coefficients in Figure 2.4b can be explained with the same
mechanism as for mixtures of sodium and TMA silicate. The curvature is
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more pronounced for potassium-TMA silicate mixtures than for sodiumTMA silicate mixtures. A coefficients will be higher for electrolytes with
the same mobilities for cation and anion than for electrolytes with the
same mean mobility but different mobilîty for cation and anion. Very
mobile potassium ions will have more influence on the A coefficient than
ions with lower mobility in decreasing the A coefficient.
2.5.3 The D coefficient.
For the curve of the D coefficient as a function of the cation
composition we find the same general form as for the curve of the A
coefficient. The D coefficients of sodium silicate and potassium silicate
(0.087 and 0.064

l2 mole-2) are comparable with those of TMA bromide

2

sodium chloride (0.013 12 mo1e·2), potassium bromide

2
),

(0.059 1 mole-

(0.01 12 m0Ie·2) and other common electrolytes found by Out [22]. The D

coefficient of TMA silicate is much higher (0.220 12 m0Je·2) and a curve
convex towards the X-axis is found for the mixed compositions.
The high value of the D coefficient for TMA silicate indicates the
presence of additional interionic interactions. These interactions do not
occur between two TMA or two silicate ions because for solutions of
TMA bromide, sodium silicate and potassium silicate low D coefficients
are found. The additional interactions in TMA silicate solutions therefore
occur between TMA and silicate ions. The form of the curve in Figure
2.4 can be explained by the difference in equilibrium distance of the
cation with the silicate ions. The sodium ions can move closer to the
silicate than TMA and swamp the effect of the TMA. This supports the
analysis of the A and B coefficients.
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2.6 Conclusions.
By comparing A, B and D coefficients with each other and with
literature data information is obtained about interactions that take place
between ions in solutions containing TMA ions and silicate ions. The large B
coefficients indicate that silicate ions are structure builders. For mixtures of
TMA and alkali metal silicates the B coefficients are additive for TMA
fractions up to 0.75. The large D coefficient found for TMA silicate,
compared to the D coefficients of TMA bromide, sodium silicate and
potassium silicate, shows the presence of strong solute-solute interactions
between TMA and sîlicate ions. The analysis of the B and D coefficients
supports the explanation for the large A coefficient found for TMA silicate.
In the absence of specific hydration effects the A coefficient of TMA silicate
should have been the same for TMA and sodium silicate. The large A
coefficient can be ascribed to the deformation of the Debye-Hückel ion cloud
as a result of strong hydration shells around the silicate and the TMA which
do not overlap.
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CHAPTER 111:
COACERVATION IN
AQUEOUS SOLUTIONS OF
TAA BROMIDE AND
SODIUM SILICATE.
3.1 Introduction.
The demixing of oil and water is a well known phenomenon. In some
cases a comparable behaviour is found in aqueous solutions: the liquid
separates into two layers. This was observed, e.g., for solutions of gelatin or
casein with sulphates [l] and gelatin with sulphosalicylic acid [2]. According
to Bungenberg de Jong and K.ruyt [3] demixing in aqueous so1utions is
different from partial miscibility. In both layers water is the continuous
phase. As a consequence of this the phase rule does not hold. Therefore they
introduced the term coacervation. Kruyt described coacervation in colloid
rich systems [4]. These systems have a particular disperse phase. He
assumed that coacervation and flocculation are closely related phenomena.
According to Kruyt [4] two types of coacervation are observed: simpte
and complex coacervation. Coacervation is called simple coacervation when
the phase separation is induced by the non-ionized groups in the solute
molecules. A general characteristic is the water deficit in the total system.
Upon dilution the coacervate disappears.
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Complex coacervation occurs when to a solution of a charged colloid,
a second colloidal species is added which is oppositely charged to the one
which is already present in solution. The charges on the macromolecules
which are concemed induce the formation of salt honds. In both coacervate
types cólloids are involved. Voorn [5] described complex coacervation of
polyelectrolytes in terms of electrostatic interactions and entropy.
In early literature coacervation was mostly observed in the presence of

colloids. These colloids are usually proteins or macromolecules but also ionic
systems can be taken into account. Coacervation was also observed in
solutions of quaternary ammonium compounds as described by Mugnier de
Trobriant [6,7,8] and Lucas [9,10,11]. In these systems the coacervation is
classified as simple coacervation. They supposed that the demixing was
caused by the limited amount of water. At high concentrations formation of
dimers and micelles of T AA ions was assumed to take place. The amount of
water in hydration shells around the dissolved species diminishes and the
water coming free can be used to dissolve other ions. In this way two kinds
of regions are formed, one with the quaternary ammonium compound and
one with the other salt. Quantitative support for this theory was not advanced
however. Other ionic systems in which coacervation takes place are surfactant systems. Several investigators have studied the solution properties of a
number of coacervating anionic and cationic soap systems extensively
[12,13,14]. These systems are mainly classified as simpte coacervation.
Other work by Thai berg et.al. [15, 16, 17, 18] on coacervation deals with
interactions between polymers and oppositely charged surfactants. Because of
the electrostatic interactions and the interactions between the hydrophobic
parts of the polymer and the surfactant a special phase separation behaviour
occurs. Although only one type of polymer is present this is an example of
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complex coacervation in ionic systems. Dissolved silicate ions can be
considered partially as a small type of anorganic polymer and the quaternary
ammonium ions mostly have surface active properties. This could lead to the
conclusion that coacervation in systems of T AA bromide- sodium silicatewater is due to complex coacervation.
We found coacervation in solutions of sodium silicate with quaternary
ammonium bromide starting from TMA (bromide). Previously reported data
refer only to quaternary ammonium ions with larger alkyl groups. The TMA
bromide solutions formed coacervates with other silicate salts but not with
other sodium salts up to saturation. No coacervation was found for systems
which contained sodium bromide-sodium silicate, TMA bromide-TMA
silicate, TMA bromide-sodium bromide or TMA silicate-sodium silicate. For
coacervation the presence of TMA halogenide-alkali metal silicate is necessary. This suggests that the silicate plays an active role in the coacervation.
Interactions between T AA and silicate seem to be the cause of the demixing
behaviour. In the systems of Mugnier de Trobriant [6,7,8] and Lucas
[9,10,11] simpte coacervation is observed. If an active role is played by
silicate ions, complex. coacervation may occur in our systems. The type of
interaction between the silicate and TAA ions will determine the correct
classification.
In this chapter we will discuss the separation of solutions of quaternary

ammonium bromides and sodium silicate into two aqueous layers. The
composition of the coacervates and the concentration region where coacervation takes places will be determined. The coacervation will be described in
terms of thermodynamical parameters. If these parameters can be connected
to characteristics of the T AA ions, e.g. the chain length, they can give
indications about the mechanism of the coacervation.
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3.2 Theory.
Por the description of the coacervation two questions arise: i) how are
the ions distributed over the two aqueous layers, and ii) in what concentration range does the demixing phenomenon occur.
The distribution can be expressed in terms of a distribution coefficient
as used by Lucas [9,10,11] and Mugnier the Trobriand [6,7,8].

(3.1)

In which D is distribution coefficient and

Cu

and c1 are the concentrations in

the upper and lower layer, respectively.

For the concentration range at which coacervation occurs the concentrations of all compounds must be known. As a consequence of this at least
six concentrations have to be taken into account. This does complicate the
understanding of the system. The system can be simplified to three compounds by taking salt concentrations instead of ionic concentrations. The
salts are chosen by combination of the ions which show comparable dimixing
behaviour (the majority of both ions are present in the same phase). In this
way the coacervate could be treated as a ternary system. In order to describe
the concentration range where demixing occurs some objective criteria have
to be developed. For this thermodynamics can be of great use. Although
differences are present between coacervation and partial miscibility the
system can be considered as a mixture of two partially miscible fluids.
Therefore theories about partial miscibility will be used to describe the
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coacervation.
Demixing phenomena wiH occur when a maximum in the Gibbs free
energy as a function of concentrations is present. Consequently we write the
Gibbs free energy of the system. For binary systems the Gibbs free energy
is:

G =xµ~ +(1-x)µ~ +RT{xlny 1x+(l-x)lny 2(1-x)}

(3.2)

The Gibbs free energy in a temary system can be expressed as:

(3.3)

In these equations µ0 i is the thermodynamical potential of species i in
standard state (e.g., at an activity of 1), x, is its molar fraction and 'Y; is its
activity coefficient. The molar fractions, as used in equation 3.2, are usually
referring to nonelectrolytes. Therefore the molar fractions have to be defined
such as to take into account the dissociation of the electrolytes. The molar
fraction becomes:
vini
X;=-3---

(3.4)

ni is the amount of compound i present (in moles) and v; the number of ions
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in one mole i. For the solvent

P;

is 1.

In tbis chapter all molar fractions of electrolytes will be calculated
according to equation 3.4. The activity coefficients however are the normal
stoichiometrie activity coefficients, 'Y±· In appendix B the Gibbs free energy
is derived with the molar fractions, as described in equation 3.4, and the
stoichiometrie activity coefficients, 'Y ±·
The activity coefficients, as used in equation 3.2 and 3.3, can be
transformed into an excess Gibbs free energy. In this energy all kinds of
interactions which cause a deviation from ideality can be taken into account.
This can vary from Debye-Hückel type activity coefficients to incomplete
dissociation and hydration effects. Excess Gibbs free energies can be
calculated from activity coefficients using equation 3.5.
(3.5)

In this equation the molar fractions are corrected for the dissociation of the
electrolytes and the activity coefficients are the stoichiometrie activity
coefficients, 'Y ±.
The excess Gibbs free energy in equation 3.5 can be described in various
mathematical forms. It is assumed here that it is possible to split the excess
Gibbs free energy into pair interactions:
(3.6)

In this equation the pair interactions are expressed in terms of the
product of the molar fractions with a constant. x1, x2 and x3 are the molar
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fractions of the water, TMA bromide and sodium silicate respectively and
Ea, &, and E" are constants. In view of the excess Gibbs free energy leading
to coacervation only in solutions which contain both TAA and silicate ions,
we assume that there is a predominant contribution to G6 from the interaction
between these ions. Therefore the last term of equation 3.6 will describe the
cause of the coacervation. The other terms are the interactions of the pure
electrolytes with water. In first approximation, the first two terms in equation 3.6 can be described by the stoichiometrie activity coefficients of the
electrolytes in solution which are then supposed to be only slightly influenced by the presence of the third component. In that case the excess function
can be described by using the third term of equation 3. 6 together with the
contributions of the activity coefficients of the separate salts:
(3.7)

E is a constant which will be dependent on the kind of quaternary ammonium compound and the base I silica ratio and G" is the contribution of the
activity coefficients of separate salts to the Gibbs free energy.
The contributions of the activity coefficients of the separate salts to the
Gibbs free energy can be incorporated in several ways. The best way is
splitting the activity coefficients into its various contributions.

logy ±i = -A/Ï+BJ+R(m;)

(3.8)

In this equation 1 is the total ionic strength, mi is the molality of component

i, A the Debye-Hückel limiting slope, B takes into account the effects of
incomplete hydration and R(m;) is an additional function which describes
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other contributions to the activity coefficient, such as association. The
Debye-Hückel effect and the contribution of incomplete hydration are dependent on the total ionic strength. The additional function R(mi) can be considered as approximately dependent on the molality of component i only. The
complete contributions of the activity coefficients to the Gibbs free energy
can be expressed as:
3

GY = 2.303RT'L [-xi(A;/Ï+BJ+Ri(mi))]

(3.9)

i=2

The Debye-Hückel limiting slope is theoretically known. By using literature
activity coefficients the B and R values can be determined.
By using an excess Gibbs free energy as described by equation 3.7 the
complete G-function wilt be:
0

0

0

G =x1µ1 +x2µ2+x3µ3+
RT{x 1 lnx1+x21nx2+x3Inx3}+xr3E+GY

(3.10)

The molar fractions are the ones described in equation 3.4. The dissociation
behaviour of the electrolytes is incorporated in the Gibbs free energy by
using molar fractions as described in equation 3.4.
In the theory of ternary liquid-liquid equilibria the binodal and the
spinodal are important properties. The spinodal is the line where spontaneous
demixing into regions with small concentration differences occurs and the
binodal describes the ~uilibrium compositions of the separate phases. For a
two component system the spinodal points are the bending points in the G(x)curve (x: the molar fraction of one of the components). This means that the
second derivative of the Gibbs free energy to the composition coordinate
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should be zero on the spinodal. According to Prigogine and Defay [19] the
following criterium should lead to the spinodal in ternary systems:

(3.11)

By using equation 3.10 for the G-function and on neglecting the activity
coefficients of the separate salts, which are assumed to have a minor influence, equation 3 .11 leads to the following expression for the spinodal:

x3 =_!_(RT)
x2 E

2
(3.12)

The binodal gives the equilibrium composition of the coexisting
phases. The spinodal and the binodal have one intersection point. This is the
plaît point or (isothermal) critical point [20]. lt can give us important information about the excess function, because the G function should be chosen in
such a way that the experimental plaît point is described by it.
By using equation 3.7 for the excess Gibbs free energy the spinodal
and binodal will be symmetrie towards the line: x2 = x3 (Figure 3 .1) and their
intersection point, the plaît point, will be at the maximum water content.

In this figure the activity coefficients of the electrolytes are neglected.
This can be a good description for some systems but in most cases this
will not describe the situation satisfactorily. Por systems with polydispersity
asymmetrie binodals are found [21]. The critical point is shifted towards the
component with the highest polydispersity. In these cases another expression
for the excess Gibbs free energy bas to be used. Redlich and Kister [22]
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Figure 3.1: Binodal-spinodal (upper and lower curve respectively)

extended the pair wise contribution to the excess Gibbs free energy as used
in equation 3. 7 to:

The Redlich-Kister equation is usually employed for nonelectrolytes.
This equation can be used for electrolyte solutions when interactions are
considered which are not primarily determined by electrostatic interactions.
In the systems described in this chapter the coacervation is thought to be
caused by interactions between T AA- and silicate- ions. These ions are found
in different phases and thus electrostatic interactions can not be regarded as a
cause of coacervation and therefore the Redlich-Kister equation can be
applied. In the present approach only the first extension of the Redlich-Kister
equation is used.
Equation 3 .13 will not lead to an easy description of the spinodal.
Another approach in finding
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will be played by the plait point. It is a part of the binodal and the spinodal.
The plaît point is often situated on the line through the mid points of the
conodes [23].
A complication is the fact that the system involved is a ternary system.
In ternary systems the analytical criteria for the binodal are more complicated than for binary systems. By treating the system as a quasi binary system
it is easier to define these criteria. The reduction of a ternary system to a
binary system is accomplished as follows:
For a two component system liquid-liquid separation equilibria are determined by the G(x) curve and the plaît point is the point where equation 3.14
bas only one solution.
(3.14)

Thus, we draw a tangential on the

L 1 -~

binodal line passing through the

plaît point; the second derivative of the G-curve to the composition coordinate on that line should be zero at the plaît point. The tangential concerned is

regarded as a line from the binary mixture of components 1 and 2 with
molar fraction x2 = x2 ,0 to the binary mixture of 1 and 3 with molar fraction ·
x3 =x3 ,0 (Figure 3.2).
This line can be described in parameter form:

In this description i is the distance parameter with values between 0 and 1.
By substituting the parameters of the tangential in equation 3.10 in
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Î

2
Figure 3.2: Tangential through plait point.
combination with the first extension of equation 3.13 for the excess Gibbs
free energy the G-function on the tangential becomes:

G(i) = (l-x 2 ,0 )µ~ +x 2,0 µ~+

if-x2,oµ~+x3,01i~+(x2,o-x3,o)µ~} +

RT {(1-i)x2,0 ln [(l -i)x2.0] +

(3.16)

[1-x2.o +i <x2,o-x3,o)] ln[l-x2,o +i(x2,o-x3,o)]
+ix 3,01n [ ix3,0]} +
X2.0X3,o(i-i2)(Eo+(l-i(X2,o+X3,o))>E1 +GY(i)
On the tangential described by equation 3.15 the following expressions are
valid at the plaît point:

a2 G
a3 G
-=0;-=0

a; 2
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The second derivative of the G-function will be zero because the plaît point
is on the spinodal. For lines parallel to the tangential but at higher electrolyte
concentration two bending points in the G-curve are found. At lower electrolyte concentrations no bending point is present in the G-function. Therefore
the second derivative must have an extreme at the plaît point and the third
derivative bas to be zero too.
With the help of the third derivative of the Gibbs free energy and the
plaît point E 1 can be determîned:

(3.18)

In this equatîon x" x2 and x3 are the molar fractions in the plaît point. x2•0
and x3 ,0 have the same meanîng as in figure 3.2. The E 1 calculated with
equation 3.18 can be used to calculate the

&i from the second derivative of

the Gibbs free energy:

(3.19)

When the values of

&i and E 1 are known all important constants of

equatîon 3.16 are known. For demîxing the values of Gibbs free energies of
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the pure components and of the pure components in the standard state are of
no importance. The intercepts of the double tangent with the G-function do
not change when a function, linear to i, is added to the G-function {see
Appendix C). The rest of the phase diagram can be calculated from the Gcurve. The system was treated as quasi binary to simplify the equilibrium
criteria. The following procedure was followed:
By drawing a line along a conode the composition of the binary mixtures on
the axis can be determined. Using these values in equation 3.16 the Gfunction along that line can be calculated and the intersection points of the
double tangent can be calculated. This gives the composition of the coexisting phases. By calculating intersection points at different concentrations the
complete binodal can be found.
3.3 Exgerimental.
The coacervation behaviour was investigated with two different kinds
of experiments: i) For the distribution of the ions over both aqueous layers a
coacervate was prepared and both layers were analyzed. ii) For the determination of the binodal a titration procedure was used.
3.3. 1 Materials.
sodium silicate solution, den Hertog, 10.1 % NaOH, 27.8% Si02•
sodium hydroxide, Merck, Pro Analysi.
sodium hydroxide, Merck Titrisol 0.1 M and 1 M.
sodium tetraphenylborate, Janssen Chimica, 98 %.
· TMA bromide, Merck, >99%.
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TMA bromide, Janssen, >99%.
TEA bromide, Merck, >99%.
TPA bromide, Janssen, >98%.
TPA bromide, Merck, >99%.
silver nitrate, Merck Titrisol, 0.1 M.
Silicium tetrachloride in sodium hydroxide, Merck Titrisol, 1 gr/ml.
nitric acid, Merck, 65%.
ammonium heptamolybdate, Merck, Pro Analysi, >99%.
twice distilled water.

3.3.2 Analyses of the coexistin2 phases.

Coacervates were prepared with constant T AA bromide / sodium
silicate ratio but different water contents. The coacervates were shaken
overnight at 25 °C . The phases were separated and the density was determined by weighing a known volume. T AA- and bromide- concentrations were
determined using an Orion autochemistry system 940/960. For the T AA
concentration a potentiometric titration with sodium tetraphenylborate and a
TAA sensitive electrode, developed by Holten and Stein [24], was used. The
bromide was determined by a potentiometric titration with silver nitrate and a
Philips bromide sensitive electrode (IS 550). Sodium concentrations were
determined with AES ( Perkin Elmer 4995 AA Spectro-photometer). Silicate
concentrations were determined with the molybdate method.
The following procedure was used for the molybdate method [25]:
1 ml silicate solution (0-50 mg/l Si02) was added to 2 ml molybdate solution
(8% ammonium molybdate, 4% sodium hydroxide) and 1 ml nitric acid
(20%). A yellow coloured compound was formed. After 13 minutes the
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extinction was measured at 370 nm with a Zeiss spectrophotometer MM12,
PMQ II.

3.3.3 Titration method.

An amount of quatemary ammonium bromide was dissolved in an
amount of sodium silicate solution, with known concentration, until a
coacervate was formed. The stirred coacervate was opaque. Water was
added until the opaqueness disappeared. The limit of the coacervation region
at a given T AA bromide/sodium silicate ratio, was taken to be that composition where coacervate became transparent upon addition of one droplet of
water. By weighing the solution the amount of added water was determined.

By adding new quaternary àmmonium bromide to that solution a coacervate
was formed again and water was added until the coacervate disappeared.
Ibis method was repeated several times. A large part of the binodal can be
determined in this way. All experiments were carried out at room temperature.
The titration procedure was performed with several kinds of sodium
silicate solutions and T AA bromides. For TMA bromide five sodium/silicate
ratios were used, 0.82:1, 1:1, 1.5:1, 2:1 and 3:1, and for TEA and TPA
bromide a 2: 1 sodium silicate ratio.
The silicate solution was prepared by adding sodium hydroxide (Merck
Titrisol) to the sodium silicate (den Hertog) solution until the desired
sodium/silicate ratio was obtained.
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3.4 Results and Discussion.
3.4.1 Analyses of the coexistin& phases.
The results of the analyses can be represented in two ways. The
distribution of the ions over the aqueous layers can be expressed in terms of
distribution coefficients ( equation 3 .1 ) or the composition of both phases
can be expressed in terms of molar fractions. By using molar fractions a
quasi ternary system is considered. For this the compounds of the systems
should be water and the two salts which consist of ions with comparable
distribution behaviour.
In the figures 3 .3 to 3. 7 the distribution coefficients are shown of

coacervates of TMA bromide with sodium silicate with ratios of 0. 82: 1, 1: 1
and 2:1 and of coacervates of TEA and TPA bromide with a 2:1 sodium
silicate.
In all cases the quaternary ammonium bromide was mainly dissolved

in the upper phase and the sodium silicate was present in the lower phase.
For equation 3. 7 an interaction between the T AA and the silicate ions
leading to coacervation was assumed. The fact that the TAA and the silicate
ions are present in different phases can be considered as an indication on the
presence of a repulsive interaction between the T AA and the silicate ions.
This is in agreement with the results of chapter II. The demixing behaviour
of the sodium and bromide ions can be regarded as an effect of the electroneutrality of both layers. Therefore the system can be considered as two
partially miscible solutions of TAA bromide and sodium silicate. This
justifies the use of the quasi ternary system: T AA bromide - sodium silicate -
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water and the definition of the excess Gibbs free energy in equation 3. 7.
As is to be expected the distribution coeffi.cients show a tendency

towards unity at higher molar fractions of water. This effect is most clear for
the TMA bromide coacervates because their compositions are quite close to
the binodal. For TEA and TPA bromide coacervates the differences in water
contents of the coacervates were quite small compared to the difference in
water contents of the coacervates and the binodal. This explains the small
changes in distribution coefficients for these coacervates. In most cases the
distribution coefficients of the cation and the anion of one component are
slightly different. The only exception are the coacervates of TMA bromide 1: 1 sodium silicate. In these coacervates the distribution coefficients for
TMA equals the coefficient of bromide and also the distribution coefficients
for sodium and silicate are equal within the accuracy of the measurement.
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For the coacervate TMA bromide - 2: 1 sodium silicate the distribution of the
silicate over both layers is more extreme than that of the sodium ions. The
coacervate TMA bromide - 0.82: 1 sodium silicate shows the opposite effect.
From these results, we arrive at the following tentative mechanism for
coacervation:
T AA and silica have a repulsive interaction. In solutions which contain
only T AA and silicate ions, as in the systems described in chapter Il, the
electrostatic interaction will prevent the ions from migrating too far from
each other. In systems which contain additional ions the situation bas changed. Because of the repulsion the T AA- and silicate- ions will move apart.
The electrostatic interactions of a TAA ion will be accounted for preferably
by other ions than silicate ions and those of the silicate ions will be accounted for preferably by other ions than TAA. The sodium will surround the
silica and the bromide the T AA. In this way two kinds of regions are formed
in solution: a sodium silicate rich region and a T AA bromide rich one. At
higher concentrations these regions will form macroscopie droplets and due
to the density difference a coacervate is formed.
The T AA bromide solutions behave like normal electrolytes. The
situation for the silicate solution is different. Several complications play a
role for these compounds. In solutions silicate ions can polymerise to various
kinds of oligomers. lt can be dissolved as a monomer but oligomers will be
present too. The ratio between oligomer and monomer will be dependent on
the amount of base and on the kind of cation present. If the cation is an
alkali metal ion (e.g. sodium) then the silicate ions will be mainly present as
monomer. If T AA ions are present the silicate will form double ring structures as described by Hoebbel [26,27,28]. In order to be dissolved the silicate
ions will need a certain amount of base. In genera) the rule applies that with
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increasing base I silica ratio, the fraction of silica which is present as monomer increases. The distribution of the sodium and the silicate ions between
both phases is not necessarily the same. Therefore in coacervates the sodium
I silicate ratio in one phase is not fixed. In the silica rich layer of the

coacervate the sodium I silicate ratio will change to its most favourable
value. In the coacervates TMA bromide - 1: 1 sodium silicate the distribution
coefficients of sodium equals that of the silicate (Figure 3.4). The sodium I
silicate ratio is in both layers the same. For the other coacervates with TMA
bromide the sodium / silicate ratio in the two layers are different. As most of
the sodium silicate is present in the lower phase, the sodium I silicate ratio
shifts to its most favourable ratio. In the lower phase the sodium I silicate
ratio shifts towards 1: 1. For sodium silicate the most favourable ratio
appears to be 1: 1. This does not hold for TEA and TPA. In the upper phase
the sodium silicate ratio was lower than in the lower phase. An explanation
is the formation of silicate double ring structures in these solutions. The
higher quaternary ammonium ions are found to induce more specifically
larger silicate ions than TMA ions. Therefore the total silicate concentration
in the upper phase will be higher than would be expected in the case of
monomers. As a result the distribution coefficients of the silicate ions are
higher than those of the sodium ions.
3.4.2 Titration method.
The results of the analyses of the coexisting phases show clearly that
the bromide ions distribute in the same way as the quaternary ammonium
ions and the sodium as the silicate ions. Therefore the description of the
· coacervate in terms of a quasi ternary system of water, TAA bromide and
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sodium silicate is possible. In Figure 3.8 the binodals found with the titration
method are shown for TMA bromide - sodium silicate with sodium/silicate
ratios of 0.82:1 and 1:1. In Figure 3.9 the binodals of TMA bromide sodium silicate with ratios 1.5:1 and 2:1 are given. In Figure 3.10 the
binodal of TMA bromide with 3:1 sodium silicate is shown. The binodals of
TMA, TEA and TPA bromide - 2:1 sodium silicate are shown in Figure
3.11.
In the Figures 3.8 to 3.11 the binodals found with the titration method
are shown. The Figures 3.8, 3.9 and 3.10 show the influence of the sodium
I silicate ratio on the binodal and Figure 3.11 shows the influence of the

chain length of the T AA ions on the binodals.
The binodals show a completely different behaviour from that found
by Thalberg et.al. [15,16,17,18] for cationic surfactants and an anionic
polymer. These authors found demixing into a gel phase and a water phase.
The surfactant and the polymer were present in the gel phase. This is quite
the opposite to what was found by the analyses of the layers as described in
section 3.4.1. This can be explained by the interactions present between the
surfactant and the polymer. Two kinds of interactions known from literature
are relevant here: an electrostatic attraction and a hydrophobic attraction. In
our situation only the electrostatic interaction is present and an interaction
which drives the T AA and the silicate apart. No hydrophobic attraction is
present because monomeric silicate ions are strongly hydrophillic (see
chapter Il). This leads us to the conclusion that the role of the silica is
different from the role of the polymer in Thalberg's case.
For the 0.82: 1 sodium silicate the titration method tènds to show
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Figure 3.8: Binodals of TMA bromide - 0.82:1 and 1:1 sodium silicate
found with titration method.
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Figure 3.9: Binodals of TMA bromide - 1.5:1 and 2:1 sodium silicate found
· with titration method.
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Figure 3.10: Binodal of TMA bromide - 3: 1 sodium silicate found with
titration method.
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Figure 3.11: Binodals of TMA, TEA and TPA bromide - 2:1 sodium silicate
found with titration method.
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slightly scattered results. This is ascribed to flocculation of silica which
obstructs the determination of the presence of a coacervate. The silica is
flocculated because at low sodium I silicate ratios the amount of base is not
large enough to charge all silicate ions. The silica will be present as oligomers and when salt is added the oligomers can coagulate. The amount of
silica which is flocculated is relatively small. Most of the scattering in the
binodal points is ascribed to the influence of the flocculates on the opaqueness of the solution.
The binodal curve has a sharp bent at the TMA bromide side of the diagram.
This is ascribed to the formation of cubic octameric silicate ions under the
influence of the TMA which takes place at high TMA concentrations. If
cubic octameric silicate ions are present the number of silicate ions (all
types) present in solution is about as large as when the silicate ions are
present as monomer. The total amount of silica is much larger than when
only monomers would be present. This effect is presnt as the sharp bent in
binodal curve.
Por the l: 1 sodium/silicate a similar bent was found in the binodal.
This is also ascribed to formation of the cubic octamer. Por higher sodium/silicate ratios the formation of cubic octamers was less important. The
presence of sodium inhibits the formation of the cubic octamer. The sodiumsilicate distance is much smaller than the TMA-silicate distance. The effect
of the TMA on the silicate is swamped out by sodium because the silicate
ions are sbielded by the sodium ions against the influences of TMA ions.
In Figure 3.10 the binodal of the 3: l sodium silicate is shown. At the
sodium silicate side of the diagram a solid phase is present. The solid phase
disappeared rapidly on the addition of water. From the solids which may be
· separated from the solutions concerned, TMA bromide is the most probable
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one in view of the high solubility of sodium silicate and sodium silicate, and
in view of the consideration that the solid was present in the sodium silicate
containing phase of the coacervate, in which only small amounts of TMA
bromide are soluble.
Figure 3 .11 shows that the binodals tend to shift towards higher water
contents when the size of the T AA ions is increasing. This shows that the
repulsive interaction between T AA and silicate ions is increasing with the
size of the cation.
3.4.3 Combination of the analyses of coexisting phases and titration.

3.4.3.1 Contributions of the activity coefficients.
The intersection point of the line through the midpoints of the conodes
and the binodal found with the titration procedure gives the plaît point and
the tangential on the binodal in the plaît point. The tangential was drawn by
means of a polynomial fit of the experimental binodal points. Nearly all
variables of the equations 3.18 and 3.19 are known except for the second
and third derivative of the contribution of the activity coefficients to the
Gibbs free energy. This contribution can be calculated from the activity
coefficients of the pure electrolytes in solution with equation 3.9.
Figure 3 .12 shows an example of the contributions of the activity
coefficients and the second and third derivative along the tangential through
the plaît point for TMA bromide - 2: 1 sodium silicate as calculated according to equation 3. 9.
In this figure the place of the plaît point is shown by the vertical line at
i=0.55. The values of the second and third derivative are taken for equation
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3.18 and 3.19 to calculate

Eo and E 1• This kind of calculations is performed

for all coacervates.
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Figure 3.12: Contributions of the activity coefficients along the tangential
through the plait point for Tt-1A bromide - 2: 1 sodium silicate.
For the activity coefficients of the TAA bromide literature data were
provided by Wirth [29] and Lindenbaum and Boyd [30]. Activity coefficients
of sodium silicates were not available. As an approximation activity coefficients of other sodium salts were used provided by Robinson and Stokes
[31]. For the 2:1 sodiurn silicate activity coefficients of sodium sulfate were
used because of the resemblance between silicate and sulfate in charge and
structure. For the 0.82: 1 and 1: 1 sodium silicates activity coefficients of
sodium chloride were used. In the solutions of 0.82: 1 sodium silicate the
total charge on the silicates is lower than in 1: 1 sodium silicate solutions. In
view of the Debye-Hückel limiting slope being proportional to 1z+z. I and
the average charge of the silicate ions being -0.82, the Debye-Hückel
limiting slope for this ratio should be multiplied with this charge. The B- and
R- terms were estimated by the sodiurn chloride values.
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Of course taking the activity coefficients of other sodium salts, than
sodium silicate, gives only an approximation of the contribution of the
activity coefficients to the Gibbs free energy. Sodium sulfate was used
because of the resemblance in structure with a 2: 1 sodium silicate. The
choice of the sodium chloride is quite arbitrary. Nevertheless, this approximate taking into account of the activity coefficients is better than ignoring
them.

3.4.3.2 Comparison of the experiments with the calculated binodal.
In Figure 3 .12 to 3 .16 the combined data of the titration and the
coexisting phases are shown. In these figures the plaît points and the tangentials in the plait points at the binodals found with the titration procedure are
T ABLE 3. 1: Plait points and constants of the excess Gibbs free energy.
Sample
TAA Br

Excess constants

Plait point
Na/Si02

X1

X3

X2

Eo

E1
2

ratio

water

TAABr

Na,Sil

kJ/mole

kJ/mole3

TMA

0.82:1

0.8505

0.0284

0.1211

43.15

13.43

TMA

1: 1

0.8652

0.0393

0.0955

32.89

17.87

TMA

2: 1

0.8725

0.0356

0.0919

29.06

19.72

TEA

2:1

0.9082

0.0272

0.0646

38.35

52.54

TPA

2:1

0.9311

0.0173

0.0516

37.61

141.02

shown. From the pla1t pomt, the tangent on the bmodal m the pla1t pomt and
the second and third derivative of the contribution of the activity coefficients,
as described in section 3.4.3.1, the

Eo

and E 1 can be determined by using

equations 3.18 and 3.19. In Table 3.1 the positions of the plaît points and
the calculated values of the

Eo and E 1 are

listed for the coacervates investiga-

ted.
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WATER

35% TMABr

Figure 3.13: Combined data of the coacervate TMA bromide - 0.82:1
sodium silicate.

)

WATER

30% TMABr

30% NaSil

Figure 3.14: Combined data of the coacervate TMA bromide - 1:1 sodium
silicate.
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WATER

25% TMA8r

Figure 3.15: Combined data of the coacervate TMA bromide 2:1 sodium
silicate.
WATER

25% TEABr

25% NA 2Sil

Figure 3.16: Combined data of the coacervate TEA bromide 2:1 sodium
silicate.
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WATER

25% TPA8r

25% Na 2Sil

Figure 3.17: Combined data of the coacervate TPA bromide 2:1 sodium
silicate.
The constants in T ABLE 3.1 are used in the equation for the Gibbs free
energy (equation 3.16) and the binodals are calculated. These calculated
binodal are presented in the same figures as drawn lines.
In figures 3.13 to 3.17 the calculated binodals are presented as drawn

lines. Por most coacervates the calculated binodal does give a satisfactory
comparison with the experiments. Deviations are seen in figures 3.14 and
3.15 for TMA bromide and TEA bromide 2:1 sodium silicate coacervates.
For these systems the binodal found with the titration method are at much
higher water contents at the TAA bromide side of the diagram than the
composition of the upper layer. This is ascribed to the fact that the system is
shown as a temary system. The titration method gives the binodal for the
ternary systems. The compositions of both layers are not ternary, however.
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The deviations from the ternary system can be described by two different
methods, as shown in Figure 3 .18.
al

WATER

b)

TMABr

WATER

TMA,s.o.

Figure 3.18: Deviations from the ternary plane.
i) The system can be considered as a quaternary system of water, TAA
bromide, sodium hydroxide and silica (see figure 3.18 a). Deviations from
the ternary system can be caused by different sodium/silicate ratios in the
upper and lower phases, respectively. The mean charge of the silicate ions in
the upper layers is different from that in the lower layer. The TMA and the
bromide are supposed to be distributed in exactly the same way over both
layers in this description.
ii) The system can be considered as the quinary system water, T AA bromide, TAA silicate, sodium bromide and sodium silicate (see figure 3.18 b).
Deviations from the quinary system can occur when sodium ions are exchanged by T AA ions in one of the layers. The meao charge of the silicate
ions is the same in both layers.
The influence of these processes is most clearly present in the distribution coefficients. If the demixing occurs according to the ternary system,
TAA bromide - sodium silicate - water, the distribution coefficients of TMA
would equal those of bromide and the distribution coefficients of sodium
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would equal those of silicate. In process i) the distribution coefficients of
T AA and bromide should have the same value. The distribution coefficients
of sodium and silicate however may be different. In process ii) all distribution coefficients are different. A simpte test wether the description as process
ii) may be applied is: If the distribution coefficients of T AA are larger than
those of bromide the distribution coefficients of silicate should be larger than
those of sodium. The difference between the amount of T AA and bromide
present in the one layer should be compensated by a comparable additional
amount of silicate or sodium ions. In process ii) the hydroxide sbould be
distributed in the same way as the silicate, since the charge of the silicate is
supposed to be constant. However there is no reason why the silicate and .the
hydroxide distribute the same way. In the figures 3.3-3.7 the distribution
coefficients are shown. In most cases the distribution coefficients of TMA
and bromide are different. This shows the inadequacy of process i), meaning
that the system should be treated according to process ii) at least. Por
coacervates with TEA and TPA the test does not exclude process ii). But the
difference in T AA- and bromide- concentration is not equal to the difference
in sodium- and silicate- concentration. With the electroneutrality the concentrations of hydroxylic ions can be calculated. In most cases different silicate
/ hydroxylic ratios for the two layers are found. This shows the additional
presence of process i). In these coacervates the formation of double ring
silicate ions interferes with processes i) and ii). Until now we assumed the
silicate ions being present as monomers. In practice double ring structures
are formed. As double ring formation occurs mainly in the upper layer the
distribution coefficients of silicate are in those cases larger than that corresponding to the monomers. Therefore both processes i) and ii) and the
· formation of double ring silicate ions play a role in the deviations from the
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ternary systems T AA bromide - sodium silicate - water.
3.4.3.3 The constants of the excess Gibbs free eneriiy.
In Table 3.1 the constants

Bo and

E 1 of the excess Gibbs free energy

are tabulated. In graphical form the constants of the TMA bromide coacervates can be linked. The constants for the TMA bromide coacervates show a
remarkable connection, as is shown iII. figure 3.19. The influence of the alkyl
chain length on the

Bo is quite smalJ. This coefficient increases slightly with

the chain length. More pronounced differences are present in the E 1• This
coefficient increases with the size of the quaternary ammonium ion. A linear
correlation of E 1 with the square of the enthalpy of hydrophobic hydration
was observed (figure 3.20). The enthalpy of hydrophobic hydration was
determined by Heuvelsland [32].
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Figure 3.19: Coefficients of the excess energy for TMA bromide - X:l
sodium silicate coacervates.
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Figure 3.20: E 1 of TMA, TEA and TPA as function of the enthalpy of
hydrophobic hydration.
At this point the question arises about the molecular mechanism which
is the cause of this excess Gibbs free energy. In equation 3.13 the excess
Gibbs free energy is described in terms of the Redlich-Kister equation with
the contributions of the activity coefficients. As the coacervation is thought
to be caused by the interaction between TAA and silicate ions, we leave the
contribution of the activity coefficients out of consideration. The RedlichKister part of equation 3 .13 remains. This term is due to an interaction
between the T AA and the silica. These interactions can be regarded as a
combination of a Gibbs free interaction enthalpy and an excess entropy. Frequently the excess enthalpy and entropy have the same sign white the
absolute values of the interaction enthalpy and the excess entropy (more
strictly TsE) are about the same. This is frequently found in the following
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cases: i) HE >0 and sE >0: both due to the cancelling of self association of
the pure components during mixing. ii) HE <0 and sE <0: on mixing,
pronounced complex formation occurs between the compounds. However in
some mixtures of polar and apolar compounds the excess entropy can be
very small or even negative while the excess enthalpy is positive [33]. This
is considered to be due to the formation of networks of hydrogen bonds. In
our case we are dealing with hydrophobically and hydrophillically hydrated
ions. It is likely that these hydrated regions are still present in the mixtures.

HE will be positive because in a mixture a part of the sodium ions near
silicate ions is replaced by T AA ion, and part of the bromide ions near TAA
ions are replaced by silicate ions. The positive HE is then caused by the
larger average distance between cations and anions in the mixture, than in
the separate solutions of sodium silicate and T AA bromide. lt is likely that in
this case sE will be small in absolute sense. Therefore the excess enthalpy
will be regarded as the main component of the excess Gibbs free energy.
This is in agreement with the model of strictly regular solutions as described
by several authors [34,35, 36,37,38].
Several factors influence this interaction enthalpy:
-The type of TAA ion.
-The sodium I silicate ratio.
The interaction enthalpy can be divided into compound-compound
interactions (assuming additivity of interaction energies). In equation 3. 7 the
excess Gibbs free energy was supposed to be caused by the interaction
between T AA and silicate ions. The &, describes the interaction between one
T AA with one silicate ion and the E 1 is a mixed interaction of three ionic
units: one term describing the interaction between two T AA ions with one
silicate ion and one term describing the interaction between one T AA ion
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and two silicate ions. The second term is subtracted from the first as is
described in the first extension of the Redlich-Kister equation (equation
3.13).
In figure 3.19 the coefficients of the excess Gibbs free energy of TMA
bromide-sodium silicate with three sodium I silicate ratios are shown. At
increasing sodium I silicate ratio the contribution of the TMA-silicate
interaction energy (Bo) diminishes and the contribution of the three ionic
units (E 1) increases. A linear relation was found between the
In a relatively sense, the decrease in

&> is

&>

and the E 1•

more pronounced than the increase

of E 1 • On the basis of the hydration of the ions leading to coacervation this
can be explained as follows:
At high sodium I silicate ratio the silicate ions will be present predominantly as monomers with a relatively large charge (1,5-2 units) per silicate
ion. This charge can be compensated by sodium and TMA ions. When a
large amount of sodium is present the charge compensation of the silicate
ions will occur predominantly by the sodium ions. At small sodium I silicate
ratios charge compensation of the silicate ions will be to a larger extent by
TMA ions. Therefore the main contribution to the excess Gibbs free energy,
the Bo, decreases with increasing sodium silicate ratio.
The increase in E 1 with increasing sodium/silicate ratio can also be
explained by the differences in charge on the silicate ions. The excess energy
can be written as:

(3.20)
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Here the first term with E 1 describes the interaction between two TMA ions
with one silicate ion and the second term with E 1 describes the interaction of.
one TMA ion with two silicate ions. In the proportionality constant E 1 the
average charge per silicate ion is reflected: If the silicate is doubly charged,
the three ionic interaction will be more pronounced than when the silicate is
predominantly mono charged.

Por the different T AA ions

~

is nearly constant. The E 1 however does

increase with increasing chain length. In figure 3.20 the E 1 is shown as a
function of the square of the enthalpy of hydrophobic hydration, which were
calculated by Heuvelsland [32]. A linear relation is found. This shows that
the interaction between two T AA ions and one silicate ion is the major
contribution to the E 1 for these coacervates. The E 1 considered here are those
of 2: 1 coacervates. As we found for the TMA coacervates with increasing
sodium I silicate ratio the contribution of the first term of the E 1 is of increasing importance over the second term for 2: 1 sodium silicate. The deviations
from the line can be due to the errors both in the E 1 constant and the enthalpy of hydrophobic hydration. The connection between the entbalpy of
hydrophobic hydration and the E1 suggests that the hydrophobic hydration of
the quaternary ammonium ions is of particular importance in the coacervation.
Our system has a close resemblance with the systems investigated by
Thalberg et.al. [15,16,17,18]. These authors found complex coacervation in
systems contafoing cationic surfactants and anionic polymers. We have a
cationic surfactant (T AA ions) and something resembling an anionic polymerie species (monosilicate ions partially form larger silicate ions which can be
regarded as polymers). The coacervation is caused by an interaction between
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the sîlicate ions and the T AA ions. Because these ions do not form ion pairs
the coacervation cannot be ascribed to complex coacervation. The fact that
the coacervation disappears upon dilution can be regarded as an indication
that in our system simple coacervation occurs (4].
3.5 Conclusions.
Coacervation takes place in solutions of T AA bromide - sodium
silicate - water. The TAA bromide is predominantly present in the upper
layer and the sodium silicate is mainly present in the lower layer. The
coacervation can be described with the activity coefficients of the two
separate salts and an additional excess Gibbs free energy. For this additional
excess Gibbs free energy the first two terms of a Redlich-Kister equation are
used. One of the terms is linearly dependent on the square of the enthalpy of
hydrophobic hydration. The coacervation is ascribed to the following mechanism:
T AA ions are hydrophobically hydrated and silicate ions are hydrophillically hydrated. The structures of the hydration layer are different and can
not overlap. In solutions which contain, besides T AA and silicate, a cation
(e.g. sodium) and an anion (e.g. bromide) coacervation can occur. At higher
concentrations the T AA and the silicate ions will migrate apart. The respective electrical charges will be predominantly neutralized by the other ions
present. The sodium will surround predominantly the silicate and the bromide the T AA. Two microstructures are formed in this way. At higher concentration coalescence of these microstructures will occur to macroscopie
droplets and gravity will cause the formation of two layers.
Coacervation in the system T AA bromide-sodium silicate-water can be
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classified as simple coacervation.
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CHAPTER IV:
ADSORPTION
OF
TAA BROMIDE ON SILICA.
4.1 Introduction.
In the previous chapters the interactions between T AA and silicate ions
in solutions were discussed. The viscosity and coacervation behaviour was
explained by a repulsive interaction between the T AA and silicate ions which
is superimposed on the attraction between two oppositely charged ions. The
most probable reason for this is the difference in hydration of the ions. The
T AA ions are hydrophobically hydrated and the silicate ions are hydrophillically hydrated. These hydration structures are considered to arise from
different origins and are supposed not to overlap.
Between macroscopie silica particles and TAA ions such repulsions are
not found. Rubio and Goldfarb [l] determined the stability of silica dispersions in the presence of T AA salts and the adsorption of cetyltrimethylammonium bromide (CTAB) on Aerosil 200. The stability of silica dispersions
decreased in the presence of T AA salts. This was attributed to the adsorption
behaviour of T AA ions. They found that the limiting amount of adsorbed
CTAB at large concentration is higher than the number of silanol groups.
They contributed this to the formation of a bilayer of CTAB ions. Wijnen [2]
found a strong decrease in the dissolution rate of Aerosil 200 in the presence
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of TMA hydroxide. This effect was ascribed to the adsorption of TMA on
the silica surface.
In the zeolite syntheses this adsorption behaviour is thought to play a
role. In the first step adsorption on the silica/alumina gel takes place, which
influences the dissolution behaviour, and in the last step the T AA is present
in the cavities of the zeolite and prevents the zeolite-quartz transition. The
adsorption mechanism is expected to give important information about the
interactions that take place.
Adsorption bas an influence on quite a few characteristic features of
silica. lt may influence the dissolution rate and the colloid chemical stability
of silica dispersions. The stability of dispersions is closely related to the
charge of the colloid and the size of the region around the particle in which
the colloid influences the potential. A powerful tool to study these processes
is the ! potential. This is the potential at the electrokinetic slipping plane,
Although the ! potential is conceptionally different from the Stern potential
(Vs) which enters into the collo id chemical stability calculations according to
Derjaguin, Landau, Verweij and Overbeek [3], in practice one obtains in
cases of surfaces not covered by polymers a good indication for Vs by
employing the ! potential in such calculations as was shown by Parfitt and
Picton [4] and Horn and Smith [5]. Adsorption of ions changes the charge
bebind the electrokinetic slipping plane and changes the ! potential. The
charge of the adsorbed ions interferes with the surface silanol groups. This
causes a rather complex system. The changes in ! potential give a quantitative indication of some aspects of the adsorption. For a more detailed study
the amount of ions at the surface bas to be determined. Both is done in this
chapter. The data obtained from

r potential measurements are combined with

data obtained by adsorption experiments in order to obtain a complete picture
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of the charges at the silica/solution interface.

4.2 Theory.
In this section two different kinds of theories will be discussed. i) the
theory of charged particles in a dispersion medium, ii) several adsorption
mechanisms. These mechanisms will contain general mechanisms and
mechanisms developed for the adsorption of organic- and even T AA- ions on
silica.
4.2.1 The electrical double layer.
When oxidic materials are dispersed in water alkaline or acidic surface
groups are formed. The pH of the solution will determine the dissociation
behaviour of these groups and in this way the charge of the particles. The
charged particles influence their direct surrounding. The region of influence
is called the electrical double layer. An important theory describing the
double layer at a flat S/L interface is the Gouy-Chapman theory which is
well described by Hunter [6]. This theory is summarized below.
If a charged particle is present in an electrolyte solution the counter

ions will be attracted and the coions will be repelled. The concentration of
these ions can be expressed in terms of the Boltzman equation:
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In this equation
sign of ion i,

eo

no

is the bulk concentration (m.3),

Z;

the valency including

charge of proton and '1' the potential at a certain distance

from the S/L plane.
Because of the difference in charge of the co- and counter- ions a
space charge,p, is present which can be described as:

With the Poisson equation the space charge is related to the local
potential in the double layer.

(4.3)

After substituting equation 4.2 in 4.3, some calculations yield for the
special case of a plane S/L interface in a solution of a symmetrical electrolyte with ions of valency z, the potential as function of the distance from the
particle surface:

11'

The constants 'Y and

K

=

2kT In 1+y exp ( -KX)
ze 0 1-yexp(-Kx)

(4.4)

have the following value:

The '1'0 is the surface potential and

K

is called the Debye-Hückel length. lt

can be regarded as the reciprocal double layer thickness.
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y

exp(ze 0 'l' 0 /2kT)-1
exp(ze 0 'l' 0 /2kT)+l
(4.5)

K=

These equations are only valid for plane interfaces. For most colloids
this is a good approximation. The size of the double layer is supposed to be
relatively small compared to the size of the particle

(Ka~

l, a is the particle

radius).
With this model the surface charge can be calculated. The surface
charge bas to be compensated by the charge in the electrical double layer:

(4.6)

Substituting equation 4.2 and 4.4 gives:
(4.7)

Equation 4. 7 would be the surface charge on the solid itself, if the
approximations of the Gouy-Chapman theory would be vatid up to the phase
boundary. Close to the colloid surface deviations occur. The relative permit-
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tivity of the dispersion medium, e" bas a value different from that in the
bulk solution. But the most important approximation is that the ions are
supposed to be point charges in this theory. In reality the part of the double
layer close to the surface does not contain charges because of the fmite size
of the ions. In this region the charge density is zero and the potential drops
linearly with the distance. The plane to which the ions can approach is called
the Stem layer. Frequently the Stem layer is divided in two parts: The Inner
Helmholtz Plane (IHP) and the Outer Helmholtz Plane (OHP). The IHP is
the distance of closest approach of unhydrated ions and the OHP is the
distance of closest approach of hydrated ions. The chemisorbed ions are
usually present in the IHP and the electrical double layer starts from the
OHP. Close to the solid/liquid interphase the water molecules are fixed to
the solid ("no slip" condition, known from hydrodynamics). A little further
away from the surface the hydration layer of the colloid becomes less fixed
and the surrounding water can move with respect to the particle. The
transition plane is called the electrokinetic slipping plane. The potential at
this point is called the

r potential.

In the context of the present chapter the integration of equation 4.6 is
thought to start at the slipping plane. In the region outside the slipping plane
the approximations of the Gouy-Chapman theory can be relied upon to a
much better degree than close to the surface. The charge bebind the. slipping
plane can be calculated with:
(4.8)
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in which

r is the r potential. In the derivation of this formula,

the validity of

the assumptions of the Gouy-Chapman theory is claimed only for the region
outward of the electrokinetic slipping plane.
4.2.2 Adsm:ption models.
4.2.2.1 The Stern model.
The adsorption of gasses on surfaces can generally be described with
the Langmuir adsorption isotherm. In some cases the adsorption at S/L
interfaces can be treated with similar theories as the solutes usually behaves
gas like. The charge in the Stern layer, for symmetrical electrolytes with
valency z, can be calculated according to Hunter [6].

(4.9)

In this equation "e is the charge in the Stern layer {C.m-2), e0 is the charge of
a proton (C), N. is the number of sites (m-2), Vm is the molar volume of the
solvent {m3 mote· 1), no is the electrolyte concentration (m-3) and Nav is the
Avogadro number (mole- 1). The adsorption energy, AG, can be considered to
have two components: The electrical energy of the ion in the Stern layer and
a chemica! adsorption energy.
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(4.10)

where '11 13 is the Stern potential and E the chemical adsorption energy.
In first approximation the Stern potential can be considered to be equal
to the

s potential. According to Kamo et.al. [7] the number of sites and the

adsorption energy, E, can be obtained by rewriting equation 4. 9 to:

El

(zeo()

1 =-exp
Nav
(
Nav
* 55.6 exp - - +
r NS
kT
Co
kT
NS
In this equation

r

(4.11)

is the amount of adsorbed ions per m2 • The approximation

which are valid for the charge in the Stern plane (equation 4.9) are valid for
equation 4.11 as well. The adsorption energy is split into two terms: An
electrical term, approximated with the term with the

r potential,

and a

constant term described by E.
By plotting the reciprocal amount of adsorbed ions against the reciprocal equilibrium concentration multiplied with the exponential term containing
the

r potential the number of adsorption sites and the chemical adsorption

energy can be determined.
The Stern adsorption model is a good description for silver iodide and
mercury. Adsorption on oxidic surfaces can be described as well but the
Stern adsorption theory can not explain the combination of high surface
charge densities with relatively low

s potentials.

Tadros and Lyklema [8]

explained this by the presence of a porous gel layer at the S/L interface.
This gel layer can be penetrated by counter ions but the pores are considered
to be too small to be measured with nitrogen adsorption. Therefore the
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specific area used for the surface charge is too small. This results in a high
surface charge.
4.2.2.2 The Site-binding model.
In the Gouy-Chapman model the charge is assumed to be distributed
homogeneously over the surface. In fact discrete charges are present. These
discrete charges can be considered as adsorption sites for potential determining ions, e.g. protons, and counterions. In this model attention is paid to the
mechanism of adsorption, which is not done in the Stern model. Therefore
this model is called the Site-binding model. In the Site-binding model two
layers close to the S/L interface are distinguished:
-A layer of ion pairs formed by charged surface groups and counter ions.
-A diffuse layer which can be described with the Gouy-Chapman theory.
The charges arise by adsorption or desorption of protons from the
surface groups.
Si-OH~

Si-0-+H+

Si-OH +H+ "Si-OH;

The surface charge is formed according to these reactions. The surface
charge consists of discrete charges. These charges can act as sites for the
adsorption of counterions to the formation of ion pairs.

Si-0 +M+ ..- Si-OM
Si-on; +x- .... Si-OH2X
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From these reaction equilibria Yates, Levine and Healy [9] derived:

In this equation udd is the charge in the diffuse double layer, uc is the charge

of the adsorbed ions, a+- 1 and a.- 1 are the fractions of unoccupied positive
and negative sites respectively, u is a standard for the number of uncharged
surface groups and v is the total fraction of sites which is charged.
The site binding model can explain the large surface charge of oxides.
Charged surface groups are neutralised by counter ions. This diminishes the
repulsion between the surface and the potential determining ions. Therefore
the potential determining ions will be adsorbed more strongly at the surface.
Smit and Holten [10] found reliable fits for the

t potential

and the surface

charge of a-alumina single crystals. Por silica and titania Healy and White
[11] however found that the

r potential and the surface charge could not be

described simultaneously with this model. Similarly, Janssen et.al. [12]
reported that calculations with the site binding model, based on experimental
data and on the assumption that local activity coefficients near the surface
are independent of the charge at the interface, lead to conclusions which are
at variance with this assumption.
4.2.2.3 The surface-lieand model.
In the Gouy-Chapman model and in the model of Stern and the site

binding model the surface potential used is a smeared out potential. On
oxidic surfaces this is not a good approximation. The charges present are
caused by adsorption of protons or the dissociation of surface acid groups.

89

Chapter IV
The potential of oxides is better described by a potential caused by discrete
charges than by a smeared out potential.
For the adsorption on silica deviations from the site binding model
were reported by Schindler et.al. [13]. Some highly charged cations are
adsorbed at very low pH values. According to the Site-binding model no
adsorption should be possible. In addition the expulsion of surface protons
was much stronger than was predicted by the Site-binding model and the
saturation of the surface took place at a pH, where according to the Sitebinding model negative sites should, be present. A good example is the
adsorption of iron (III) ions on Aerosil 200 silica. Schindler et.al. found that
at pH= 1 20 % of the maximum adsorption was obtained. At pH=3.5 the
silica surface was saturated. According to the Site binding model the iron
should be adsorbed at negative sites. At pH= 1 the fraction of negative sites
is negligible and at pH= 10 only 50 % of the silanol groups were dissociated. This leads to the conclusion that iron can be adsorbed on uncharged
sites. According to Schindler et.al. the adsorption of the iron causes a
desorption of the protons of the site. The following reactions are thought to
occur at the silica solution interface.

Si-OH +Mz+

.P

(Si-O)M<z-I)+ +H+

z Si-OH +MZ+" (Si-0) zM +z

H+

The expulsion of the surface protons by the adsorption of the cation
can be described by the following relation:
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(4.13)

r H+

is the amount of adsorbed protons and

r Mz+

is the amount of adsorbed

M"+.
For the adsorption of iron (IIO on silica Schindler et.al. found Z= 1.2 at
pH= l, Z=2 at the interval of pH=3 up to pH= 10. Schindler et.al. explained this behaviour with formation of a chelate by which one or more
covalent bonds are formed. At increasing pH it becomes easier to expel
protons from the surface. This explains the increase in Z-parameter with
increasing pH. The fact that the Z parameter passes through a maximum
value is explained by the steric inhibition on the formation of a threefold
bond with the surface.

4.2.2.4 Stimulated adsoeption.
Schindler showed that protons can be expelled from the surface by
adsorption of cations. He describes it as an ion exchange process. According
to Stein and co-workers [14,15,16,17] the difference between desorption of
protons and adsorption of hydroxylic ions in aqueous solutions can not be
made. For the adsorption of calcium on calcium silicates the stimulated
adsorption model was developed in order to explain the increasing adsorption
of hydroxylic ions at increasing calcium concentration and the increasing
adsorption of Ca2+ with increasing hydroxylic ion adsorption. According to
this model the adsorption of ions is dominated by the local potential instead
of the smeared out potential. By adsorbing a calcium ion the local potential
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at adsorption sites around the calcium ion is changed. This promotes the
adsorption of hydroxylic ions in the neighbourhood of the calcium ion. This
changes the local potential at other nearby Ca2 + sites and more calcium can
be adsorbed.
A kind of local potential can be defined by:

f
f8i(l -8i) dNi

4> = 8ï{l-8ï)4>i dNi

(4.14)

In this equation <Pi is the local potential at sites of type i, ei the degree
of occupation and N; the number of sites of type i. According to this
definition, the average potential is determined primarily by those sites for
which the degree of occupation is about 0.5. However, if sites of different
standard adsorption Gibbs free energies are distributed at random over the
surface, no difference between this average and the true average potential

( = f eiq,i dNi I f ei dN J is expected. In practical calculations, mostly a
Gauss type distribution of sites Ni as function of the adsorption energy is
chosen. This is characterised by an average value (f) and a standard
deviation (w).
According to this model the change in local potential with the concentration can be described with:

dr
kT

d<f>
= .
2 303 _ dlog(ym)
eo dlog(ym)
8;{1-8i) dNi
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'Y is the activity coefficient and m is the molality of the adsorbing salt.

Two parameters in this distribution are not known a priori in the case
discussed here (adsorption of non-lattice ions):
i) The total number of sites;
ii) The spread of the adsorption energy values about its average value (w/f,

with w=standard deviation, f=average value).
For the application of this model two integrations are necessary:
1)

f

ei dNi for finding a combination of f and w which describes the

measured adsorption values;
2)

f

9;(1-9) dN; for use in equation 4.15.

4.2.2.5 Model of hydrophobic monolayer/hydrophillic bilayer.
Until now normal electrolytes were involved in all models. The
interactions considered were electrostatic and chemical interactions. In this
thesis organic ions are investigated. These ions cannot form chelates with
opposite charged silanol groups. Therefore the surface-ligand model cannot
be applied. For the adsorption of these ions both electrostatic and
hydrophobic interactions have to be taken into account. In the previous parts
the electrostatic interactions are discussed but the hydrophobic interactions
are not.
The first model for the adsorption of organic ions was developed by
Somasundaran, Healy and Fürstenau [18]. They measured the

r potential of

quartz with long chain alkylammonium acetates (Cio-C 18). All salts were able
to induce a charge reversal at higher concentrations. This is a positive
indication on specific adsorption. Somasundaran et.al. measured the

r

potential as a function of the electrolyte concentration at constant pH. The
COOCeotration necessary to reduce the f potential to zero, Co, was plotted
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against the number of carbon atoms in the alkyl chain. With the help of the
Stern model of adsorption the following formula was derived:

Ei

ln c0 =-n- +K
kT

(4.16)

E 1 is the contribution to the adsorption energy of one methylene group of the
alkyl chain, n the number of carbon atoms in the chain and K is a constant.
The experiments could be well described with equation 4.16. The alkyl
chains have a predominant influence on the adsorption.
Somasundaran et.al. explained the charge reversal with the amphiphilic
character of the alkylammonium ions. At low concentrations the alkylammonium ions behave as normal electrolytes. They are adsorbed with their ionic
part at the surface at a negative site and with the hydrophobic chain to the
solution. In this way a hydrophobic monolayer is formed at the silica
surface. On surpassing a certain critica! concentration the amphiphilic
character is shown by adsorption of additional alkylammonium ions because
of the hydrophobic interactions between the hydrocarbon tails. These ions
are adsorbed with their alkyl chain towards the hydrophobic monolayer and
the ionic part to the solution forming a hydrophillic bilayer.
Some consequences of this have been investigated by Rubio and
Goldfarb [l]. They found for quartz with cetyl-trimethylammonium bromide
(CT AB) as electrolyte a critical coagulation concentration hut they found also
that by surpassing a higher concentration the dispersion became restabilized.
First, on increasing the CTAB concentration a hydrophobic monolayer is
formed. The
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increasing concentrations a hydrophillic bilayer is formed and the dispersion
becomes stable again.
However, Rubio and Goldfarb [l] found restabilisation for TAA ions
as well. They concluded that the adsorption behaviour of these ions (TMA,
TEA and TBA) is comparable to the behaviour of long chain alkylammonium
ions. Claesson, Horn and Pashley [19) have shown that only one layer of
T AA ions can adsorb onto a mica surface and it is most likely that the
adsorption on silica shows the same behaviour. Besides, the amphiphilic
character of the small T AA ions is restricted. The concentrations for which
charge reversal was observed for TEA and TPA are lower than the cmc of
TBA bromide. Therefore it is not very likely that these ions will form a
hydrophillic bilayer. Even for long chain trimethylalkylammonium ions the
IEP is at a concentration which is

<

0.01 * CMC. T AA ions do not adsorb

according to this mechanism.

4.2.2.6 Adsorption of TAA accordini to Rutland and Pashle,y.
Rutland and Pashley [20) measured

s potentials of silica in the presen-

ce of some T AA ions. They used a model developed by Claesson, Hom and
Pashley. [19]. This model was originally developed for large, monovalent,
hydrated anorganic ions. Claesson et.al. found that a complete monolayer of
adsorbed ions was not sufficient to neutralize the surface charge completely.
The explanation for this is that the area occupied by the ions is larger than a
silanol group. Because of the size of the TAA ions Rutland and Pashley
supposed that this theory was valid for the T AA ions as well. The adsorption
of T AA ions takes place on two sites: negatively charged sites and neutral
sites. The adsorption on negative sites competes with the adsorption of
protons. The following reactions at the surface were taken into account:
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(Si-0-)TAA + TAA + """'Si-0-TAA
Si-OH +TAA + """'Si-OH-TAA +

(Si-O·)rAA and (Si-O·)H are not the same because a negative site in the
neighbourhood of a T AA site can be accessible for protons but not for a
TAA ion.
Rutland and Pashley [20] measured the

t potential

as function of the

electrolyte concentration. They found a maximum for the numerical

t

potential at electrolyte concentration 10·5 M and a minimum for the
numerical

t

potential at electrolyte concentration 10·3 M. At higher

concentration the absolute value of the

r

potential decreased as is to be

expected. With their model they could explain this maximum in the

t

potential. At low concentration the adsorption on neutral sites dominates. At
a certain concentration saturation of the surface takes place and when that
concentration is surpassed the T AA salts act as indifferent electrolyte. At
increasing concentration of T AA salts dissociation of silanol groups will
occur according to the Gouy-Chapman model. As the adsorption does not
increase, the charge on the silica surface will increase and the potential will
increase as well.
According to Rutland and Pashley the maximum in the

t

potential

explains the results of Rubio and Goldfarb [l]. At low concentrations the

t

potentîals found by Rutland and Pashley [20] are strongly negative. At
increasing concentration the
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on takes place. At a further increase of the concentration the

r potential

decreases again (i.e. the numerical value becomes less negative) and the
dispersion is restabilized again. Some points of this explanation, however,
are not satisfactory. Wiese and Healy [21] found rapid coagulation when

1r 1 S 14 mV. This critical

r

potential was independent of the type of

disperse phase (alumina or titania) and of the way the

r

potential was

diminished (pH change or addition of salt). Rutland and Pashley found

r

potentials between -52 to -40 mV in the maximum of the curve. This

r

potential is high enough to stabilize the dispersion. Rapid coagulation will
not take place. In addition, the concentration range where Rubio and Goldfarb found coagulation is different from the maximum in the

r - concentrati-

on curve of Rutland and Pashley. The maximum was at 10-s M for pH=5.7.
Rubio and Goldfarb found, at this pH, rapid coagulation for TMA chloride
in the concentration range 0.01-0.5 M. At 0.01 M Rutland and Pashley
found a

r potential of about -10 mV. This is in agreement with the critical r

potential values reported by Wiese and Healy [21].
Other explanations for the measurements of Rutland and Pashley are
possible. They use micron sized silica particles. At very low concentrations
the double layer is very extended and has about the same size as the particle
(Ka= 7). If Ka= 1 the double layer diminishes the electrophoretic mobility.
This is called the relaxation effect. According to Wiersema, Loeb and
Overbeek [22] for 1: 1 electrolytes at given

r potential,

the electrophoretic

mobility is minimal if Ka= 1. At increasing Ka values the electrophoretic
mobility increases rapidly. Rutland and Pashley did not take into account this
relaxation effect. They calculated the

r potential

from the electrophoretic

mobility with von Smoluchowski's relation [23] (valid for Ka>> 1). For
very

low

electrolyte

concentration

the

double

layer

thickness

is
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approximately constant because of the proton concentration which is about

3*10-6 M. At increasing concentration the double layer thickness diminishes
and the electrophoretic mobility increases rapidly. By using von Smoluchowski 's relation this increase in mobility is translated into an increase in

r

potential.
4.3 Experimental.
4.3.1 Materials.
Degussa Aerosil 200.
TMA bromide, Merck, >99%.
TEA bromide, Janssen chimica, >99%.
TPA bromide, Merck, > 99%.
Potassium bromide, Merck, >99,5%.
Potassium hydroxide, Merck Titrisol, 1 M.
Nitric acid, Merck Titrisol, 0.1 M.
Hydrochloric acid, Merck Titrisol, 0.1 and 1 M.
Sodium tetraphenylborate, Janssen chimica, 98%.
4.3.2 Measurement of the t potential.
The

t

potential was determined as a function of the pH. For this

purpose a Malvern Zetasizer III was coupled to a titration vessel. The vessel
was stirred, thermostated at 25 °C, flushed with nitrogen, electrically grounded and connected with a van Laar salt bridge [24] to a reference vessel.
The pH was measured with a glass electrode in the titration vessel and a
98

Chapter IV
saturated calomel electrode in the reference vessel both connected to a
Radiometer Copenhagen PHM 84 Research pH meter. The pH was adjusted
with 0.1 M hydrochloric acid or 0.1 M nitric acid using a Radiometer
Copenhagen Abu 80 Autoburette. The pH-meter and the burette were
connected to a computer (Figure 4.1). The computer was programmed to
change the pH at constant time intervals with constant pH differences by
controlled addition of acid. Not shown in this figure is the reference vessel
with reference electrode and the salt bridge.
The Malvern Zetasizer III uses an electrophoretic light scattering
method. In a coherent crossbeam the silica particles migrate under an applied
electrical field. The fringes in the crossbeam move with a frequency of 1000
Hz. The moving particles scatter light with a different frequency. The
velocity of the particles can be calculated from the Doppler shift and from
this velocity the

r potential

is calculated using

VOD

Smoluchowski's relation

[23].

N2
ZET A SIZER 111
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/
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0
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computer

Figure 4.1: Apparatus for the determination of the

t potential.
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In this way the pH-steps from pH=8 to pH=3 can be made with intervals of 0.5 pH-units. The pH changes were separated by 90 minute intervals
in order to obtain equilibrium. The zetasizer III was programmed to take a
sample just before the next acid addition and to measure the

r potential

twice.

The

t

potential was measured with 300 ml suspensions of 0.1 w/w%

silica in a solution of an electrolyte. As electrolytes were used: Potassium
nitrate, potassium bromide, TMA bromide, TEA bromide and TPA bromide
with concentrations of 10·3 and 10·2 M. With these electrolyte concentrations
we obtain Ka values of 50 and 150 (a=500 nm). For the use of von Smoluchowski's relation [23] the Ka value of 50 is rather low. During the experiment the electrolyte concentration remained nearly constant and the

r

potentials we re qui te low. This reduces the relaxation effect and von Smoluchowski' s relation can be used.

4.3.3 Determination of the surface charge.
The surface charge, o0 , was determined with a titration procedure
carried out with the Matec ESA 8000 system. In the context of the present
discussion, <f' is the surface charge due to the adsorption of the potential
determining ions (H+ and Off) to the surface. In the titration vessel about
250 ml of silica dispersion (Degussa Aerosil 200, 1.5 w/w%) was titrated
with 1 M HCI and KOH. The vessel was tlushed under nitrogen to avoid the
effects of C02 • During the experiments the added amount of base or acid
was registrated as function of the pH. The amount of base or acid found for
the titration of the dispersion media was subtracted from the titration curves
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of the silica dispersions.

4.3.4 Ads01:ption of TAA ions on silica.

A precise volume of 100 ml or 150 ml of a T AA bromide solution was
added to 5 g Aerosil 200. The concentrations of the solutions were 10-3 ,
3*10·3 , 10·2 , 3*10·2 and 10· 1 Mof the TMA, TEA or TPA bromide. The pH
was adjusted at pH= 3 and pH= 5 with hydrochloric acid or sodium hydroxide solutions and shaken overnight at 25 °C. During the night the pH shifted
0.3 pH units at most. Again the pH was adjusted and the suspension was
centrifuged. The supernatants and the original solutions were analyzed with a
potentiometric titration with sodium tetraphenylborate using an Orion
940/960 Autochemistry system with a T AA sensitive electrode developed by
Holten and Stein [25]. From the concentration difference, the amount of
silica, the volume of the solution and the specific area (200 m2/g) the
adsorption in mole per square meter was calculated.
4.4 Results and discussion.

4.4.1

t Potentials of silica.
The

5 potential

of silica was determined as a function of the pH for

several electrolytes. In the figures 4.2 to 4.6 the results are shown.
The

5 potential-pH

curves of silica in potassium nitrate solutions are

shown in Figure 4.2. At low pH the

r potential

is around zero and at

increasing pH it becomes increasingly negative. At high electrolyte concen
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Figure 4.2:

r Potential of silica in solution of potassium nitrate.
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r Potential of silica in solutions of potassium bromide.
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Figure 4.4:

r Potential of silica in solutions of TMA bromide.
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Figure 4.5:

t Potential of silica in solutions of TEA bromide.
103

Chapter N
30

20
10

>
..s

0

(ij
+;

~

a
""
1

-10

10-3 M

-20
-30
-40

-50
2

3

4

6

5

7

8

9

pH

Figure 4.6:

r Potential of silica in solutions of TPA bromide.

tration the absolute value of the

r potential decreases. This is to be expected

because at high concentration the charge of counterions present bebind the
slipping plane is higher. The isoelectric point (IEP) is at pH=3.2. When
only indifferent electrolytes are present the IEP should coincide with the
point of zero charge (PZC). According to lier [268 ] the PZC of silica may
vary between pH=2 and pH=3. Our value is rather high. This could be due
to the preparation of the silica. The aerosil silica is a pyrogenic silica. For
this type of silica the PZC can shift to higher values [26h].
For potassium bromide (figure 4.3) the curves differ a little from those
of potassium nitrate. The T AA bromides have a more distinct influence on
the

t

potentials in the low pH range (figures 4.4 to 4.6). All

t

potentials

shift to positive or less negative values. The IEP shifts to higher pH values.
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The charge reversal is a positive indication on the specific adsorption of
T AA on silica. It shows that the adsorption is not only due to the
electrostatic attractions between a negatively charged surface and the positively charged T AA ions, but that in addition another kind of interaction plays
a key role. The shift in IEP is shown in Pigure 4. 7 as function of the chain
length of the T AA ions.

10-2 M
5

3

2~~~~~~~~~~~~~~~~~

KBR

TMABr

TEABr

TPA8r

electrolyt

Pigure 4.7: IEP shifts for some TAA ions.
Por the l 0-3 M suspensions the shifts in IEP depend linearly on the
chain length. The amount of adsorbed T AA ions increases with increasing
chain length. As with increasing chain length the hydrophobic effect increases, the influence of the chain length on the IEP shift indicates that the
interactions between the T AA ions and the silica are of hydrophobic origin.
The amphiphilic character of the TAA ions is much too small for the
formation of a bilayer as described by Somasundaran (see section 4.2.2.5).
Por the 10-2 M suspensions the shift is linear up to TEA. The

r potential-pH
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curves for the 10-2 M TEA and TPA bromide suspensions are almost the
same. The adsorption behaviour of TEA and TPA apparently is comparable
at 10-2 M. This can be ascribed to saturation of the surface.
The t potentials found in the present investigation can give an explanation to the stability behaviour reported by Rubio and Goldfarb [1]. In the
presence of an indifferent electrolyte the

r potential

is strongly negative at

pH>4. In the presence of low concentrations of TAA ions the t potentials
are negative too at high pH. But at higher concentrations and lower pH's the

r potential

will be less negative. In most cases of aqueous suspensions of

oxides, it has been reported by Wiese and Healy [21] that the suspensions
will be stable as long as:

1tl ;;::

14 mV. The concentration-pH ranges

which are mentioned by Rubio and Goldfarb [1] match the values were we
find: 1t 1 ::;;;; 14 mV. In this case rapid coagulation is observed. At higher
concentrations the amount of adsorbed cations can induce charge reversal. At
increasing concentration the critical

t potential

of 14 mV will be surpassed

and the dispersion becomes stable again. In fact we found t potentials over

+ 20 mv. Our results show low

r potentials, 1r 1

: ; ; 14 mv' in the range
where Rubio and Goldfarb found rapid coagulation and high t potentials,

1tl ;;::

14 rhV, in the range where they found stable dispersions.

4.4.2 Surface charge of silica.
In figures 4.8-4.11 the relative surface charge of silica in the presence
of several electrolytes is shown. This relative charge is the charge relative to
the charge at pH=3. The relative charge is mentioned here instead of the
surface charge proper, because the position of the PZC for the silica used
here bas not been fixed unambiguously.

106

Chapter IV
0

-100

"
~
§

10-3 M

-200

bo
<Il

>

~
~

-300

i 0-2 M

-400

-500
2

4

3

5

6

8

7

9

pH

Figure 4.8: Relative surface charge of silica in solutions of potassium bromide.
0

"

~

10-3 M
-100

bo
<Il

>

~
~

i0-2 M

-200

-300~~~~~~~~~~~~~~~~~~

3

4

5

6

7

8

9

pH

Figure 4. 9: Relative surface charge of silica in solutions of TMA bromide.
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Figure 4.10: Relative surface charge of silica in solutions of TEA bromide.
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Figure 4.11: Relative surface charge of silica in solutions of 10·3 M TPA
bromide.
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With the titration procedure as described in section 4.3.3 it is in
principle possible to determine the surface charge. However the value of the
PZC is not known. As the surface charge is dependent on the amount of
electrolyte the titration bas to be carried out at constant ionic strength. The
IEP of Aerosil 200 was at pH=3.2 as was observed from the curves of the

r

potentials with potassium nitrate as electrolyte (figure 4.2). In the case of
indifferent electrolytes the PZC is at the intersection point of titration curves
with different salt concentrations. In the case of silica it is impossible to
obtain titration curves at electrolyte concentrations ~ 10-3 M to pH values
lower than 3, with constant salt concentration. The electrolyte concentration
increases during a titration procedure. When the pH becomes smaller than
pH =3 the electrolyte concentration increases by at least Ht3 M. If the initial
electrolyte concentration is 10-3 M the surface charge will be at least ../2
times too high. Therefore the PZC cannot be obtained for 10-3 M solutions.
However, for the determination of the Z-parameter, as mentioned in equation
4.13, knowledge of the absolute value of the surface charge is not necessary.
When we assume that all charge between the electrokinetic slipping plane
and the silica surface is chemisorbed, the charge bebind the electrokinetic
slipping plane ( ui-) can considered to be the sum of the surface charge and
the charge of the ions adsorbed at the surface. Equation 4.13 can be rewritten as:

109

Chapter IV

da 0

z =__

d--=p_H_
d(a,-a 0 )

(4.17)

dpH

This equation is only valid for the adsorption of monovalent ions. In equation 4.13 changes in amounts of ions are used and in equation 4.17 changes in·
charges. This is only compatible if the charge of the ions, which are adsorbed, is equal to the charge of a proton.
The first derivative of the surface charge to the pH is experimentally
accessible from the titration experiments (see figures 4.8 to 4.11). The

<T1 can

be calculated from the t potentials with equation 4.8. The first derivative of
the

<T1

is easy to determine. The Z-parameter calculated in this way is

different from the Z-parameter as defined by Schindler et.al. [13], see
equation 4.13. The adsorption in the Stern plane which is caused by electrostatic interactions is incorporated in equation 4.17 while it is not incorporated in equation 4.13.
The physical meaning of the Z-parameter is the amount of protons
which is desorbed from the surface devided by the amount of cations which
is adsorbed at the surface when the pH changes slightly. It can be interpreted
as a standard for the expulsion of protons from the surface according to the
Surface-ligand model (see section 4.2.2.3) or adsorption of hydroxylic ions
on the surface by adsorbing cations according to the stimulated adsorption
model (see section 4.2.2.4). In the Surface-ligand model the adsorbed ions
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Figure 4.12: Z-parameter of silica with potassium bromide solutions.
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Figure 4.14: Z-parameter of silica with 10·2 M solutions.
form covalent honds with the surface. T AA ions cannot form covalent
honds. But their adsorption can cause expulsion of surface protons (or
adsorption of hydroxylic ions) by their influence on the local potential. For
indifferent electrolytes the amount of cations which is specifically adsorbed
at the surface should be zero and so would the change of specifically adsorbed cations (drM in equation 4.13). The Z-parameter according to Schindler
et.al. [13] should be infinitely large. The curves in figure 4.12 show finite
Z-parameters, but this can be understood because some potassium ions are
present in the Stern layer because of the electrostatical interactions. The
amount of ions will be proportional to the concentration of ions in the
slipping plane which can be calculated from the Boltzman equation.
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(4.18)

The first derivative of the adsorbed amount to the pH is:

(4.19)

With the

s potentials

in figure 4.3 dr/dpH can be calculated for the two

electrolyte concentrations. It should be remarked that this must be regarded
as a first approximation, since the local potential at a site may differ considerably from the

spotential [14,15,16,17]. For the 10-

2

M potassium bromide

concentration equation 4.17 yields a dr/dpH value which is 9 times higher
than for the 10-3 M concentration. In figure 4.12 the maximum of the Zparameter of the 10-2 M solution is 3 times higher than the Z-parameter of
the 10-3 M. This implies that the change in surface charge of the silica in the
10-2 M solution should be 27 times higher than that of silica in the 10-3 M
solution.
According to the Gouy-Chapman theory the surface charge should
scale with the square root of the concentration. The first derivative of the
surface charge to the pH should scale with the square root of the concentration too. As a consequence of this the change in surface charge of silica in the
10-2 M solution should be vflO times higher than the change in surface
charge of the 10-3 M solution. This is about 9 times lower than what was
calculated in the preceding paragraph. Por silica/water surfaces in the
presence of indifferent electrolytes the Gouy-Chapman theory is not fit for
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the description of dr M+ as a function of the pH.
From the surface charges as shown in the figures 4.8 to 4.11 the first
derivatives can be calculated. In figures 4.15 and 4.16 the first derivatives of
the surface charge to the pH are shown as a function of the cation for pH= 3
and pH=5.

At pH= 3 the change in charge bebind the slipping plane (including the
surface charge) is small compared to the change in surface charge. Therefore
the Z-parameter is near to 1. At pH=5 the change in surface charge is about
30-40 times smaller than at pH= 3, while the change in charge bebind the
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Figure 4.15: First derivative of the surface charge as function of the cation
type at pH=3.
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slipping plane is nearly constant. At pH=5 a maximum is present in the Zparameter-pH curve. The first derivative of the surface charge to the pH is
the same for solutions of 10-3 M and 10-2 M potassium bromide. As the Zparameter in the l 0-3 M solution is 3 times smaller than in the 10-2 M
solution the change in adsorbed ions in the Stern plane must be 3 times
higher in the 10·3 M solution than in the 10-2 M solution. This is in
contradiction with the flgures calculated with equation 4 .17.
In our approach the expulsion of surface protons by an chemisorbing
cation is mixed with electrostatic adsorption in the Stern plane. If ions are
chemisorbed. two processes take place: i) protons are expelled from the
surface because of the influence on the local potential. This results in a more
negative da0 /dpH. ii) because of the adsorption the

s potential diminishes and
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d(a1-a0 )/dpH increases. In figure 4.16 is shown that the change in the surface
charge is more negative for TMA, TEA and TPA than for potassium bromide at pH= 5 in l 0-2 M solutions. In 10-3 M solution the difference between
potassium bromide and TMA bromide is small. Some protons are expelled
from the surface by the T AA ions.
As the Z-parameters in solutions of the T AA salts are smaller than in
solutions of potassium bromide this cannot be explained with the first
process alone, The second effect takes place as wel!.
The curve for 10-3 M potassium bromide in figure 4.13 is only slightly
higher than the curves for the other cations at this concentration. The Zparameters of the indifferent potassium bromide are thought to be caused by
the pH change and adsorption in the Stern plane rather than chemisorption
on the silica surface. The change in surface charge at pH

(maximum Z)

in solutions of the T AA ions is for TMA bromide comparable with that of
potassium bromide and for TEA and TPA bromide about 2 times more
negative. As the Z-parameters of the other cations have about the same value
this shows that at a concentration of 10-3 M the change in adsorbed ions is
for TMA bromide comparable with potassium bromide. For TEA and TPA
the change in adsorbed ions must be more than 2 times higher than for
potassium bromide. At this concentration (I0-3 M) the influence of the TMA
bromide which is adsorbed in the Stern plane is more important than the
TMA bromide chemisorbed at the surfäce. As the change in adsorption for
TEA and TPA is about 2 times higher than for the indifferent potassium
bromide the importance of TEA/TPA bromide adsorbed in the Stern plane is
about as important as the chemisorption of T AA bromide at the silica
surface.
For the 10-2 M electrolytes (see figure 4.14) the differences between
116

Chapter IV
the TAA salts and the bromide are much more pronounced. At pH=5
(maximum Z) the change in surface charge is for TMA is about 2 times and
for TEA 3 times higher than for potassium. With the maximum Z-value as
shown in figure 4.14 the change in adsorbed ions can be calculated. For
TMA the change in adsorbed ions is 5 times higher than for potassium and
for TEA 9 times. This shows that at this concentration the chemisorption of
T AA ions on the silica surface is more important than the electrostatic
adsorption in the Stern plane.
4.4.3 Adsm::ption of T AA ions on silica.
The amount of T AA ions which is adsorbed at the silica surface can be
determined with a procedure described in section 4.3.4. The adsorption is
investigated at two pH values: pH=3 and pH=5. In figure 4.17 and 4.18 the
results, corrected for the amount present in the double layer, are shown.
No saturation is seen for TEA and TPA and for TMA at a concentration of 5*10-2 M. According to the model of Rutland and Pashley [20]
(see section 4.2.6) saturation should take place at 10-5 M for both TMA and
TPA. Our results are in contradiction with the assumptions of Rutland and
Pashley.
The adsorption was determined by calculating the decrease in concentration on the addition of silica. The T AA ions will be present at the surface
(bebind the electrokinetic slipping plane) but they will be present in the
electrical double layer as welt. The amount present in the double layer can
be calculated using equation 4.20.
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Figure 4.17: Adsorption of T AA ions on silica at pH= 3.
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Figure 4.18: Adsorption of TAA ions on silica at pH=5.
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(4.20)

In this equation n+ is the average TAA concentration at a certain
distance from the particle,

no is the bulk concentration and ó is the distance

of the electrokinetic slipping plane from the surface. The average
concentration is dependent on the mean potential at a certain distance from
the surface. By using, in the region outside the electrokinetic slipping plane,
the potential as calculated from the Gouy-Chapman theory (equation 4.4) the
equation for the additional amount of cations present in the double layer can
be derived.

r

K

l

2n
( ze C
=-{exp
- - -1}
0

dd

K

0

2kT

is the reciprocal thickness of the double layer and

potential. The

(4.21)

t

is the

t

t potential is used because in the absence of polymers near the

surface, the Stern plane and the slipping plane are nearly the same as
described by Parfitt and Picton [4] and Horn and Smith [5].
In the figures 4.17 and 4.18 the adsorption of TAA ions, corrected for
the electrical double layer with equation 4.21, are shown for pH=3 and
pH=5. The difference in adsorption between the two pH-values is quite
small (mean difference 2*10-8 mole/m2). According to the figure 4.8 to 4.11
the surface charge increases considerably if the pH changes from pH= 3 to
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pH=5. As the adsorption remains constant it can be concluded that the
adsorption is hardly dependent on the surface charge. A consequence of this
is that the adsorption of T AA ions doesn't take place on the charged groups
of the silica. This is in agreement with the results of chapter II and III. In
these chapters was found that, besides the electrostatic attraction between
silicate and T AA ions, a repulsive force was present between these ions.
Silicate ions mainly consist of protonated and deprotonated silanol groups.
Therefore it is not likely that the T AA ions will adsorb on silanol groups of
the surface. This is in contradiction with the Site-binding model (section
4.2.2.2), the model of hydrophobic monolayer/hydrophillic bilayer (section
4.2.2.5) and the model of Rutland and Pashley (section 4.2.2.7).
The charge of the adsorbed ions can be compensated in several ways:
a) If the solid is a (semi)conductor, the charge of an adsorbed ion can be
compensated through charges in the solid phase. In our case this is excluded
because silica is an insulator.
b) Compensation by counter ions in the double layer.
c) Compensation by adsorption on adjacent sites for ions of opposite charge
or by expulsion of protons from surface hydroxyl groups.
The two effects b) and c) both effect the adsorption in a qualitatively
similar way: If effect b) is important, then an effect on neighbouring sites is
expected especially at low electrolyte concentration in the bulk liquid: under
these conditions the thickness of the double layer is large, and if it surpasses
the distance between two adjacent sites, the charge of an adsorbed ion is
compensated only partially by counter ions at the adjacent site. This is
indicated schematically in the right part of figure 4.19. At large electrolyte
concentration, however, the thickness of the double layer is smaller than the
distance between adjacent sites, and the charge of an adsorbed ion will be
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compensated nearly totally at the distance of a neighbouring site (see left
hand part of figure 4.19). The effect will be apparent from a relatively low
adsorption at low electrolyte concentration, because the charge of an adsorbed ion is shielded only partiaHy at the distance of an adjacent site.
If effect c) is important, the influence of adsorbed ions on neighbouring sites is especially pronounced at high electrolyte concentration

î/K

Figure 4.19: The influence of the double layer thickness on the influence of
adjacent adsorption sites.
and large surface coverages. This will be apparent by a specially large
adsorption at high concentration. This was found for TEA and TPA bromide
but not for TMA bromide.
Some aspects of the adsorption are not described by compensation by
counter ions in the double layer. If the adsorption of TEA and TPA bromide
at high concentration is caused by the decreasing shielding the Adsorption of
TMA bromide should be large as well. This was not found. Another point
against this theory is that the surface is charged in most cases. If the surface
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charge and the charge of the adsorbed ion are opposite of sign, as in our
case, the double layer in the direction perpendicular to the surface is different from the double layer in the direction parallel to the surface. The double
layer perpendicular to the surface is dependent on the bulk concentration.
The double layer parallel of the surface is more dependent on the surface
charge. At pH=5 for low concentrations the t' potential is negative. This
means that the surface charge is larger than the charge of the adsorbed ions.
The average distance between a site and an adjacent charged surface group is
smaller than the distance between two sites and much smaller than the double
layer thickness. This shows that at low electrolyte concentration the compensation of the surface charge by counter ions in the solution does not influence adsorption on nearby sites.
The main interaction leading to adsorption is assumed to be an overlap
of the hydrophobically induced water structures around the T AA ions and
some surface groups. Kamo et.al. [7] showed that the Stern model for
adsorption can be used to describe the adsorption of anionic surfactants at
liposome surfaces in spite of the assumptions in the theory being far from
satisfactorily defendable (the most debatable of these assumptions are the
equal adsorption energy for all sites and the absence of mutual interactions
between adsorbed species). By splitting the adsorption energy into two parts
according to equation 4.10: an electrical energy' approximated by the

r

potential, and a constant adsorption energy term, due to hydrophobic
interactions, the assumption of the equal adsorption energies is not an
obstacle any more. Therefore the results are fitted to equation 4.11. This
appears to be a plot of the reciprocal adsorption against the reciprocal
concentration (see figure 4.20 and 4.21). The exponential term on the legend
of the ordinale can be regarded as a consequence of a Boltzman like distribu
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Figure 4.21: Fit of adsorption data at pH=5.
123

Chapter IV
tion of the ions outside the electrokinetic slipping plane. It gives the reciprocal value of the concentration of the cations at the electrokinetic slipping
plane.
On the basis of the results presented in previous chapters of this thesis,
we expect that the driving force of chemisorption of T AA ions is an attraction between hydrophobically hydrated parts of the silica surface and hydrophobically hydrated alkyl chains, rather than a special attraction between
TAA ions and negatively charged silanol groups, which should lead to other
viscosity data and to other distribution coefficients in coacervation than those
found experimentally. Thus the driving force for chemisorption is in the
system investigated here different from the type of system which is the basis
of the surface-ligand model. In this model a type of covalent bond is
postulated between an adsorbed ion and the oppositely charged site itself.
In order to obtain an impression of the factors involved in adsorption
(number of sites and adsorption energies) we first applied the simplest
model, the one described by Kamo et.al. [7] (equation 4.11). In this model
the influence between adjacent sites is assumed to be electrically only and is
approximated by the t' potential. Figures 4.19 and 4.20 present the
adsorption data they should have according to equation 4.11 would be
obeyed. These figures show definite deviations from the linear course: At
large concentrations 1II' is lower than expected from a linear course especially in the case of TEA and TPA bromide, meaning that

r

is at high concen-

tration larger than expected from equation 4.1 J. It would be erroneous to
ascribe this fact to an influence by the size of the double layer, since in this
case the effect would be equal for all types of ions.
In order to obtain a rough idea of the number of adsorption sites per
unit surface area, and of the adsorption energies involved, we fitted the
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adsorption data to equation 4.11. The results are mentioned in table 4.1.
One of the boundary conditions of equation 4.11 is: all sites are
characterized by a constant adsorption energy ( E ). Sites with adsorption
energies which are out of a certain range (e.g. very low adsorption energies)
are not taken into account.
Table 4.1: Fitting parameters of the adsorption equation.
pH=3

TAA

TMA
TEA
TPA

pH=5

N, *107

E

(mole/m2 )

(kJ/mole)

2.59

-18.1

TMA

2.52

-19.5

3.16

-22.6

-24.3

-22.6

TEA
TPA

2.67

4.14

4.32

-23.2

TAA

N, *107
2

(mole/m

E
)

(kJ/mole)

The data presented in table 4.1 show a striking feature: The adsorption
energies are nearly the same for all types of cations, the number of adsorption sites per unit surface area is approximately constant at two pH values and
increases with increasing chain length.
The fact that the number of adsorption sites is not dependent on the
pH shows that the adsorption does not take place on charged silanol groups.
An explanation for this behaviour is the following: On the silica
surface small hydrophobically hydrated sites are present originating from siloxane bridge-like sites. These groups have to be distinguished from the
hydrophillic silanol groups. The area of these hydrophobically hydrated sites
are small compared to the area of the ions. The overlap area determines the
adsorption energy. Probably the site area is smaller than the dimensions of
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the TEA and TPA ions (including the water layer bound hydrophobically to
the ion). Therefore the hydrophobic hydration layers around TEA and TPA
have similar overlap areas with the hydrophobically hydrated sites on
siloxane bridges. TMA is smaller and more compact. By steric effects the
overlap, and thus the adsorption energy, could be smaller.
The dependence of the number of sites on the chain length can be
explained in two ways:
i) The TMA ion bas a relatively small hydrophobically hydrated Iayer
compared to TEA and TPA ions. The sites are surrounded by hydrophiJlic
silanol groups. Between the T AA ions and silanol groups a repulsion is
present. Some sites will be partially shielded by silanol groups. In these
cases the hydrophobic hydration of TMA may be not strong enough to cause
adsorption on these sites. The stronger the hydrophobic hydration of the
T AA ions the better partially shielded sites can be used for adsorption.
ii) The T AA ions can be regarded as bulky ions with tiny alkyl chains

sticking into the solution. The adsorption can be regarded as the overlap of
the hydrophobically hydrated regions of the site and the alkyl chains. Some
sites will be at a flat S/L interface. These sites are accessible for all T AA

Figure 4.22: Adsorption site in a cleft.
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ions. Some sites are positioned in clefts which are so narrow that the bulky
ions cannot enter it (see figure 4.22). In many cases the tiny alkyl chains can
enter these clefts. The Jonger the alkyl chains the more sites in clefts can be
used for adsorption. The adsorption energy for these sites is out of range for
the TMA and therefore they are not taken into account.
It should be remembered that the Stern assumption of absence of
interactions between ions on adjacent sites will be probably too much of a
simplification in the case at hand. The influence of the occupation of
adsorption sites on adjacent sites can be calculated by the stimulated adsorption model ( see section 4.2.2.4).
In previous papers [14, 15, 16, 17] this model was applied to the
adsorption of a lattice ion (Ca2 +) on Ca silicates and Ca-silicate hydrates
(wollastonite, xonolite). These materials have the advantage that the number
of adsorption sites can be estimated on the basis of crystal structure considerations.
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Figure 4.23: Schematic view of stimulated adsorption model.
127

Chapter IV
In the present investigation we are dealing with the adsorption of nonlattice ions (TAA on silica). In figure 4.23 adsorption at a particular site
(e.g. A) is expected to be so favourable that at low TAA concentrations
adsorption takes place. An adsorbed ion at site A will influence the local
potential at site B such as to promote their dissociation. This in turn makes
T AA adsorption on adjacent site C possible, etc ..
Prerequisite to such a mechanism to occur is, that the Z value should
be

> 1. This is, in a rather broad pH range, the case in all solutions investi-

gated. However the very large Z values found in 10-2 M potassium bromide
solutions are not found for 10-2 M T AA bromide solutions. This difference
can be ascribed to the chemisorption of the T AA ions: on changing the pH,
in the case of potassium bromide only electrostatic adsorption of potassium
ions takes place bebind the electrokinetic slipping plane; d(oro0 )/dpH is
small, and this leads to large Z values.
In the case of TAA bromide solutions, the net charge bebind the
electrokinetic slipping plane changes because of cation adsorption both
caused by electrostatic attraction, and because of overlap of similar water
structures. Thus, d(o1-o0)/dpH is here Jarger than in the case of potassium
bromide, and Z remains between 1 and 2. But the fact that Z > 1 confirms
the expulsion of protons from adjacent surface groups on the adsorption of
TAA ions.
In the case of T AA ions on silica, no crystal structure considerations
giving a value for the total number of adsorption sites per unit area are
available. The calculations are therefore restricted to the adsorption of TMA,
because only in this case a satisfactory plateau adsorption at large concentration was found. Two different values were chosen: The value found with the
fit to equation 4.11 (see Table 4.1) and the plateau value obtained from
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figures 4.17 and 4.18 (2.0*10-7 mole/m 2). For the spread of the adsorption
energy about its average two values were chosen: w/f =0.1 and w/f=0.5
(w=spread and f=average adsorption energy), corresponding with a rather
narrow and a rather braad distribution, respectively. The integrations were
performed numerically,

using Simpson's

energies ranging between -5w and

+5w.

method, between adsorption

For the activity coefficients values

were calculated from the Debye-Hückel equation, since it is known from the
work of Lindenbaum and Boyd [27] and Wirth [28] that for the symmetrical
T AA bromides deviations from the theoretical activity coefficients are not
prohibitively large up to concentrations of 0.1 M. In the calculations the total
concentration of electrolyte, including the amount of electrolyte necessary for
obtaining the pH values concerned, was introduced.
Among the data necessary for employing the formulas mentioned,
especially

ctr I dlog(-yc)

is only known with a limited accuracy. We approxi-

dr

I dlog(-yc) for the adjacent log('ym) step in the case

mated this by using

of the lowest and highest concentrations investigated. For intermediate
log(-ym) values dr I dlog(-yc) was found by linear interpolation between the

dr I dlog(-yc)

values of the adjacent log (-ym) steps.

Table 4.2 contains the results. The values reported refer to a total
number of sites

2.0*10-7 mole/m2 : hut similar results were obtained for a

total number of sites equal to the values described in table 4.1.

For the lowest concentrations investigated the results are rather
uncertain, owing to the difficulty in estimating dr I dlog(-yc) for these cases.
If we leave these values out of consideration, it is seen that, as in previous

publications, generally dt/> I dlog(-yc) is negative, with the trend that its
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Table 4.2: Stimulated adsorption model calculations for TMA bromide on
silica.
[TMA bromide!
(10-3 M)

~/kT*d<f>/dlog(-ym)

Adsorbed amount
(10-8 mole/m2)

1
)

w/f=0.1

w/f=0.5

pH=3:
0.997

0.22

-11.95

-13.37

2.862

1.61

0.08

-1.60

9.687

3.38

-5.51

-l.60

29.09

11.75

96.11

18.83

.

-1.31

-4.98

-11.58

---- 2)

pH=5:

1
)

0.823

1.63

1.17

-0.46

2.713

2.48

-0.09

-2.06

9.318

6.93

-0.28

-2.91

28.88

13.24

-0.25

-3.67

96.31

17.13

-1.11

-5.82

Value corrected for the amount present in the diffuse part of the double

lay er.
2
)

Large value for average adsorption energy required for explaining the

experimentally measured adsorbed amount. In this case, the integrals could
not be calculated for the broad range of adsorption energies between -5w and
+5w.

absolute value increases with increasing concentration. The local potential at
adsorption sites therefore changes in a direction opposite found for the

r

potential. This confirms the central issue of the stimulated adsorption model,
viz. that the
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r potential is not a good approximation for the local potential at
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the adsorption sites. In calculating electrical repulsions, however, it is a good
approximation for the Stern potential, since here we are dealing with a
potential averaged over the Stern plane.
The fact that the absolute value of d<f> I dlog('yc) increases with
increasing TMA concentration is to be expected since at large concentrations
the average distance between adsorbed ions is small, resulting in a more
pronounced influence on the total adsorption energy at a site being occupied,
from neighbouring sites. Thus the model appears to be consistent with
adsorption data of ions even in the case when we are dealing with non-lattice
ions.
Por the adsorption of TEA and TPA bromide the stimulated adsorption
model cannot be used because the adsorption does not level off at large
concentrations, which makes a reasonably accurate estimate of the total
number of available sites impossible. The adsorption data, especially the
large adsorption for TEA and TPA at high concentration compared to
adsorption for TMA, can be understood as follows:
At low concentrations of T AA bromide, only the interaction of
individual ions with the silica surface is important: the hydrophobically
hydrated regions around adsorbed ions do not overlap to a significant degree.
With TMA bromide, the limiting adsorption is reached in this stage. With
larger ions such as TEA and TPA, when this limiting stage of adsorption of
individual ions is reached, additional sites become energetically attractive
because parts of the adsorbed ions are close enough for the hydrophobically
layer around an additional ion to have some form of overlap with hydration
layers around previously adsorbed ions. The overlap of the hydration layers
is not thought to be due to the formation of a bilayer hut it makes relatively
unattractive adsorption sites energetically acceptable.
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At this transition of adsorption of individual ions to adsorption of
cooperative ions, the adsorption density is about 3*10-7 mole/m2 • This
corresponds with an average mutual distance between adsorbed ions of the
order of 2.5 nm (assuming homogeneous distribution of adsorbed ions over
the surface), which is still quite large compared with the radii of TEA and
TPA ions. These radii are estimated to be of the order of 0.5-0.6 nm when
the first hydration layer is included. However, when the possibility of nonhomogeneous distribution of the adsorbed ions over the surface is envisaged,
then it is possible that the distances between some sites are in the order of
twice their radius (1-1.2 nm). In this case these sites can be occupied by the
overlap of the hydration layers of the ions. The transition of ideally dispersed ions to clustered ions causes a change in adsorption energy (E in
equation 4.10). This is a second reason why the stimulated adsorption model
cannot be used for TEA and TPA bromide.
We stress that the idea represented in the last paragraph is at present a
working hypothesis rather than an established theory.
4.5 Conclusions.

T AA ions have an influence on the

t potentials of silica. The IEP

shifts to higher pH. This can be regarded as the result of adsorption of T AA
ions on the silica surface. The shifts in IEP were linearly dependent on the
chain length. This shows that hydrophobic interactions are important for the
adsorption. By describing the adsorption in terms of the Stern model of
adsorption mean adsorption energies of-18.8 kJ/mole for TMA and -23.1
kJ/mole for TEA and TPA are found. The number of adsorption sites
increases from 2.5*10-7 mole/m2 for TMA to 4.2*10· 7 mole/m 2 for TPA. The
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influence of the surface charge on the adsorption was small. This leads to the
conclusion that the T AA ions do not adsorb on the charged silanol groups.
This is in agreement with the conclusions of the chapter II and III.
The adsorption data for TMA are consistent with stimulated adsorption
by cations and anions, even in this case where we are dealing with the
adsorption of non-lattice ions. For TEA and TPA these theories cannot be
used because the total number of sites cannot be estimated from the experimental results. The high adsorption for TEA and TPA bromide at high
concentrations is considered to take place because the distances between
some sites are in the order of twice the ionic radius. In that case the overlap
of hydration layers makes relatively unattractive adsorption sites energetically
acceptable.
The results of the adsorption can be explained by assuming that the
adsorption sites consist of small siloxane like hydrophobically hydrated
places on the silica surface. It is possible that these siloxane groups are
stabilized by the adsorption of T AA ions. This could be an explanation for
the slow dissolution rate of silica in TMA hydroxide solutions as found by
Wijnen [2].
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CHAPTER V:
CONCLUSIONS
In zeolite syntheses organic templates are used. The role of these
templates bas until now not been fully understood. Specific interactions
between the templates and the zeolite precursor phase are thought to be the
main reason for the action of the template. In this thesis interactions between
a special class of templates, the symmetrical T AA ions, and a zeolite precursor, silica, are investigated. The formation of specific double ring silicate
structures, which takes place, can be considered as a result of the presence
of the interactions between the T AA ions and silicate ions in solutions. These
double ring si\icate ions are thought to be important intermediates in the
zeolite syntheses. This thesis reports some evidence on these interactions.
In chapter II the dependence of the viscosity on the concentration is
described with the extended Jones-Dole equation. The Jones-Dole equation is
the only theory which describes the viscosity of electrolyte solutions as a
function of the concentration in terms of interaction parameters, the JonesDole coefficients A, B and D. The A coefficient describes the electrostatic
interactions. For TMA silicate the A coefficient was approximately 2 1h times
higher than for sodium silicate and 3 times higher than for potassium silicate.
Por mixtures of TMA silicate with sodium or potassium silicate the influence
of the alkali silicates on the A coefficient was much higher than of TMA
silicate. Especially the difference in A coefficient between TMA silicate and
sodium silicate can not be explained by current theories as TMA and sodium
ions have the same mobility. An explanation is that the TMA silicate
distance is larger than the equilibrium distance predicted by the Debye136
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Hückel theory.
The B coefficient, which describes solute solvent interactions, is in agreement with the additivity rule for mixtures of TMA silicate with alkali metal
silicates for all solutions except for TMA siJicate. The large vaJues of the B
coefficient for silicate solutions can be considered as a result of the presence
of a strongly ordered hydration layer around the silicate and the TMA.
The D coefficient is not well defined. It should contain high order terms of
the A and B coefficients and solute-solute interactions. In our systems a high
D coefficient was found for TMA silicates. This D coefficient was much
higher than for TMA bromide and alkali metal silicate. This should be an
indication on the presence of additional interactions between the TMA and
silicate ions.
The molecular picture we obtained from these results is that besides the
electrostatic attraction, an additional interaction is present between the TMA
and the silicate ions. An additional attraction between TMA and silicate ions
would have been visible as a decrease in the A coefficient and a high
influence of TMA ions in mixtures. We found a high A coefficient for TMA
silicate solutions. lt is very likely that the interaction between TMA and
silicate ions is a repulsion. This explains the high value of the A coefficient
and the strong influence of the alkali metal ions. In solutions with only TMA
and silicate ions present the distance between TMA and silicate ions is larger
than predicted by the Debye-Hückel theory. In mixtures of TMA silicate and
alkali metal silicate the alkali metal ions can approach the silicate ions more
closely than the TMA ions. Therefore the alkali metal ions will be preferentially closer to the silicate ions. This results in an ion cloud which does not
differ much from the Debye-Hückel ion cloud and the A coefficient does not
differ much from the alkali metal silicate value. This behaviour is thought to
137

Chapter V
be caused by the difference in hydration of the TMA and the silicate ions.
The silicate ions are hydrophilically hydrated and the TMA ions are hydrophobically hydrated. As these hydration layers are caused by different effects
it is likely that a structural difference is present between both highly structured regions. This means that these regions cannot overlap and a repulsive
interaction is present.
In chapter III the coacervation behaviour of the system water- TMA
bromide- sodium silicate is described. Coacervation is the demixing of
aqueous solutions into two different layers. In order to obtain coacervation it
is necessary to have the combination of T AA halogenide or nitrate with
alkali metal silicate. In our systems the T AA bromide was present in the
upper layer and the sodium silicate in the lower. This is an indication that
the coacervation is caused because of a repulsion between the TMA and the
silicate ions. This is in agreement with the results of the viscosity measurements.
The coacervation was described using partial miscibility theories. For this
the excess Gibbs free energy was calculated. The excess Gibbs free energy
was split into pair interactions. The pair interactions of the salts with water
were described with the activity coefficients and the TMA-silicate interaction
term was described with the Redlich-Kister equation. From the RedlichKister equation only the first two terms were used. With this Gibbs free
energy the binodals were calculated. These calculated binodals were in
reasonable agreement with the experimental binodals.
The excess Gibbs free energy is the combination of an interaction enthalpy
and an excess entropy. The excess entropy (strictly Ts6) is thought to be
much smaller than the excess enthalpy and is therefore neglected. By using
the Redlich-Kister equation for the excess Gibbs free energy the interaction
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enthalpy bas two contributions: i) one T AA ion with one Silicate ion and ii)
two T AA ions with one silicate ion and one T AA ion with two silicate ions.
The two contributions were dependeot on the type of organic cation and the
sodium/silicate ratio. At increasing sodium/silicate ratio the interaction
eothalpy of two T AA ions with one silicate ion increases. This is thought to
be an effect of the charge of the silica which increases with iocreasing
sodium/silicate ratio. The interaction enthalpy of one TAA ion with one
silicate ion decreases with increasing sodium/silicate ratio. This is thought to
be due to the diminished charge compensation of the silica by the T AA.
For several different T AA ions the interaction enthalpy of one T AA ion with
one silicate ion increases slightly with increasing chain length. The interaction enthalpy of two T AA ions with one silicate ion increases with the square
of the hydrophobic hydration enthalpy. This shows that the coacervation is
dependent on the hydrophobic hydration of the T AA ions. This supports the
origin of the repulsive interac;tion between T AA ions and silicate ions which
was reported in chapter Il.
This leads to the following mechanism of the coacervation:
T AA ions are hydrophobically hydrated and silicate ions are hydrophilically
hydrated. The structures of these hydration layers are different and can
therefore not overlap. In solutions which contain, besides T AA and silicate
îons, a cation (e.g. sodium) and an anion (e.g. bromide) coacervation can
occur. At higher concentrations the T AA and silicate ions will migrate apart
because of the repulsion. The respective charges will be predominantly
neutralized by the other ions present. The sodium will surround the silicate
and the bromide the T AA. This way two microstructures are formed. At
higher concentration coalescence of these microstructures wil! occur to
macroscopie droplets and gravity will cause the formation of both layers.
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In chapter IV the adsorption of T AA ions on silica is described.
Although repulsive interactions are present between T AA- and silicate- ions
adsorption of T AA ions on silica does occur. The repulsion between silicate
ions and T AA ions is most likely to take place between the charged groups
of the silicate ions and the T AA ions. Silica surface have beside the silanol
groups at the surface also other groups, like siloxane bridges. With the help
of

r potentials

the adsorption was studied. The IEP of silica shifted for the

T AA ions to higher values. This is an indication of the specific adsorption of
T AA on the silica surface. The shifts in IEP were linearly dependent on the
chain length. This is an indication that hydrophobic interactions play an
important role in the adsorption.
With the help of the Stern model of adsorption the adsorption energy and the
number of adsorption sites were determined at pH=3 and pH=5. All
adsorption energies were between -18 and -25 kJ/mole. For TMA the
adsorption energy was about 20 % smaller than for TEA and TPA. The
number of adsorption sites increased with increasing chain length. These
adsorption sites are thought to be hydrophobic sites. The adsorption takes
place because the hydration layer of the T AA ion can overlap with the
hydration layer of the site. The size of these sites is quite small. This
explains the small differences in adsorption energy between TMA, TEA and
TPA. The size of the site is so small that TEA and TPA cover the complete
site and have the same overlap. The smaller TMA covers most of the site
and the adsorption energy is a little smaller than for TEA and TPA. For the
dependence of the number of sites on the chain length two explanations are
possible:
i) The sites are small and most probably surrounded by silanol groups.
Between the silanol groups and the TAA ions a repulsion is present (see
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chapters II and III). Some sites will be shielded by the silanol groups. The
stronger the hydrophobic hydration the easier these sites can be used for
adsorption. Therefore the number of sites increases with increasing chain
length.
ii) Some sites are present at a flat S/L interface. These sites can be occupied

by all T AA ions. Other sites are present in clefts. If the cleft is narrow it
may be impossible for the ion to enter it, while a separate alkyl chain can
enter these clefts. The longer the alkyl chains the better they can enter the
clefts. Therefore the number of sites increases with increasing chain length.
The adsorption of T AA ions influences the local potential and more hydroxylic ions can adsorb. This influences the local potential on adjacent adsorption
sites and more T AA can adsorb. For TMA the local potential decreased with
increasing concentration. This is an indication that stimulated adsorption
takes place. Por TEA and TPA bromide these theories cannot be used
because the total number of sites cannot be estimated from the experimental
results. The high adsorption for TEA and TPA bromide at high concentrations is considered to take place because the distances between some sites are
in the order of twice the ionic radius. In that case the overlap of hydration
layers makes relatively unattractive sites energetically acceptable.
Overall in systems with T AA ions and silica repulsions and attractions
are present. Repulsions are present between silanol groups and T AA ions
and attractions between hydrophobic parts of the silica and the T AA ions.
This dualistic behaviour is offered here as an explanation for the formation
of double ring silicates in solutions of T AA silicates. These structures have
relatively few silanol groups per silicate unit and a lot of siloxane bridges.
Our results indicate that the hydration structures of these siloxane bridges
have more in common with the hydrophobic hydration of the T AA ions than
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the hydration layer of the silanol groups. Similarly zeolites contain mostly
siloxane bridges and the zeolite formed may have a hydration structure
which is comparable with the hydration structure of the template. Adsorption
of T AA ions on the zeolite is expected to stabilize these siloxane bridges,
which explains the inhibition of quartz formation when T AA ions are used.
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APPENDIX A: VISCOSITIES OF SILICATE SOLUTIONS.
In this appendix the viscosities are given of the silicate solutions of
chapter II. In that chapter only the Jones-Dole coefficients are shown in
graphical form.

TABLE A.l.
TMA silicate
concentration

11«± 0.01

0.0296

1.0115

0.0694

1.0246

0.0995

1.0351

0.1403

1.0502

0.2806

1.1031

0.4250

1.1620

0.5645

1.2297

0.6969

1.3037

%)
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TABLE A.2.

TABLE A.3.
TMA / K silicate 1/3

K Silicate
concentration

1'/r (± 0.01 %)

1/r (± 0.01 %)

0.0300

1.0066

0.0297

1.0073

0.0513

1.0110

0.0502

1.0119

0.1005

1.0210

0.1087

1.0262

0.1793

1.0376

0.1759

1.0435

0.2767

1.0593

0.2756

1.0690

0.3825

1.0843

0.3820

1.0974

0.4871

1.1087

0.5156

1.1373

0.6485

1.1519

0.6523

1.1808

TABLE A.5.

TABLE A.4.
TMA I K silicate lil
concentration
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concentration

1'/r (± 0.01 %)

TMA / K silicate 3/1
concentration

T/r (± 0.01 %)

0.0301

1.0089

0.0299

1.0093

0.0701

1.0199

0.0512

1.0167

0.1404

1.0406

0.1003

1.0329

0.2173

1.0606

0.1808

1.0591

0.3050

1.0864

0.2900

1.0974

0.3715

1.1065

0.3945

1.1341

0.5489

1.1624

0.5495

1.1923

0.6951

1.2123

0.6845

1.2510

TABLE A.6.

TABLE A.7.

Na silicate
concentration

TMA/Na silicate 54/146

11.<± 0.01

%)

concentration

l '17r (± 0.01 %)

0.0349

1.0121

0.0189

1.0074

0.1050

1.0327

0.0197

1.0167

0.1494

1.0461

0.1023

1.0334

0.2235

1.0684

0.1806

1.0597

0.4534

1.1494

0.2653

1.0882

0.6336

1.2151

0.3822

1.1299

0.9751

1.3562

0.5192

1.1815

1.3016

1.5124

0.6732

1.2448

TABLE A.8.

TABLE A.9.

TMA/Na silicate 1/1

TMA:Na silicate 138:62

17,(± 0.01 %)

ncentration

0.0300

1.0111

0.0311

1.0124

0.0700

1.0231

0.0511

1.0196

0.1006

1.0362

0.0993

1.0364

0.1398

1.0508

0.1817

1.0665

0.2836

1.1059

0.2802

1.1040

0.3455

1.1300

0.3963

1.1515

0.5189

1.2053

0.5377

1.2152

0.6998

1.2917

0.6992

1.2925

concentration

'l1r (± 0.01 %)
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APPENDIX B: MOLAR FRACTIONS OF ELECTROLY-

TES.
A normal way of calculating the composition of mixtures in terms of
molarfractions is given in equation B. l.

n.

x.=

, I: '

(B. l)

nj

In this equation is x 1 the molarfraction of compound 1 and n; the amount of
compound i in moles. For electrolytes the dissociation bas to be incorporated
in the molarfractions ( equation B.2 ).

x.=

v.n.
1

1

' L vini

In this equation

V;

(B.2)

is the amount of ions in one molecule of compound i.

The main point of this notation is that the activity coefficient of the
solute bas to be one at infinite dilution. In this appendix we will prove that
this is the case for this definition of the molarfraction.
Considering a binary mixture of water with salt S (Av+Bv_) we can
describe the system with molarfractions:
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The G-function can be described as:

(B.4)

The amounts of ions can be rewritten in terms of amount S:
(B.5)

The molarfractions become:

Combination B.6 with B.4 yields:

(B.7)

vx

RT{x0 lny~0 +~In
v

yvx
+

+

v

vx

yvx8

v

v

s +~In - -

}

147

Rewriting gives:

(B.9)

Equation B.9 is very similar to equation B.4. The differences are that
equation B.9 deals with a two component system instead of a three component system. Equation B.9 contains a molarfracton and an activity coefficient
which are based on the amount of salt S. By using the molarfraction as
described in equation B.6 the activity coefficient approaches unity at infinite
dilution.
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APPENDIX C: ADDITION OF A LINEAR FUNCTION TO
THE G-CURVE.
In chapter III is stated that the contributions of the Gibbs free energies
of the pure components and of the components in their standard state to the
G-function are a function linear to the distance coordinate and therefore they
do not influence the phase separation in coacervates. By calculating the Gfunction along a conode the composition of the two layers are the intercepts
of the G-function with the double tangent. In the following derivation. will be
shown that by addition of a function linear in the distance coordinate the
intercepts of the double tangent do not change.
Consider G-curve G(i) with double tangent Si+ A. There is a function
G+(i):

G+(i) =G(z) +Ki

(C.l)

G+(i) bas a double tangent Ci+ B. For the intercepts is:
(C.2)

G(l) +Ki =Ci + B

(C.3)

G(i) =(C-K)i +B

(C.4)

A and B are the same and for every K there will be a possible C that makes:

S=C-K

(C.6)

Therefore the intercepts don't change by adding a function, linear in i, to the
G-curve.
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SUMMARY.
In zeolite syntheses tetraalkylammonium (T AA) ions are used as
template. The operation is based on specific interactions between the template and the precursor phase. In order to obtain insight in these interactions
viscosity measurements were performed and coacervation in solutions of
T AA and silicate ions and adsorption of T AA ions on silica were investigated.
The viscosities of silicate solutions were described with the Jones-Dole
equation. It appeared that the ion cloud of tetramethylammonium

(TMA)

silicate behaved in a different way from the ion cloud of sodium silicate. The
hydration of the TMA- and silicate- ions is from a different origin (hydrophobic and hydrophilic hydration) and the regions with chracteristic water
structures cannot overlap. This causes an enlargement of the distance of
closest approach between these ions.
In solutions of T AA bromide and sodium silicate demixing into two
aqueous layers occurs. The T AA bromide was predominantly present in one
layer and the sodium silicate in the other. The demixing, coacervation, was
described with the activity coefficients of the separate sa1ts and an excess
Gibbs free enrgy. Some terms of the Gibbs free energy were dependent on
the enthalpy of hydrophobic hydration of the TAA ions. This leads to the
following mechanism for coacervation:
Because of the difference in hydration T AA and silicate ions cannot approach. lf sodium and bromide ions are present then the bromide wilJ surround
the T AA ions preferentially and the sodium ions the silicate ions. This way
two microstructures are present. At high concentration coalescence occurs
and two layers are formeel.
However, on solid silica specific adsorption of T AA ions takes place.
150

Hydrofobie interactions play an important role. The difference between the
behaviour of the silicate ions and the solid silica is ascribed to the presence
of hydrophobic siloxane like groups, while the silanol groups have a hydrophilic character. The sites are small hydrophobic places on the surface with a
mean Gibbs free energy of adsorption of -18 KJ/mole for TMA and -23
KJ/mole for TEA and TPA. The sites are thus small that the overlap region
of the site with TEA and TPA are the same. This explains the similar Gibbs
free energy of adsorption for these ions.

151

SAMENVATTING.

Bij de synthese van zeolieten worden tetraalkylammoniumionen (T AA)
gebruikt als template. De werking berust op specifieke interacties tussen de
template en de precursor fase. Om inzicht te verkrijgen in deze interacties
werden viscositeitsmetingen verricht, coacervatie in oplossingen met T AA en
silikaat ionen en de adsorptie van T AA op silika onderzocht.
De viscositeiten van silikaat oplossingen werden beschreven met de
Jones-Dole vergelijking. Het bleek dat de ionenwolk van tetramethylammonium (TMA) silikaat zich anders gedroeg dan de ionenwolk van natrium
silikaat en kalium silikaat. De hydratatie van de TMA en silikaat ionen is
van verschillende origine (hydrofoob en hydrofiel) en de gebieden met de
typische waterstructuren kunnen daardoor niet overlappen. Dit veroorzaakt
een vergroting van de afstand van dichtste nadering tussen deze ionen.
In oplossingen van T AA bromide en natrium silikaat treedt ontmenging
in twee waterige lagen op. Het T AA bromide bevond zich voornamelijk in
de ene laag en het natrium silikaat in de andere. De ontmenging, ook
coacervatie genoemd, werd beschreven in termen van mengentropie en
excess Gibbs vrije energie. Sommige termen van de excess Gibbs vrije
energie gedroegen waren afhankelijk van de enthalpie van hydrofobe hydratatie van de T AA ionen. Hieruit volgt voor het mechanisme van coacervatie:
Door het verschil in hydratatie kunnen T AA en silikaat ionen elkaar niet
naderen. Als er natrium en bromide ionen aanwezig zijn zullen de bromide
ionen de T AA ionen preferent omringen en de natrium ionen de silikaat
ionen. Op deze wijze ontstaan twee microstrukturen. Bij hoge concentratie
treedt coalescentie op en worden twee lagen gevormd.
Op vast silika treedt echter wel specifieke adsorptie van T AA ionen

op. Hydrofobe interacties spelen een grote rol. Het verschil tussen het
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gedrag van silikaat ionen en vast silika wordt daaraan toegeschreven, dat
siloxaan groepen een hydrofoob karakter hebben en de silanol groepen een
hydrofiel karakter. De sites zijn kleine hydrofobe plaatsen op het oppervlak
meteen gemiddelde Gibbs vrije energie van adsorptie van -18 KJ/mol voor
TMA en -23 KJ/mol voor TEA and TPA. De sites zijn zo klein dat TEA en
TPA een gelijke overlap hebben met de site zodat een gelijke adsorptie
energie gevonden werd.
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