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General Introduction and Scope of this Thesis 

Chapter 1: 

General Introduction and 
Scope of this Thesis 

1.1. INTRODUCTION 

1 

The diversity in structural properties of silica gels and powders makes this amor
phous oxidic material useful for many different applications. Besides domestic uses 
such as polishing agents or filling material, silica gels have industrial applications as 
well. One major application can be found in heterogeneous catalysis, of importance 
to the chemical and petro-chemical industry. Silica gels are usually not used as a 
catalyst itself, hut are applied mainly as a supporting material for the catalytically 
active components of a catalyst, such as (noble) metals and metal oxides or metal 
sulfides. In heterogeneous catalysis reactions occur at the interface of the reactant 
phase (gas or liquid) and the activating material (solid). Since the active sites for 
heterogeneous catalysis are positioned at the surface of the solid phase, the surface 
area of the catalytically active material should be as large as possible. To obtain 
a maximum in surface area with the least amount of material, the active material 
should be very finely dispersed. However, especially at reaction conditions (high 
temperature) very small metal particles are not stable with respect to coalescence 
and sintering. Therefore, the metal particles have to be deposited on stabilizing 
high surface area supports. Because of its diversity in structure and low reactivity 
towards sintering silica gels are often used as supporting materials. 

Although much is known of the preparation characteristics of silica gels on a 
mesoporous level, insights in the underlying principles and molecular chemical as
pects of silica gel formation are still limited. Up to a decade ago, most of the 
investigations clone in the field of silica gel formation were performed by colloid and 
physical chemists, as such developing a physical chemical basis of silica gel forma
tion. It has resulted in many useful procedures to synthesize silica gels tailor-made 
to the demands of specific applications [1]. This has made the preparation of silica 
gels a "state of the art" rather than a science based on fundamental knowledge of the 
preparation reactions. Understanding of the more molecular chemica! aspects of sil
ica gel formation is required [2], since small variations in preparation conditions and 
precursor solutions can result in different structural properties of the final material. 
Furthermore, the molecular aspects of silica gel formation also play a role in zeolite 
synthesis [3], a process still poorly understood. Zeolites are crystalline (alumino-) 
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silicates incorporating channels of widely differing sizes as such introducing shape
selective catalytical properties and of large importance in modern catalysis. Since 
the underlying reactions for silica gel and zeolite synthesis are related, molecular 
chemica! investigations of silica gel formation may result in the development of new 
(shape-selective) catalysts. Here we concentrate on the role of especially inorganic 
and organic cations. This is important because very small concentrations of different 
cations may dramatically affect the structural properties of the final silica gel. In 
situ use of spectroscopie techniques has created a new era in the physico-chemical 
study of silica gel formation [4]. 

The overall process of silica gel formation is conventionally described in terms of 
a three-steps polymerization process: 

a: formation and growth of primary silica particles by polycondensation of rela
tively small silicate anions (chapters 3 and 4); 

b: aggregation of these primary particles into partially very ramified silica struc
tures ( chapters 2, 5 and 6); 

c: reconstruction of the silica aggregates. Re-arrangement of primary particles 
may occur ( chapter 5) or active silica dissolves and re-precipitates ( chapter 7). 

As mentioned before, main attention in the present research programme was 
devoted to the role of cations in the various reaction steps. Contaminants of (poly
valent) metal cations have a profound influence on the structural properties of the 
final silica gel. Spectroscopie techniques used to study the different polymerization 
processes of aqueous silicate solutions were silicon-29 nuclear magnetic resonance 
spectroscopy and small angle scattering of X-rays. In the following section a short 
overview of these two techniques will be presented. 

a) Silicon-29 Nuclear Magnetic Resonance Spectroscopy. 

The local atomie environment of silicon-29 atoms can be investigated using the 
nuclear magnetic state of the atoms [5]. The occurrence of different signals for dif
ferently positioned nuclei is found in the electron distribution near the silicon-29 
nuclei in question. Depending on this electron distribution the nucleus experiences 
a slightly different magnetic field by which the difference between energy states of 
the nucleus is also changed slightly. Usually, for silicon-29 atoms, this shift in tran
sition energy ("chemical shift" 6) may range from +50 to -250 ppm (parts per 
million) with respect toa given reference resonance (usually Tetra Methyl Silane). 
Electron distributions may well depend on subtle changes in structures, such as Si-
0-Si bond-angles and/or bond lengths. Using the differences in electron distribution 
around silicon-29 nuclei, the local atomie structure can be probed. Since the natural 
abundance of NMR-active silicon-29 atoms is only about 4.7% of the total number 
of silicon atoms ( silicon-28 is not NMR-active) interference effects ( {29Si-29Si} cou
pling) caused by two or more adjacent silicon-29 atoms are negligible. Further, 
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Figure 1.1: Typical Silicon-29 NMR-spectrum of a potassium silicate so
lution. Silica to base ratio: Si02/Rb20=1.0, ambient temperature (300K), 
8K data points and lHz Lorentzian line broadening prior to Fourier transfor
mation .. 15000 45° pulses with 12 s pulse delay; field strength= 7.05 T. 

interactions with nearby protons can be removed easily. 

3 

A typical silicon-29 NMR spectrum of an aqueous silicate solution is presented in 
figure 1.1. From this figure a number of spectra! lines can be observed, which ( thus) 
all represent different silicon-29 atomie environments. As a first approximation, 
for silicate solutions, the larger the number of silicon containing substitutes on a 
silicon atom, the more "upfield" (in fact: lower resonance frequency in a given mag
netic field) the spectra! line occurs. This means that monomeric silicate units (i.e. 
Si(OHk tetrahydroxysiloxane or monosilicic acid) are found at the highest values 
for the chemica! shift ( 6 = - 71.5ppm with respect to TMS) and that resonances 
occurring from fully condensed silicon atoms (i.e. Si(-0-Sik tetrasiloxysiloxane) 
are to be found at the lowest values for the chemica! shift (6 = -llOppm). Since 
many kinds of intermediate structures are to be expected in the polymerization of 
monosilicic acid to fully condensed siloxanes, a nomenclature based on the number 
n of siloxane bridges (Si-(0-Si)n: n=O, 1, 2, 3 or 4) was introduced 16]. 

In this thesis experiments are described in the investigation of oligomerization 
of monomeric silicic acid using these typical chemica! shift differences. 



4 Chapter 1 

b) Small Angle X-ray Scattering (SAXS). 

The structural arrangement of primary building units of silica gels can be in
vestigated using the scattering phenomena of X-rays (or neutrons) at small angles 
[7}. Usually diffraction of X-rays is used in the elucidation of structural properties 
of crystalline materials. The atomie arrangement of these crystalline materials is 
such that interference of diffracted X-rays of a certain wave-length À occurs at angles 
convenient for investigation (typically 20 > 5°). However, in case interference effects 
of diffracted X-rays are expected to arise from larger structure units with respect to 
the wavelength À, the diffraction angle {20) decreases accordingly (i.e. Bragg's law: 
n>. 2dsin(20)). In the case of amorphous silica systems no short range ordering 
is expected since these systems are constructed of silica particles and aggregates of 
particles of colloidal size (1-lOOnm). The size and arrangement of these particles 
and aggregates therefore can only be determined by small angle diffraction of X-rays 
(or neutrons) [8J. 

In this technique, the intensity of scattered of X-rays is dependent on differences 
in electron density in the irradiated sample. This implies that the difference· in 
electron density between the silica.te structure and the embedding medium (i.e. air 
or aqueous solvent) and the number of sites in which these differences occur (surf ace 
area) are important for the scattering behaviour of a specific sample. Furthermore, 
the variation of the number of scattering centers (particles) within the structure 
is reflected in the scattering profile and from this the density-density correlation 
of a material (i.e .. the structural arrangement on colloidal length scales) can be 
investigated. For silica gels it has been found [9} that this structural arrangement of 
mass is non-Euclidean. This deviation from classical Euclidean behaviour is referred 
to as /ractalbehaviour; density varies within the structure according toa non-integer 
power-law. 

This power-law relation is reflected in the SAXS-profile as well and is used in this 
thesis to determine the size of the scattering particles and the size and structure of 
the aggregates that are constructed from these primary particles. SAXS therefore 
provides the uni que possibilit y to study the structure of silica gel in situ on a colloidal 
scale. This in contrast to other techniques as porosimetry and gas adsorption, that 
require an initial drying step. 

The choice of small angle scat tering spectroscopy and nudear magnetic resonance 
spectroscopy as probing techniques for structural properties is warranted because 
of the complementary nature of these techniques: NMR provides information on an 
atomie or molecular level and SAXS on a colloidal scale .. 
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1.2. SCOPE OF THIS THESIS 

In this thesis a combined SAXS and NMR spectroscopical investigation of the 
formation of silica gels from aqueous silicate solutions is presented. The physico
chemical a.spects on which the above mentioned methods have been focused are: 

1- the relation between composition of aqueous precursor solution and struc
ture of the final silica gel; 

2- the influence of (polyvalent) cations on the polymerization process; 
3- molecular a.spects of silica gel transformations (ageing of aqueous silica gels). 

The principles of fractal geometry are reviewed in chapter 2 giving special attention 
to fractal aspects of silica gel chemistry. Computer simulations of the aggregation 
processes as encountered in the formation of silica gel will be reviewed as wel!. This 
chapter intends to introduce the reader in the formalisms of fractal geometry. 

The formation of aqueous precursor solutions is investigated in chapter 3. Dis
solution of amorphous silica gel in aqueous alkali metal hydroxides is discussed with 
respect to the dependence of the dissolution rate on the alkali metal hydroxide used 
and the alkalinity of the solution. Results were obtained using in situ silicon-29 
nuclear magnetic resonance of dissolved amorphous silica gels. 

In chapter 4, silicon-29 NMR-results are presented for the oligomerization of 
aqueous monosilicic acid at high pH-values. The results are discussed in terms of the 
intermediate silicate species formed in the oligomerization reactions. Differences in 
cation composition give rise to significant differences in oligomerization mechanisms 
and final compositions of the silicate solutions. 

The influence of silica concentration and of polyvalent cations on aggregation ki
netics of aqueous silicate solutions will be discussed in chapters 5 and 6 respectively. 
Further, the effect of silica gel precursor composition on the structural properties of 
the silica gels will be discussed in chapter 5 as well. In chapter 6 the role of cations 
at two pH-values typical for silica gel preparation, will be reviewed. The results are 
obtained from in situ application of the small angle scattering technique. 

In chapter 7 structural aspects of transformations in the silica gel systems are 
discussed. The implications of ageing on the size and structural arrangement of 
primary building units are discussed and analyzed in terms of the com bination of 
results obtained from solid state silicon-29 NMR, SAXS and gas adsorption (BET) 
techniques. 

The main results and the impact of this study on molecular chemica! insight in 
silica gel formation will be discussed in chapter 8. 
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Chapter 2: 

Fractal Geometry 
in Silica Gel Chemistry 

2.1. INTRODUCTION 

Empirical studies of the influence of various preparation variables ( such as pH, 
concentration and reaction temperature) and of readily observable structural prop
erties (such as gel time, skeletal and apparent density, pore volume and BET-surface 
area) have generated much phenomenological knowledge of the polymerisation chem
istry of silica gels [1 ]. 

On a molecular level the introduction and application of spectroscopie techniques 
has made possible the study of polymerisation processes taking place in aqueous sil
icate solutions [2]. Especially, high resolution silicon-29 nuclear magnetic resonance 
( chapters 3 and 4 of this thesis) is capable of identifying and differentiating be
t ween the various kinds of oligomeric and polymerie condensation products in the 
polymerisation reaction of monomeric silicic acid Si(OH)4• 

Since monomeric silica is tetrafunctional with respect to possible condensation 
reactions, a lar.ge variety of structurally different molecular silicate species will be 
formed during polymerisation. The tetrahedral atomie environment of the (central) 
silicon atom causes the structures to grow almost equivalently in all three dimen
sions. The order in which the relative reactivity of silanol groups of silicate species 
increases at high pH-values, is the following [3]: 

(Si-0-h-Si(OH) < (Si-0-)2Si(OH)2 < (Si-O-)Si(OH)3 < Si(OH) 4 

From this we may conclude that silica oligomers (silicate species in solution com
posed of more than one up to an arbitrary number of approximately 20 silicon atoms) 
will tend to form structures having a minimum number of silanol (Si-OH) groups [1]. 
This is, for instance, the case when silicate anions arrange in cyclic structures. Sub
sequent condensation reactions of silanol groups attached to a cyclic structure will 
form cage-like structures which have also been identified unequivocally using high 
resolution nmr-techniques [2]. Primarily, condensation reactions of silicic acid re
sult information of cyclic, cage-like and eventually nearly spherical particles. Once 
the large oligomers have been formed the concentration of monomeric silicic acid 
becomes lower than the detection limit of silicon-29 NMR. Further, the amount of 
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structurally different silicon atoms within the amorphous silica particles becomes so 
large that no sharply resolved NMR-lines in the NMR-spectrum can be observed. 

The "spherical" particles of colloidal dimensions (1-lOOnm) (primary particles) 
which are present in polymerising silicate solutions can be studied using the phe
nomenon of scattering of electromagnetic radiation or neutrons by electrons and 
nuclei respectively at very small angles (typically 2fJ < 5°) [4]. Therefore Small 
Angle Scattering of X-rays (SAXS) or of Neutrons (SANS) give information on 
length-scales not accessible by 29Si-NMR. Primary particles are intrinsically unsta
ble and will form particle aggregates or clusters. SAXS and SANS provide structural 
information on the wa.y the formed "spherica.l" a.nd primary partides interact and 
organise into colloida.l aggrega.tes of pa.rtides. These a.ggrega.tes a.ppear to have a. 
fractal density [5]. In this cha.pter the concepts of fractal geometry and fractal 
structures a.re reviewed and the a.pplica.tion a.nd implica.tions of these concepts to 
the description of the forma.tion of aqueous silica gels are discussed. First we pa.y a.t
tention to theoretica.! aspects of fracta.lity, later the implica.tions on specific aspects 
of silica. gela.tion will be discussed. Further, some models for the formation of fractal 
geometries in colloidal particle a.ggrega.tes will be discussed. Fina.lly the impact of 
fractal geometry in the cha.racterisa.tion of silica aggrega.tes .will be outlined. 

2.2. FRACTAL GEOMETRIES 

Etymologically, fractal geometry refers to structures and objects exposing a. non
integer or broken dimensionality [6]. Considering the Eudidea.n spa.ce dimensionality 
in which a. structure is embedded, one usually ca.tegorizes structures as one-, two
or three-dimensional. For instance rod-like structures ca.n be considered a.s one 
dimensional objects since ma.ss expands only in one dimension. A plana.r structure 
is considered as two dimensional wherea.s spa.ce-filling structures (i.e. dense cubes 
and spheres) a.re considered as three dimensiona.l objects. 

However, in nature non-integer dimensionalities can be assigned to rather com
monpla.ce structures. A simple exa.mple bas been given a.lrea.dy in the beginning of 
this century when the mathema.ticia.n Von Koch constructed a.n a.rtificia.lly designed 
exa.mple of a geometry which exhibits fractal beha.viour [7]. In figure 2.1 the con
struction of this so-called Von-Koch-curve is presented in three steps; each step can 
be considered as a reproduction of the previous step but a.t smaller length-sca.les. 

This repetition in construction steps (self-similarity) induces an infinite deta.ilism 
of the structure: we ma.y zoom into the structure hut still the same pa.ttern is 
observable (see figure 2.2). The fractal dimensiona.lity of this curve is obtained 
from a. consideration of the dependence of total length on the size of the mea.suring 
ya.rdstick OT ruler (see pa.ragraph 2.2.2). For exa.mple, with a ruler of length 1 (top 
of figure 2.1) the length of the curve equals to 4; with a. ruler of length 4 ( central 
scheme in figure 2.1) the length becomes 1/ and with a ruler of length ~ the total 
length of the Von-Koch curve becomes ~- Comparing the first stage with the last 
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Figure 2.1 Construction of the Von Koch-curve in the first, second and 
third order approximation (from top to bottom). The length of the ruler 
( 11 - 13) applied to measure the total length of the curve is given for each 
approximation. 

Figure 2.2 Self-similarity as shown for the Von Koch-curve (figure 2.1). 
Zooming into the structure reveals repetitive levels of self-similarity. 

9 
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construction stage we observe that the structure becomes more and more area-filling. 
So at this point we can postulate that the dimensionality of this curve is between 1 
(line) and 2 (plane). 

Q) 

~ 10 z r-----------------
:::J 
0 -0 

:5 10 1 

Cl 
c 
Q) 

...J 

'i -0 .... 

Length of Ruler 

Figure 2.3 Total length Lof the Von Koch-curve as a function of length of 
the ruler l applied to measure the total length. 

Figure 2.3 gives the total length observed as a function of the size of the applied 
yardstick. The fractal dimensionality (see paragraph 2.2.2) as obtained from this 
example appears to be 1.262, a value related to the slope of the line in the double 
logarithmic plot. A rich mathematica! knowledge has been developed on this basic 
principle of geometrical self-similarity and scale-invariance [8]. The main charac
teristic feature of fractal geometries is that as the pattern under scope is magnified, 
the geometry reveals repetitive levels of detail, such, that similar structures exist on 
all scales. 

The connection between these mathematica! structures and shapes observed in 
more commonplace systems was made in the early seventies. Observations described 
above were developed into a theory by B.B. Mandelbrot and illustrated in the book 
'The Geometry of Nature' [6]. From that moment on, experimentalists in the field 
of natura! sciences became aware of the possibility to characterize complex shapes 
and structures in terms of fractal geometries. Nowadays, the application of fractal 
theory diverges from sub-microscopical aggregates of colloidal particles to super
macroscopical clusters of galaxies, applied to all kinds of scientific disciplines rang-
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ing from medicine, psychology, physics and chemistry to descriptions of noise and 
epidemics [8]. 

An important scientific field in which fractal behaviour is encountered and in 
which the fractal structure itself plays an important role, is the study of the class of 
growth phenomena that produce very complicated and ramified geometr·ical struc
tures. One of the most obvious and ordinarily observed fractal geometries in every
day life, is the construction of a tree starting at its stem and ending at its leaves. We 
observe an ever increa.sing number of branches when starting from the trees stem 
(comparable to Bethe-lattices). Further, the geometry or spacial arrangement of 
these branches always bears the same pattern: no matter how large the magnifica
tion of the tree we still observe the same typical pattern (we should not magnify that 
large so that we only see the (nerves of the) leaves, or that small that we only see 
the whole tree!). The symmetry of fractal objects can be considered as a symmetry 
restraint under magnification or dilation analogous to symmetry operations of, for 
instance, crystalline or highly ordered objects. From a mathematica! point of view, 
objects that have fractal geometries must be self-similar under an infinitely broad 
scale of magnification and dilation. In nature, objects may show fractal behaviour 
with self-similarity properties, that are usually restricted to certain length-scales. 
The smallest length-scale with respect to which the object is fractal, is determined 
by the size of the smallest building unit within the object, whereas the largest length
scale is determined by the size of the object or the volume the object occupies in 
Euclidean space. Moreover, in nature, fractality or scale-invariance is considered 
to be a statistica} property of the structural configuration. Under magnification or 
dilation a non-perfect congruency is observed, only roughly the same pattern can 
be seen. Magnification of the structural arrangement of the branches of the tree 
described above, may not result in exactly the same pattern of branches. In sta
tistica} terms however, the pattern will resemble the previous, unmagnified pattern. 
The way the pattern changes does not depend on the magnification. This implies 
that self-similarity is only valid in a statistica} sense: growth phenomena and to be 
more specific aggregation processes will not form a fully self-similar structure but in 
statistica} terms the structure is scale-invariant. 

2.2.1. Fractal Dimensionality 

A feature of fractal structures and objects is their deviation from Euclidean space 
dimensionality. This can be shown by the determination of surface area or density 
of fractal objects as a function of measuring unit (see figures 2.1- 2.3 and [9]). 
The way characteristic structural elements such as volume, area and density vary 
with increa.sing or decrea.sing size of measuring units used to investigate the specific 
structural aspect, is expressed in the term fractal dimensionality. 

The physical meaning of fractal dimensionalities can best be illustrated by means 
of a geometrical consideration of an object's density. Consider a hypothetical object 
as depicted in figure 2.4a, which consists of a regularly packed array of primary 
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a 

b 

Figure 2.4 a) Non-fractal (2 dimensional representation) structure of regu
larly positioned spherical parti des. b) Considering only half the length-scale 
of the structure given in figure 2.4a. 

parti des. 
From this structure we may calculate the apparent density by applying the well 
known equation: Papp = ~; in which Papp represents the apparent density, Mo the 
total mass of the object constructed of N0 particles and V the volume of the object. 
When considering the object in vacuo and in cubic shape, we arrive at: p0 = ~ with 
M0 =No* mand Vo = /3 (m equals the mass of every separate primary particle). 
In case we only take into account half the length-scales (II = !l), the density PI 
remains the same as p0 (figure 2.4b ): 

MI = NI * m = ( ~ )3 * N0 * m 

VJ. = ( ! )3 * 13 
2 

MI NI * m 
PI = l!; = --13- = Po 

From this very simple consideration we immediately recognize the well known 
independence of apparent density from the length-scales describing the object. This 
becomes different when we study an object with fractal (or non-integer) dimension-
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Figure 2.5 Fractal (2 dimensional) structure (see paragraph 4.1). 

ality. Consider the geometrical structure as given in figure 2.5. 
A rather dense system can be observed in the center of the object whereas the 
outside volume elements become less and less dense. The density is observed to 
depend strongly on the length scales. ·At the center the apparent density of the 
object appears much higher than the boundaries. Density, in this example, only bas 
a scientific meaning in case the length-scales of measurement are given as well. 

The density of a fractal object in 3 dimensional Euclidean space, varies with the 
size according to: 

(2.1) 

in which 'D represents the fractal dimensionality. 
A fractal structure becomes more and more tenuous when approaching the 

boundaries of the object. Since fractality can be seen as a symmetry operation 
under dilation or magnification, the way density varies with size should occur grad
ually. Over the physical length-scales present in a system (primary building units 
up to the entire aggregate) a structure's density should not fluctuate or be discon
tinuous as a function of size, but rather bas to decrease according to a power law 
behaviour in length-scale (equation (2.1)). The effect of (fractal) dimensionality on 
the mass of an object in relation to its characteristic length-scale is demonstrated 
in figure 2.6. 
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Figure 2.6 Mass of structures whose embedding Euclidean dimensional
ity is 3. a) 1 dimensional, b) 2 dimensional, c) 3 dimensional (non-fractal) 
structures; fractal structures with fractal dimensionality d) 1. 75 and e) 2.50. 

2.2.2. Determination of fractal dimensionality ( deterministic fractals) 

Fractal objects differ geometrically from non-fractal objects in the arrangement of 
the primary building units. In fractal objects density develops through a non-integer 
power-law whereas in the case of non-fractal objects density is constant over a wide 
range of length-scales. In order to simplify the rather complicated discussion of the 
fractal properties of aggregates of primary building blocks, we shall focus first on the 
concept of fractality of aggregates based on a deterministic, well defined structure. 

Consider a spherical object constructed from spherical units of ever decreasing 
size, as in figure 2. 7 .. The arrangement of the spherical units is such that the larger 
sphere is filled repetitively by 13 smaller spheres of radius r1 one third of the radius 
of the larger sphere r0 . The fractal dimensionality can be obtained by calculating 
the dependence of the number of spheres on the stick size applied to identify and 
measure the radius of the observable spheres. From figure 2.7 it is clear that by 
decreasing the stick size to one third of the original stick size, amore detailed picture 
is obtained which leads to an increase of the number of spheres by a factor 13. In 
this way, building up the structure in the nth iteration makes use of the structure 
in the (n - l)th iteration. The number of spheres observed depends strongly on the 
stick size we use to measure the radius of the sphere. Table 2.1 gives the number of 
spheres N counted when a stick of size lis used. 
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Figure 2. 7 Deterministic fractal structure build of spherical parti des. Each 
sphere consists of 13 spheres, l of the size of the larger sphere. 

Table 2.1: Number of spheres N of size r 0 measured with stick size l. 

N 

3-1 131 

3-2 132 

3-3 133 

3-4 134 

The fractal dimensionality can be calculated from: 

15 

N l -1> a· (2.2a) 

The negativeexponent in equation (2.2a) arises from the fact that in this case fractal 
behaviour is obtained through magnification of the structure, i.e. zooming into a 
structure leads to negative exponents: the number of observable spheres is inversely 
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coupled with the size of the measuring stick and is increased through magnification 
of the object or by decreasing the size of the measuring stick. Dilation yields positive 
values in case the stick size used to count the number of spheres remains constant. 

N; a · l;-TJ 

N· a. z.-T! 
J J 

-V · log(f) 
J 

(2.3) 

The fractal dimensionality becomes V - 1~'S1~1!]) = 2.33. 

••• ••• ••• • •• •••••• • ••••• ••• • ••• ••• •••• •• • .. ··x ..... . 
... ... ~ .... . 
•••••• • •••• • • •• 
•••• •••• •••• • •• •• •• • •••• 

Figure 2.8 Deterministic fractal structure build of spherical particles. Each 
iteration in the process of formation of this specific structure uses the struc
ture of the previous iteration. The 3 dimensional structure is presented in 2 
dimensions. 

In case the same transformation is applied on the 7-sphere model as presented 
in figure 2.8 a different dimensionality is obtained [10]. The size R of the fractal 
object is n(lated to the iteration number n of the structure generation and the size 
r0 of the elementary spheres (2.4): 

(2.4) 
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The number of spheres N of size r0 within a volume of characteristic length R in 
the n-th step of structure formation is determined by: 

N(R) = 7" 

# log(N(R)) = n · log7 

Further, from (2.4) we obtain : log(R/r0 ) n · log3 

Substitution of n yields : log(N(R)) = 
log7 
log 3 · log(R/r0 ) 

log(N(R)) log((R/r0 )(~fD) 

#N(R) (R/ro/~) 
= R(~) ·(rot(~) 

From the definition (equation (2.2a)) 

N a · Rv (2.2b) 

the fractal dimensionality Vis equal to (~) = 1.771 and the constant a equals 

toa= (rot<~>. 
These two examples illustrate that the fractal dimensionality is related to a 

structure. In this particular case the fractal dimensionality is related to the number 
of nearest neighbours in the first coordination shell as long as a perfect self-similar 
structure is maintained. In the procedures applied mathematical fractal structures 
were generated by adding copies of the seed object to the original object (so called 
deterministic fractals). Making a next (n + l)lh step in the formation of the fractal 
object, the subunits of the last configuration corresponding to the structure obtained 
in the (n - 1)11' step are replaced by the structure generated in the n°• step of this 
iteration procedure. In genera!: 

v log(~) 
log(t) 

(2.5) 

2.2.3. Fractal dimensionality in disordered systems (random fractals) 

Physical processes, in contrast with the deterministic models given above, usually 
lead to structures which do not have a perfect symmetry or self-similarity. Therefore, 
density fluctuations within the object will always be present on any length-scale. 
Moreover, objects encountered in nature or as a result of a physical process are 
all submitted to a lower and an upper cutoff length-scale, i.e. size of the primary 
building blocks cq particles and size of the whole structure respectively. 
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In this thesis, we shall only consider growth of a fractal structure through addition 
of new primary building units or particles. The size r0 of the primary particles is 
kept constant whereas the total size R is increasing with time. 

Random fractals are characterized by the fact that the fractal structure exhibits 
self-similarity but only in a statistica! sense. These random structures are more 
appropriately described in terms of a scale invariance. The way in which the scale
invariance of structures develops can be described in terms of the auto-correlation 
function of the density of the structure. The density-density correlation function is 
defined as [4,11]: 

00 

Corr(p, p) = G(r) = j p(r + r')p(r')dr' = < p(r + r')p(r') > (2.6) 
-oo 

Since an aggregate of primary building units always consists of discrete radii and 
a certain discrete number of building units, the density-density correlation function 
becomes a summation over all particles N. The discrete density-density correlation 
function is defined as: 

1 
C(r) = NLp(r + r')p(r') 

r' 

(2.7) 

This space density-density or pair-pair correlation function is determined by the 
probability of the event that two points separated by the vector r both belong to 

the structure. In case growing structures are considered, the volume of the object is 
correlated to the object's mass and thus to the number of primary particles within 
the cluster. The correlation function ( 2. 7) gives the probability of fin ding a part iele 
at position (r + r') if there is a particle at every position r'. The density-density 
and pair-pair correlation function can be used to define fractal geometry. 

The space density-density correlation function may be seen as consisting of two 
parts: a self part G8 (r) (equal to the Kronecker delta 8) in case the vector r samples 
the same particle as the vector r', and a distinct part Gd(r) p • g(r) for the other 
contribution: G(r) = 8(r) + p · g(r), where p equals the average structural density 
(p = ~) and g(r) equals the pair-correlation function for different particles located 
at different places within the geometrie structure. The density-density correlation 
function G(r) applies to an ensemble of infinitesimal points whereas g(r) applies to 
an ensemble of N discrete particles. 

For fractal objects it has been observed that the correlation function is homoge
neous under rescaling of lengths [12], corresponding to: 

< p(r + r')p(r') > ex r- 0 (2.8) 

In this equation rescaling of length-scales results in a power-law behaviour of density
density correlation in relation to the length-scales (r-0

), as in eq. (2.2). The number 
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of particles Nbelonging to the structure of size R can be calculated from the integral 
of the product of the pair-oorrelation function g(r) and the mean density of the 
system p: 

R 

N(R) = j pg(r)dr, 
0 

The mean density p can be visualized as the volume-fraction of particles present in 
a total volume V. 

Scale invariance implies that the apparent density (or probability to find a par
tide at the particular position) within a random structure decays algebraically from 
a certain point in the fractal (i.e. the center of mass ). The density-density and thus 
also the pair-pair correlation function is a power-law in r: 

G(r) oc r- 0 (point - masses) (2.9a) 

C ( r) oc r -a (discrete particles) (2.9b) 

The number of partides N(R) within a sphere of size R can be calculated from 
the density-density oorrelation function: 

R 

N(R) j pg(r) dr 
0 

R 

= j pC(r) dr (2.10) 
0 

Substitution of the density-density correlation function by equation (2.9b) gives 
the number of partides N(R) as a function of the distance R from the center of 
mass: 

N(R) oc R3-0 (2.11) 

The fractal dimensionality equals the exponent in equation (2.11) thus V 3 a 
(compare eq. (2.11) with eq.(2.2b)). 
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2.3. MEASUREMENT OF FRACTAL PROPERTJES 

Direct determination of a structure's fractal dimensionality is quite difficult since 
often no direct measurement of the number of particles as a function of the dis
tance from the center of mass in the object is possible. In special cases of fractal 
behaviour, images of fractal objects can be investigated to determine their dimen
sionality. However, in case the fractal dimensionality is larger than two, application 
of two dimensional imaging techniques (such as electron microscopy) always give 
dimensions smaller than or equal to two. Only in the special cases the fractal 
dimensionality of the three dimensional Euclidean structure is smaller than two, re
liable information can be obtained by electron microscopy [13]. Another important 
drawback of imaging techniques is the fact that they need to be performed in Ultra 
High Vacuum chambers with the use of highly energetic electron radiation. These 
ex situ techniques demand drying of the often very fragile structure, prior to char
acterization and since they employ highly energetic electrons, radiation damage of 
the structure is a serious problem. Therefore in order to study quantities related to 
fractal dimensionalities and fractal behaviour, in-situ techniques should be applied. 

2.3.1. Scattering of electromagnetic radiation and neutrons 

Within the limits set by the size r0 of primary building blocks and the size R of 
the cluster a system can be described by the fractal dimensionality. 

Diffraction of radiation can be used to study structural ordering within materials. 
In diffraction experiments, the length-scales over which a certain ordering can be 
studied are usually of the order of the wavelength >. of the incident electromagnetic 
(X-ray) radiation. From equation (2.12), known as the Bragg relation, it follows 
that diffraction angles (20) at which strong positive interference occurs are rather 
large: 

n>. = 2d sin(20) (2.12) 

The study of crystalline materials thus extends over a wide range of large scat
tering angles, typically 5° < 20 < 90°. In case structural information is needed from 
structures with large spacings d, two possibilities can be considered: 

a) increasing the wavelength of the incident electromagnetic radiation, and 
b) investigating the diffraction pat tem at very small angles. 

For example investigating structures with spacings of 100 À and using the wave
length of Cu-K0 radiation ( often used in SAXS) the diffraction angle typically 
amounts to 0.45°. The alternative of using longer wavelength X-radiation is not 
generally applicable since absorption by the irradiated matter increases considerably 
with increasing wavelengths and thus detection of the diffracted beams becomes very 
difficult and time consuming. 

lf an object has a non-periodic structure the diffraction patterns do no longer 
consist of sharp lines, hut contain more or less extended regions of scattering. 
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In this chapter we shall discuss the use of small angle X-ray scattering to de
termine fractal behaviour. The approach is equally valid for SAXS as for SANS 
(neutrons) and visible light scattering. For a more detailed description of small 
angle scattering, we refer to the existing literature conceming this spectroscopie 
technique [4,14-18] 

2.3.2. Small Angle Scattering by Fractal Objects 

The scattering of a single particle is sketched in figure 2.9. 

Scattered Raya 

lnoldent Raye 

Figure 2.9 Outline of the principle of small angle scattering by a randomly 
oriented particle. s0 and s 1 are the unit vectors of the incident and scattered 
beam respectively. The scattering vector Q is defined as the difference in 
path of two scattered rays. 

The vector Q in reciprocal vector space is defined as Q= 1f (s1-s0 ) in which the 
unit vectors s0 and s1 define the direction of incident and scattered rays respectively. 
The scattering angle (28) is related geometrically to the vector Q in reciprocal spare: 

IQI = 2
; sin(28) = Q (2.13) 

The magnitude of Q is directly related with the scattering angle (28) resulting 
in expression (2.13) for elastic scattering processes. Contributions of inelastic or 
Compton scatter processes (i.e. scattering involving electron transitions in the atoms 
of the irradiated matter) can be neglected because of the very small angles. 
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Contributions to the measured intensities J( Q) for scattering at small angles are: 
a) the form factor P(Q), and 
b) the structure factor S( Q). 

The form factor is directly related to the geometry of the primary particles, whereas 
the structure factor presents the structural organisation of the primary particles. 
Information on the size and geometry of the small, primary particles (i.e. the form 
factor) will be collected at the high angle part of a SAS-spectrum whereas infor
mation on the spatial organisation of these particles (i.e. the structure factor) will 
be found at the low angle part. When elementary particles are uniform, form and 
structure factor can be separated: 

I(Q) = ~ P(Q) S(Q) (2.14) 

For spherical particles of size r0 • and electron density p, the form factor is described 
as [4]: . 

P(Q) = V 2( _ ) 2 [3 sin( Qro) Qro cos( Qro)] 
2 

p po (Qro)3 (2.15) 

We shall analyse the scattering behaviour at very small and very large angles. 
At very small scattering vectors compared to the reciprocal value of the size of the 
primary particles (ro) Guinier's approximation of the form factor applies: 

1 
Q «:- : 

ro 

with R9 equal to the radius of gyration (R~ = 3r5/5). 

(2.16) 

At large scattering vectors compared to the reciprocal value of the size of the parti
cles, the form factor can be approximated by Porod's law: 

1 
Q ;:,};> 

ro 

or P(Q) ~ 21r(p - p0 )
2 ~: 

P( Q) ~ 9/2V2(p - Po)2 
• -

1
-

( Qro)4 
(2.17) 

The quantity S(Q) (i.e. the structure factor) gives the contribution due to the 
structural arrangement of partides to measured scattering intensities. 

Scattering by an object consisting of a random arrangement of spherical particles 
results in interference processes leading to a different angular dependence of the 
intensity of scattered radiation than given by Guinier's law. The structure factor can 
be correlated with the pair-correlation function as introduced by equation (2.6) (4]: 
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00 

S(Q) = 1 + p j[u(r) 1] exp(iQ · r)dr 
0 

(2.18a) 

1+4?rp j[g(r) - 1 ]r2 siná~r) dr 
0 

(2.18b) 

One finds that at scattering vectors small compared to the reciprocal value of the 
size of the aggregate, the form factor approaches unity and scattered intensity is only 
dominated by the structure factor of the aggregate and equation (2.18b) should be 
applied. At scattering vectors large compared to the reciprocal value of the particle 
radius, the structure factor approaches unity (g(r) = 1) and thus the intensity profile 
is dominated by the form factor, and now equation (2.17) can be applied. In the 
following section expressions for the structure factor of fractal structures will be 
discussed [19-21]. 

The number of particles N within a sphere of radius R that belong to the fractal 
object, is given by equation (2.10). We may write: 

R 

N(R) = p j g(r)4?rr2dr 
0 

dN 
p4?rr2g(r) or = 

dr 

The fractal dimension is defined as (2.2b) N = a · Rv and can be rewritten as: 

N(r) = (r /ro)v (2.19) 

Since the correlation function presents an ensemble average over all particles in 
which the origin of structure can be chosen in the centers of all particles of the 
isotropic structure, the vector notation r can be omitted and is presented by r. 

Differentiation of equation (2.19) to r, gives an expression for the variation in 
number of particles with increasing size of the fractal aggregate: 

D (r)v-1 dN = - - dr 
ro ro 

(2.20) 

Combination of equation (2.19) with (2.20) gives: 

D (!..)v-1 
ro ro 

In the case of a fractal object the limiting value of the correlation function g( r) 
is not sharply approached. The natura! cutoff is incorporated in the "cutoff" -size 
Ç, as in descriptions of critical transport phenomena [22]. The decay in density 
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at the boundaries of the fractal aggregate is assumed to develop exponentially via 
exp(-r/Ç). To avoid a divergence in the evaluation of the structure factor the 
Kronecker-delta function is introduced: 

Substitution and subsequent integration gives us the final equation for the struc
ture factor of a scattering function, in relation with the sizes of primary building 
blocks (ro) and aggregate (e) and the fractal dimensionality (1') [19-21]: 

S(Q) 

-:i 
cd --

1 vr(v 1) 
1 + (Qro)l' 

( 
1 )(1'-1)/2 

1 + Q2ë2 

10 4 

10 3 

10 2 

10 1 

10° 
1 0-1 

10-2 

10-3 

10-4 

l)arctan(Qe)j 

1 0 -3 1 0 -2 1 0 -1 10° 

(2.21) 

Figure 2.10 Simulated SAXS-curve using equation (2.21) and (2.14) repre
senting a fictituous fractal aggregate with 1'=2.25, nm and {=250 nm. 
For a description of the 3 regions (1, II and III), see text. 

This equation (2.21) in combination with equation (2.15) and equation (2.14) will 
be used to analyse the SAXS-spectra. In figure 2.10, a calculated, graphical rep
resentation of equation (2.14) is given. Clearly, three different parts (denoted 1, II 
and III in the figure) in this scattering curve can be distinguished. Part I presents 
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information about the upper length-scales which are probed by the SAXS-spectrurn. 
This length-scale is correlated with the size of the scattering aggregate. 

Part II shows power-law behaviour of the intensity profile (note the double log
arithrnic scale) as function of the scattering vector. In case the cut-of size e is 
rnuch larger than the size of the prirnary building units and ç-1 <:: Q « rö1

, the 
structure factor is power-law dependent on the scattering vector and the compli
cated expression presented in equation (2.21) simplifies to a power-law relationship 
between scattered intensity and scattering vector: 

(2.22) 

the slope in a double logarithmic plot determining the fractal dimensionality V. 
In case fractal behaviour is encountered only over a limited range of scattering 
vectors (less than one decade), determination of the fractal dirnensionality through 
direct application of equation (2.22) results in an under-estirnation of the fractal 
dirnensionality. If only limited linearity in the SAXS-curves is observed, simulation 
of the SAXS-spectrum by equation (2.21) should be performed. 

Part 111 presents information on the size of the primary building units according 
to the form factor (equation (2.15)). In case the prirnary particles have a narrow 
size distribution the rnean particle size and the nature of the size distribution can 
be obtained from this part of the SAXS-curve. SAXS-curves for silica gels forrned 
by aggregation processes in acidified aqueous silicate solutions showed a wide dis
tribution in particle sizes. Then the intensity of X-rays, scattered at angles large 
compared to the mean parti de size ( Qr0 ~ 1) will obey the Porod-law ( eqution 
2.17): 

/( Q) ex: Q-4 

Since the dimensionality of mass-fractal objects ranges between 1 $; V < 3, a clear 
cross-over in scat tering regions (from fractal structure to dense particle) will be 
observable at scattering vectors equal to the inverse of the radius of the primary 
scattering units. 

2.3.3. Analytical determination of Small Angle Scattering curves 

Using the form factor of spherical partides and the analytica! correlation function 
of the prirnary particles, the scattering function of an ensemble of N partides (i.e. 
an aggregate) can be calculated. Calculating all distances r:ik between all particles 
j and k (e.g. correlation function) and multiplication of the respective form factors 
P;( Q) and Pk( Q) over all distances results in [23]: 

I(Q) (2.23) 

with Jj{Q) = P:i(Q) · P:i(Q) 
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Figure 2.11 Calculated Small Angle Scattering spectrum (data points) 
for the deterministic fractal, shown in figure 2.8. The simulated curve is 
preserited by the full line. 

Figure 2.11 shows a calculated scattering curve determined from a structure 
similar to the one shown in figure 2.8. Clea.rly, a good overall agreement between 
the calculated spectrum of the deterministic fractal (data points: using eq.2.23) and 
the simulated scattering curve (solid line: using eq.2.24) is observed. Interference 
effects in the data range O.lOnm-1 < Q < 2nm-1 (reflecting the structure factor 
S(Q)) arrise from the fact that in this particular structure (figure 2.8) interparticle 
distances are well defined. 

2.4. SIMULATION OF FRACTAL AGGREGATES 

Structures with a non-integer dimensionality are oftenly encountered in systems 
which are generated far from the equilibrium situation. The kinetics of fractal growth 
is the result of diffusional motion of the aggregating particles. This also applies to 
the formation of silica gels. 

Silica is essentially insoluble below pH=8.5. Formation of silica gels is achieved 
by lowering the pH-value of aqueous alkaline silicate solutions. As mentioned in 
the introduction, in the first stages of the polymerisation process particles of sub
colloidal sizes are formed. In monomeric silicate molecules, silicon atoms are tetra
hedrally surrounded by 4 hydroxyl (-0-H) groups. In the oligomerization process 
they condensate to form siloxane (Si-0-Si) honds. The tetrahedral co-ordination of 
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the silicon atorns induces the silicate group to be tetrafunctional causing polymeri
sation to take place in three dimensions with equal probabilities (rates), as such the 
spherica.l form of silica particles is warranted. 

Polymerisation of silicate anions will produce three dimensional, almost spherical 
particles of sub-colloidal scale. In the following stage of the formation of silica gels, 
these spherica.l particles aggregate into a three dimensional network. Depending 
on the pH-value applied the aggregation process may proceed either slowly or very 
fast. Aggregation occurs by clustering of primary particles. The clustering of these 
particles is a process developing far from equilibrium and thus results in formation 
of fractal geometries. 

As was already mentioned, many different kinds of physical processes may lead 
to structures which exhibit fractal properties. Here, we mention dielectrica.I break
down, cathodic deposition of metal ions, filtration and sedimentation [8,9]. Since we 
are mainly interested in the structure of objects which are obtained through aggrega
tion of a large number of individual, primary particles, we shall focus on the kinetics 
and structural aspects of aggregation processes. These kinds of growth processes are 
very suitable for computerised simulation and analysis. Parameters inducing frac
tal behaviour, i.e. kinetics far from equilibrium kinetics, can be incorporated with 
relative ease. In this paragraph we intend to summarise some similation processes 
which lead to structures incorporating fractal behaviour. The models for particle 
aggregation will be divided into three main formalisms that differ in type of the 
trajectories of the diffusing (clusters of) parti des. For pure diffusion-limited ag
gregation the partides follow random walk trajectories whereas linear trajectories 
are applied in ballistic aggregation processes. Reaction-limited aggregation will oc
cur in case diffusion of partides is rapid and thus the partide trajectories may be 
considered as zero dimensional. Aggregation of particles having non-integer (frac
tal) trajectories will not be considered, since diffusion processes in aqueous silicate 
solutions are appropriately described by rando.m walk (Brownian) trajectories. 

2.4.1. Particle-Cluster Aggregation 

lmprovements of computational resources in terms of computer memory and 
computer speed have made it possible to perform large scale simulations of specific 
aggregation phenomena. In 1979 Forrest and Witten [24] reported a new approach 
to create fractal aggregates of primary particles. This so called Witten-Sander [12] 
(or Diffusion-Limited Aggregation) model, as it is referred to in literature, is based 
on the idea of reaction of one single unit (particle) with one large cluster of units 
(particles). lnitially simulations were performed on 2-dimensional lattices. However, 
soon after the introduction of the concepts of aggregate formation, also 3- and 
higher dimensional simulations were performed [25,26]. Particle-cluster aggregation 
processes start with a single partide in the center of a lattice. In figure 2.12 this 
centra! particle is represented by the darkest circle. 

This particle is seen as the reaction kemel ( seed) for aggregate format ion. An 



28 Chapter 2 

. . . . . . . . 
." .. " · .. " 

-----«(··..,,·." , ... , ~ 

, . . 

\ Q':. \ " 
1 " · a ; b \ 

. l : 

' " I ,' , . 
I . , :" .· 

... " -- _ ... 

Figure 2.12 Principle of particle-cluster aggregation. Path a) leads to addi
tion of the particle to the central, non-moving cluster. The particle following 
path b) is lost. 

aggregate is formed through addition of particles (one at a time), which are released 
from an imaginary circle (2D) or sphere (3D) centered at the reaction kemel and 
positioned far away (typically > 5Raggregate) from the reaction kemel or duster (in 
figure 2.12 represented by the dashed circle). In the diffusion-limited case, the parti
de to be added is subjected to random walk (Brownian) movements. If the partide 
approaches and finally collides with the centra} particle, clustering of the two par
ticles occurs and again a new particle is released from the circle or sphere to b_e 
added to the central aggregate of partides. Following a random walk trajectory (for 
example, trajectory a) in figure (2.12)) the partide being added moves towards the 
existing and stationary central duster after which clustering of the single particle 
with the cluster may take place again. To gain some speed in aggregation simu
lations, a boundary condition for the random walk trajectory restricts the particle 
movement; in case the adding particle crosses a circle or sphere further away from 
the departing cirde, the partide is considered to never come within the vicinity of 
the cluster again and the particle is considered "lost" (trajectory b in figure 2.12). 
Now a new, particle is placed randomly on the starting position (circle or sphere) 
from which it randomly moves until contact with the central cluster is achieved or 
until the particle is lost again. 

The principles of particle-cluster aggregation are illustrated in figure 2.13, which 
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Figure 2.13 Diffusion limited particle-cluster aggregation (two dimen
sional). a) after addition of 250 particles; b) after addition of 500 particles; 
c) after addtion of 1000 particles; d) after addition of 1500 particles. 
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shows growth of the central cluster into a rarnified stru~ure. For clarity, we have 
chosen here a simulation taking place on a two dimensional plane. The movement of 
particles is notsubjected to an underlying lattice hut is completely off-lattice. Figure 
2.13a displays a typicle example of a DLA-fractal after addition of 250 particles. 
After addition of another 250 particles (figure 2.13b) we clearly see that most of 
the particles are added to the already existing arms of the cluster shown in figure 
2.13a. Since the adding particle has only small probabilities to reach the core of the 
aggregate induced by the random movements of the particles, addition will primarily 
take place in the outer shell of the aggregates structure. Most of the particles will 
contribute to an increase in size of the aggregate rather than an increase in density 
or densification. Figure 2.13d presents the cluster after addition of 1500 particles. 
Comparision of the four figures clearly illustrates the principle of self-similarity: on 
statistica! terms, figure 2.13d is equivalent with figure 2.13a, only the scales are 
chosen differently. 

Fractal parameters can readily be obtained from the simulations by determining 
the particle-particle correlation function as a function of the interparticle distances 
(see paragraph 2.2.3). As can readily be seen from figure 2.13d, the number of par
ticles at a certain distance from each other, decreases considerably with increasing 
interparticle distance: small coordination spheres show a large number of neigh
bours, whereas large coordination spheres show few neighbouring particles. 

Figure 2.14a shows the number of particles N within a sphere of radius r. From 
this figure, the SAS-spectrum can be calculated applying equation (2.23), and is pre
sented in figure 2.14b. The way this correlation function decreases with increasing 
interparticle distance is reflected in the fractal dimensionality of the fractal struc
ture. Plotting the scattered intensity double logarithmic with the scattering vector 
results in a linear relationship in which the slope of this relationship equals the 
fractal dimensionality 'D (eq. 2.2a and 2.11). From this specific example of diffusion 
limited off-lattice particle-cluster aggregation in two dimensional space, fractal anal
ysis yields a fractal dimensionality of 'D=l.75, corresponding with results obtained 
by a direct calculation of N(r) [26]. 

From this rather simple model of diffusion limited aggregation, many varieties 
have been designed, which take into account a certain probability of reaction bet ween 
the cluster and the adding particle. Aggregation only occurs in case the particles are 
not stable in relation to free movement through the surrounding medium. Generally, 
we may think of the fact that aggregation between particles involves the surmounting 
of an energy harrier. This energy harrier may be thought of as the activation energy 
of a chemica! reaction or of steric, entropie effects. In simulations the overcoming of 
these kinds of energy harriers is incorporated in a sticking probability [27]. Variation 
of these sticking probabilities <lid not lead to different fractal dimensionalities in the 
asymptotic case of addition of a large number of particles (M very large) [25]. 

In figure 2.15, clusters are given constructed by employing different sticking prob
abilities. Observing the geometry of these aggregates the structures become more 
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Figure 2.14 a) Number of partîcles N within a circle of radius r. b) 
Calculated Small Angle Scattering curve for the fractal given in figure 2.12d. 
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and more dense with decreasing sticking probability although the fractal dimension
ality is almost constant. This seemingly controversion is attributèd to the fact that 
fractal dimensionality does not depend on the intrinsic density of a structure hut is 
solely determined by the way density changes with structure size. In table 2.2 the 
main results from particle-cluster aggregation are summarized. Use has been made 
of results obtained from literature [28]. 

Table 2.2. Main results obtained with particle-cluster aggregation models. 
(Data obtained from literature [26]). 

Sticking 2D 3D 

Probability 

LO 1.72 2.52 

0.25 1.71 2.48 

0.10 1.70 2.47 

Ballistic ± 2.0 ± 3.0 

Experimen tal 1.74 2.43 

Realisation Polypyrrole [29] Copper deposition [30,31] 
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Figure 2.15 lnfluence of different sticking probabilities on the spatial dis
tribution of fractal aggregates grown in two dimensional Euclidean space. a) 
50%, b)'l0%, c) 5% and d) 1 %. 
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2.4.2. Cluster-Cluster Aggregation 

In the previous paragraph we have seen that addition of single particles to a 
cluster of particles leads to formation of ramified aggregates which are mass-fractal 
in case the adding particles are subjected to random or Brownian movements. Ran
dom diffusion of the single particles is the origin of mass-fractal structures. In case 
ballistic models were used, no mass fractals hut surface fractals would have been 
observed (Eden-aggregation models ). Although experimêntal evidence for diffusion 
limited aggregation bas been observed in systems causing for instance dielectric 
breakdown (lightning) [32] electrochemical deposition [30,31] and random dendritic 
growth [32], we have chosen for a more realistic approach in which formation of a sil
ica gel network is obtained through a process known in literature as Cluster-Cluster 
Aggregation. As we have seen in chapter 4, silica gels are formed through polymer
ization reactions between monomeric silica.te units. These silicate units gradually 
evolve into cyclic and cage-like or even spherical particles of sub-colloidal length
scales. Thermodynamic equilibrium (governed largely by pH-value and temperature 
of the solution) determines whether these particles will aggregate in to large clusters 
gradually forming a gel, or whether these particles will remain in solution. Since 
partides remaining in solution are subject to Brownian motion, these particles or 
dusters of parti des will experience the interaction spheres of neighbouring (clusters 
of) particles or, in case of rather concentrated solutio!ls, interaction spheres will even 
have a latge probability to overlap. In the simulation of these aggregation processes 
a large number of particles is placed in a certain volume in which they can move in 
a Brownian way; boundary conditions can be chosen in such a way that the walls of 
the volume may act as reflecting walls (finite volume) or as continuous boundaries. 
Many variations have been proposed since its introduction, however, all contain the 
same principle of multiple particle diffusion and aggregation. The concept of diffu
sion limited cluster-cluster aggregation has been chosen for in this study, in contrast 
with studies concerning ballistic [34] and hîerarchical [35] pathways and aggregation 
kinetics. Ballistic aggregation is usually applied in the simulation of flocculation of 
particles, whereas hierarchical simulation models are non-realistîc with respect to 
the size distribution of aggregates which is monodisperse in the case of hierarchical 
simulations. 

In dîffusion limited cluster-cluster aggregation (from now on reffered to as DL
CCA) particles are placed randomly in a certain volume or plane, in which they are 
subjected to random walk movements. Aggregation or clustering occurs in case two 
or more partîcles or clusters are within each other's vicinity. Aggregation is checked 
for by calculating the distance between the particles centers after each step. In case 
the distance between the centers of two particles is less than or equal to the sum 
of the radii of the particles concerned, these two particles will form a cluster of two 
particles. This cluster will independently move until another particle or cluster is 
approached. 

A typical example of DLCC simulated aggregation in 3 dimensions is given in 
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Figure 2.16 Diffusion limited cluster-cluster aggregation. a) 0, b) 50, c) 
100, d) 250, e) 500 and f) 1000 steps done. Different grey tones give different 
sizes of the particles. Aggregation is simulated in three dimensional Euclidean 
space. 
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figure 2.16, which presents the growth process of 1000 initial particles at a concen
tration of 1 volume percent and constant step size. We observe an increase in size 
of larger clusters at the expense of smaller dusters ( c.f. figures 2.16a-f). Further we 
may observe the ramified structure of the dusters formed, which tends to produce 
very tenuous structures. Figure 2.17 presents the calculated SAS-spectrum of struc
tures given in figure 2.16. From these curves the fractal dimensionality is obtained 
from the slope of the linear part. 
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Figure 2.17 Calculated Small Angle Scattering curve for the clusters shown 
in figure 2.16a-f. Intensities of successive curves are multiplied for darifica
tion. 

Determination of the fractal dimensionality yields D= 2.0. Comparing this di
mensionality with dimensionalities obtained from partide duster simulations (table 
2.2) immediately shows that DLCCA gives structures and objects with a smaller 
dimensionality: density of a DLCCA structure is more rigid than of DLPCA simu
lations. This can be explained through inpection of the simulation process as given 
in figure 2.16. From this figure we learn that a cluster will be added to another 
cluster in such a way that the two colliding arms stick at the ends. From the two 
clusters one large duster is formed, the size of which almost equals that of the two 
sepdra1ed clusters. This results in a decrease in dimensîonality. 

Trus concept of DLCCA is appropriate for aggregation processes in which parti
cle particle interactions are negligibly small compared with the energy of Brownian 
motion (~kT). Only at very small interparticle distances, the interparticle interac-
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Table 2.3. Main results obtained with cluster-cluster aggregation models. 
(Data obtained from literature [26]). 

2D 3D 

DLCCA 1.45± 0.03 1.75± 0.05 

Ballistic 1.55± 0.04 1.91± 0.07 

RLCCA 

(hierarchical) 1.53± 0.04 1.98± 0.04 

(polydisperse) 2.11± 0.03 

(including Re-organisations) - 2.25 

Experimen tal 1.75 (DLCCA) 

Realisation fast gold aggregation [34] 

2.05 (RLCCA) 

slow gold aggregation [35] 
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tions will become so large that the particles will "feel" each other. On the other 
hand, in case a small energy harrier has to be overcome prior to clustering of the 
colliding clusters, on average, several collisions are required for aggregation to occur. 
As in the particle-cluster model, a sticking probability may be introduced to incor
porate chemica} or sterical energy harriers. In the limiting case that this sticking 
probability vanishes and thus diffusion becomes relatively unimportant, this type of 
aggregation is called reaction limited aggregation. 

Table 2.3 summarizes results of CCA processes as found in literature. Literature 
is rather controversial concerning the effect of reconstructions taking place in a 
cluster [26,36]. This concerns the effect of internal reorganizations of the individual 
clusters. In the physical chemistry of the tenuous silica gel structures rotations 
of strings and particles may occur, which cause a densification of the structure and 
resulting in an increase in fractal dimensionality. In case reorganizations are included 
in the aggregation process varying influences on the dimensionality (see table 2.3) 
are found. Because of increasing computer processing times, we omitted the effect of 
restructuring in our simulations. However, experimental proof of this phenomenon 
is presented in chapters 5 and 7. For detailed descriptions of these effects, we refer 
to the excellent reviews of Meakin [28,36] and Botet and Jullien [26]. 
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2.5. CONCLUSIONS 

In this chapter we have reviewed fractal phenomena as far as relevant for silica gel 
formation. Applying fractal theory to the analysis of small a.ngle scattering curves 
results in useful structural parameters. Processes involved in aggregation reactions 
can be described either in terms of particle-cluster aggregation or in terms of cluster
cluster aggregation. Cluster:cluster aggregation was di,scussed as the main route 
of aggregation from aqueous silicate solutions. Fractal dimensionalities obtained 
through computer simulation agree with experimentally obtained dimensionalities. 
The simulation of aggregation phenomena gives new insights in reaction processes 
and in the spatial arrangement of the aggregates. 
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Chapter 3: 

Silica Gel Dissolution 
in aqueous Alkali Metal Hydroxides 

A 29Si-MAS-NMR study* 

3.1. INTRODUCTION 

Silica is a commonly used material that exhibits a large va.riety of applications 
due to a large diversity in surface structure, porosity and texture. Numerous inves
tigations on this diversity in silica systems including the complicated silica polymer
ization, have been reviewed by Iler [l]. 

Since slight va.riations in precursor composition may have profound effects on 
the final silica products, knowledge about the physical chemistry of the starting 
compounds is also required, in order to obtain insight in the polymerization path
way of aqueous silica [e.g. 2,3]. For example, salts like sodium chloride tend to 
increase the rate of sîlica gel dissolution [4], whereas zine and aluminum cations 
retard dissolution reactions [5]. 

In this paper we describe the results of a study on the dependence of silica gel 
dissolution on different alkali metal hydroxides, i.e. we investigated the dissolution 
of amorphous silica gel in LiOH, NaOH, KOH; RbOH, CsOH at two different silica 
to base ratios. Our results obtained from 29Sî-NMR experiments were confirmed by 
results from the ,8-silicomolybdic acid analysis [6] of dissolving suspensîons c.q. gel 
systems. 

In 1971, Engelhardt e.a. applied 29Si-NMR for the study of aqueous silica so
lutions [7]. Many investigations followed [e.g. 8] and much knowledge was gained 
from silica solutions in a steady state. Investigatîons on silicon-29 enriched solutions 
have led to structural assignments of resonance frequencies [9-11]. It was pointed 
out that aqueous silica solutions at high pH-values (pH;;:: 12), always consist of a 
variety of oligomerised silica species of subcolloidal size ( < lnm) which tend to form 
cyclic, cubic and cage-like structures or even colloidal particles. Recently, Knight 
e.a. used 2D Correlated (COSY) and Exchange Spectroscopy (EXSY) to investigate 

• Published as: P.W.J.G. Wijnen, T.P.M. Beelen, J.W. de Haan, C.P.J. Rummens, L.J.M. van 

de Ven and R.A. van Santen, J. Non-Cryst. Solids, 109 (1989) 85. 
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the structure of and exchange reactions between silicate anions in aqueous solutions 
[12,13]. These investigations were carried out on aqueous silica solutions being in 
thermodynamica} equilibrium and thus primarily inform about the composition and 
exchange reactions at equilibrium. 

Our work can be considered as an application of these results to the study of 
silica gel dissolution. 

3.2. EXPERIMENTAL SECTION 

A series of inorganic silica gel precursors (water glass solutions) was prepared 
by adding appropriate quantities of alkali metal hydroxide to a suspension of very 
pure, pyrogenic silica (Aerosil 380 ex Degussa). Pro Analysi alkali metal hydrox
ides were obtained from Merck (NaOH, KOH) or Janssen Chimica (LiOH, RbOH, 
CsOH). Teflon PTFE-containers were used to avoid any metal ions leaching out of 
the container wall. The overall molar composition of the well mixed suspension was 
1M20 : 3Si02 : 108H20 in case of the low alkaline suspensions and 1M20 : 1Si02 : 

35H20 in case of high alkaline suspensions. In these formulas, M denotes the alkali 
metal used, i.e. Li, Na, K, Rb or Cs. The solute compositions are comparable with 
commercially available silica solutions. Also, these compositions can be referred to 
precursor solutions used in zeolite synthesis. 

The well mixed suspensions were introduced into a Bruker CXP 300 NMR spec
trometer as quickly as possible, using alumina spinners in a double air hearing magie 
angle spinning (MAS) probe. In NMR-spectra of solutions of low viscosity, the res
onance lines are very narrow. Isotropic molecular tumbling causes any anisotropy 
of the molecules to have no effect on line width. If the sample is a solution of high 
viscosity or even solid, the molecules do not show isotropic tumbling any more, and 
dipolar interactions may significantly broaden the lines. By rotating the sample at a 
very specific angle (i.e. the magie angle 54°44') the resonance lines become narrower 
since the chemical shift anisotropies are averaged. The same applies to dipolar inter
actions between 29Si and 1H, which are, however, small. Since our starting material 
consists of solid silica gel in aqueous alkali metal hydroxides, the first stages of the 
dissolution reactions proceed in highly viscous suspensions, requiring Magie Angle 
Sample spinning. The spin frequency was 1500 ± 100 Hz. The resonance frequency 
for 29Si was 59.63 MHz (field strength 7.05 T) whilst spectra were recorded using 
the quadrature detection mode. All suspensions were measured under the same 
experimental conditions (T= 296K and atmospheric pressure) using the same one 
pulse excitation program: 3 µs pulse duration ( 45° flip angle), 4s pulse delay, spec
trum width 20 kHz. In case of the 1M2 0 : 3Si02 : 108H20 samples, an acquisition 
time of 25 ms was taken and after collecting the appropriate amount of FID's (Free 
Induction Decay's ), the IK data set was zero-filled to 8K. Since the intrinsic line 
widths of the silicate species decrease with increasing pH-value of the suspensions, 
an acquisition time of 410 ms was needed for the 1M20 : 1Si02 : 35H20 samples. 
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Unless stated differently, 1500 pulses were required for the 1M20 : 3Si02 : 108H20 
suspensions and 200 pulses were required for the 1M20 : 1Si02 : 35H20 suspensions. 
For data obtained from 1M20 : 3Si02 : 108H20 suspensions a lorenzian filter of 20 
Hz was applied prior to zero filling. 

In order to quantify dissolved silica species, the suspensions were analysed by the 
,8-silicomolybdate complexation method after Alexander e.a. [6]. lml of the silica 
gel suspension was added to 50 ml of 1.5 N sulphuric acid p.a .. From this solution 
1 ml was added to 50 ml of the molybdic acid reagent. The absorption at 410 nm 
was recorded by a Hitachi 150-20 UV-VIS spectrometer. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Dissolution with molar ratio M 20:Si02=1:3 

In figure 3.la-e, natural abundance 29Si-MAS-NMR spectra of aqueous silica 
solutions with different alkali metal cations are shown after 17 hours of reaction. 
Since the spectra of the different cations are normalised, using the final spectrum 
of the potassium silicate solution as an external standard, and since all solutions 
contain the same initia! concentration of silica gel and hydroxyl anions (pH is equal 
for all solutions ), the spectra are directly comparable. 

In general, 29Si-NMR spectra of aqueous silica solutions exhibit several reso
nances corresponding to structurally different sites of the silicon-29 atom [8]. The 
differences in resonance frequencies are mainly caused by the local environments of 
the atoms considered, e.g. depending on the number of siloxane bondings (=:Si-0-
Si=:) surrounding the silicon-29 atom, the nuclear magnetic resonance frequency is 
shifted. In the following, Qi corresponds to the nomenclature introduced by Engel
hardt e.a. [14] for silicate species with i siloxane (=:Si-0-Si:=) linkages. A subscript 
refers to the number of Q'-sites within the silicate species. For example, Q~ and 
Q~ represent the silicon-29 nuclei in the cyclic tetramer and the cyclic trimer re
spectively. Moreover, several configurations for Q1 to Q4 sites are possible, i.e. in 
linear, cyclic, or cubic species, which all give slightly different resonance frequencies. 
Hence, resonance bands for Q1 to Q4 may broaden more or less proportionally to 
the number of different structural sites belonging to one resonance (Qi) group. Most 
pronounced extra chemica! shifts are generated by three membered ring structures, 
indicated with the subscript Ll. Table 3.1 presents the chemical shift values for 
resonance lines in the 29Si-NMR spectrum of aqueous alkali metal silicate solutions. 
The Q4-resonance group is omitted since the intensities are very low. 

Silica can readily be dissolved in highly alkaline media (pH> 11). The hydroxyl 
anion is considered to be a catalyst for the dissolution reaction [1]. Hydroxyl anions 
increase the coordination number of a surface silica atom to more than four, thus 
weakening the oxygen honds to underlying silicon atoms. As such, silica dissolves 
in the form of monomeric silica Si(OH) 4 until, at the specific reaction conditions, 
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Figure 3.1: 29Si-NMR spectra of aqueous silicate solutions 17 hours after 
initial mixing of silica gel and a) LiOH, b) NaOH, c) KOH, d) RbOH and e) 
CsOH in a molar ratio M20:Si02 =1:3. Number of scans: 1500. 
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Table 3.1. Chemical shift va.lues for resonance peaks in the 29Si-nmr 
spectra. Ratio of Q2 /Q3 peak area is given in last column. 

M Si02 Qo Q~ Ql Q5 Ql Q2 Q3 $--a.rea M?O 

Li 3:1 -72.11 - -80.3 - -82.13 -88.58 -97.12 0.81 

1:1 -71.54 -79.46 -79.25 -81.55 -81.31 -86.7 .. -89.1 -
Na 3:1 -71.13 - -79.32 - -81.1 -87.58 -96.26 0.89 

i 1:1 -71.36 -79.35 .-79.2 -81.32 -81.2 -86.9 .. -89.1 -
K 3:1 -72.12 - -80.3 -82.02 -88.57 -97.24 0.59 

1:1 -71.52 -79.54 -79.25 -81.52 -81.20 -86.9 " -89.1 -
Rb 3:1 -71.04 - -79.11 - -81.16 -87.36 -96.00 0.85 

1:1 -71.55 -79.48 -79.2 -81.54 -81.23 -86. 7 .. -89.l -
Cs 3:1 -72.12 - -80.22 - -82.25 -88.34 -97.01 0.69 

1:1 -71.66 -79.48 -79.27 -81.59 -81.32 -86. 7 " -89.l 

the maximum attainable concentration of monomeric silica is reached. From that 
moment on oligomerization of the monomeric silicate anion occurs. Since there still 
is a certain amount of amorphous silica gel present, dissolution of the solid gel into 
monomeric silica.te anions proceeds, thus increasing the monomer concentration. 
The increase in monomer concentration consequently causes oligomerization of the 
monomer [lJ. 

At the selected silica to base ratio of 3.0 and the experimental conditions (T= 
296K and atmospheric pressure), the silica solutions after 17 hours of dissolution 
reaction are composed of monomeric as well as oligomeric silicate species (figure 3.la
e). Examination of the quantitativecomposition of the aqueous solutions shows that 
the type of alkali cation present in solution atfects the distribution of the silicate 
species. In particular, the ratio of the amount of Q2 and Q3 sites as determined 
from total peak areas is affected. Highly polymerised silica.te anions (Q3 sites) 
are favoured to a larger extent by potassium cations than by lithium, sodium and 
rubidium cations. Cesium hydroxide takes an intermedia.te position. Moreover, 
considering figure 3.la and le, the solution containing lithium cations (figure 3.la) 
contains silicate speeies of the Q3 resonance group resonating at the low frequency 
edge (h more negative) whereas silicate solutions containing cesium cations (figure 
3.le) possess silicate species resonating at the high frequency edge of the Q3-group. 

For clarity figures 3.2a and 3.2b show the measured and simulated ( deconvoluted) 
NMR-spectra for the Q2 and Q3 sites of lithium (figure 3.2a) and cesium (figure 
3.2b) silicate solutions, stressing the compositional dependence of silica solutions on 
cations present .in the solution. These ditferences in peak asymmetry are significant 
since all experiments were performed at least in duplo. The observations described 
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Figure 3.2: Comparison between the steady state situations of lithium (a) 
and cesium (b) silicate solutions (Si02:M20=3:1). Symbols: measured data 
points, lines: simulated spectrum. Only the Q2 and Q3 ranges of the spectra 
are shown. 
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above show that alkali metal cations influence the silicate anion distribution as is 
reflected in different Q2 /Q3 ratios. Also it is clea.r that the contact between cations 
and silicate anions is close enough to influence the silicon-29 NMR chemica! shift 
of the Q3-anions in a way, specific for the alkali metal cation. We surmise that 
this Jatter effect is only possible assuming cation specific, slight changes in anion 
geometries (e.g. by partial overlap of inner solvation shells). 

The progress of silica gel dissolution in alkali metal hydroxides was followed by 
29Si-MAS-NMR. The initia! viscosity of the silica suspensions depends on the alkali 
metal hydroxide used, indicating an effect of the alkali metal cations already at the 
very first stages of the reaction. ao a1 Q' Q' Q' 

a 

-50 ·70 -90 -no 

Figure 3.3: Dissolution of amorphous silica gel in lithium hydroxide after 
a) 100, b) 200, c) 300, d) 400, e) 800 and f) 1000 minutes of reaction as 
followed by 29Si-NMR. Molar ratio Li20:Si02=1:3. Number of scans: 1500. 
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Figure 3.3a-f shows 29Si-MAS-NMR spectra obtained from a depolymerising silica 
suspension after 100, 200, 300, 400, 800, 1000 minutes of reaction in lithium hydrox
ide. The maximum concentration of monomeric silica is reached already within the 
first 100 minutes of reaction as is indicated by the intensity of the Q0-resonance fre
quency. This relatively high concentration of monomer suggests that (at this silicate 
to base ratio) the dissolution of silica gel with formation of monomeric silica, is con
siderably slower than oligomerization of the latter to dimer, etc. This observation 
was encountered regardless of the type of alkali metal hydroxide used. Dissolution 
of the silica gel proceeds until a steady state situation is established between the 
different kinds of oligomers. However, in the case of lithium hydroxide at a silica to 
base ratio equal to 3 (figure 3.3), a steady state is not fully encountered within 17 
hours, in contrast with silica gel dissolution in NaOH, KOR, RbOH and CsOH. 

In the first stages of dissolution, we observe rather large differences in the com
position of the liquid phase between the different alkali metal hydroxides. Figure 
3.4a-e shows spectra of silica gel suspensions, obtained 100 minutes after mixing. 
From these spectra we learn that silica gel has different dissolution rates which de
pend on the alkali metal cation. Figure 3.5 represents the normalised dissolution 
rates which show a volcano type of dependence on the alkali metal cation (16]. The 
rate of dissolution has a maximum for the potassium cation. 

Observations described above are confirmed by the analysis of depolymerising 
suspensions, using the ,8-silicomolybdic acid complexation method (6]. Since this 
method can be seen as a standard method of determining active silica in aqueous 
solutions [1], we will not discuss the results in detail. Complexation of monomeric 
silica by heptamolybdate anions yields the ,8-silicomolybdic acid, which is quanti
fied photometrically. Oligomerised silica.te species first have to de-polymerizeto form 
monomeric silica, before reaction with heptamolybdate can occur. lnitially, we ob
served that only a minor part of dissolved silica forms highly polymerised silica (col
loidal 'silica), since colour development of the silico-molybdic solution was complete 
within a few minutes. Complexation induced de-polymerization of not-yet dissolved 
amorphous silica gel (precursor material) was considerably slower than monomer 
complexation of already dissolved silica gel. However, the amount of (sub)colloidal 
particles present in solution increases with reaction time, since colour development 
becomes increasingly slow with reaction time. This observation is consistent with 
the increase of intensities of Q3 and Q4-resonance groups in our NMR-data. 

The observed differences in silica gel dissolution by the different alkali metal hy
droxides cannot simply be explained by differences in adsorption behavior of the 
alkali metal cations on the silica gel surfaces (17-20]. Adsorption on silica gel sur
faces decreases uniformly with the intrinsic alkali metal cation radius in the order 
Cs<Rb<K<Na<Li [19]. Obviously, this cannot explain the volcano type depence 
on intrinsic cation radius (figure 3.5) as determined from differences in total peak 
area of 29Si-NMR spectra of dissolved silica species. So, alkali metal cations have to 
promote dissolution of silica gel surfaces with different efficiencies. The strength of 
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Figure 3.4: 29Si-NMR spectra of aqueóus silicate solutions 100 minutes 
after initia! mixing of silica gel and a) LiOH, b) NaOH, c) KOH, d) RbOH 
and e) CsOH in a molar ratio Si02:M20=3:1. Number of scans: 1500. 
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the promoting effect appears to relate with the effective cation radius instead of the 
intrinsic cation radii. The effective radius of an alkali metal cation is at a minimum 
for potassium. Lithium and sodium are strongly hydrated whereas there is a break 
in hydration at the potassium cation. The lithium and sodium cations are known 
as water structure formers, whereas the potasium rubidium and cesium cations are 
known as water structure breakers [21]. This is well in accordance with the volcano 
type of curve for the rate of silica gel dissolution in alkali metal hydroxides. 
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Figure 3.5: Normalized rate of dissolution, obtained from 29Si-NMR spec
tra, as a function of alkali metal hydroxide. 

3.3.2. Dissolution with molar ratio M20:Si02=1:1 

Figure 3.6a-f shows a series of subsequent spectra of silica gel dissolving in cèsiuin 
hydroxide at a molar Cs20:Si02 ratio equal to 1.0 (high pH). 

In contrast to the spectra shown in figures 3.3a-f, the spectra! resolution is much 
better. Line widths of the different silicon-29 resonances decrease considerably when 
the pH of the solution is increased, thus when the ratio Si02 :M20 is lowered. This 
effect can be attributed to the decrease in viscosity introduced by higher pH values 
and by a decrease in chemica! exchange rates between silicate species in solution 
[15]. This decrease in either viscosity or chemica! exchange rates results in a fairly 
good signa! to noise ratio, which makes data accumulation relatively fast (15 min
utes between two successive spectra) and makes observation possible of the reactions 
involved in the dissolution of silica gel. From these spectra and the peak assign
ments after Harris [10] and Knight [12], we are able to postulate a mechanism for 
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Figure 3.6: Dissolution of amorphous silica gel in cesium hydroxide after 
a) 15, b) 30, c) 60, d) 105, e) 165 minutes and f) 17 hours of reaction as 
followed by 29Si-NMR. Molar ratio Cs20:Si02=1:1. Number of scans: 200. 
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the dissolution of silica gel and the subsequent oligomerization of aqueous silicate 
species, induced by saturation of the alkaline solution by monomeric silica. 

At the very first stage of silica gel dissolution, :=Si-0-Si:= linkages are hydrolysed 
and primarily, monomeric silica is dissolved from the silica gel/water interface: 

The concentration of monomeric silica increases as is seen in figures 3.6a and 
6b. With the increase in monomer concentration, the dimer ( Q~) species become 
evident (figure3.6c). During formation of the dimer, the monomer concentration still 
increases, indicating that, in contrast to the dissolution reaction with molar ratio 
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equa.l to 3, the dissolution reaction is faster than the oligomerization of monomer. 
After formation of a considerable amount of dimer species, a small amount of 

linear trimer Q~Qi is being formed. The rate of formation is much (aster for the 
Qi species than for the QiQi species. Almost simultaneously with linear trimer 
formation, cyclic trimer species Q5 beoome evident in the spectra (figure 3.6d). The 
increase in cyclic trimer concentration involves an increasing concentration of lin
ear trimer species too, indicating simultaneous formation of or a fast equilibrium 
between the two. Recently, Knight e.a. [13] used 29Si-2D-EXSY-NMR to examine 
chemica! exchange pathways of steady-state aqueous silica solutions in a very ele
gant way. They found evidence for the chemica! exchange between the monomer Q0 

and the dimer Q~ and between monomer Q0 and trimer Q~Qi. Our results in com
bination with the results of Knight, lead to the conclusion that the oligomerization 
reactions after the first stage of dissolution, proceed via the same reaction pathway 
as the equilibrium reactions in steady state solutions. The first two steps in the 
oligomerization of monomeric silica proceed via formation of a) dimer and b) linear 
trimer and cyclic trimer: 

{ 

Q~Qi 
Q~ + Q0

-+ î! jast 

Q5 
After reaching the maximum concentration of the cyclic and linear trimer species, 

new Q2 resonances become evident in the spectra (figure 3,6e). According to the 
assignments of Harris e.a. [10] Q2 resonances arising in this frequency region cor
respond with silicate cages and multicyclic silicate structures. Knight e.a. [13] 
concluded from their 2D experiments, that chemica! exchange occurs between the 
bicyclic pentamer Q~Q~ and the double three membered ring Q~. However, their 
study èloes not mention a reaction pathway of the formation of the bicyclic pentamer, 
although its presence in the equilibrium solution was established unequivocally. Our 
results from natura! abundance 29Si-NMR at 7.05 T are irnrufficient to postulate a 
subsequent reaction of the cyclic trimer (poor signa! to noise ratio in the region 
concerned). We observe simultaneously with the formation of Q2 species, formation 
of species resonating in the -80 ppm region. Substitution of cyclic trimer yields 
structures with Q~, Q1 and Q3 resonances. However, since the Q3 resonance orig
inates from a Q3 site within a three membered ring, this resonance is positioned 
in the "Q2 region" of the spectrum. Prolonged dissolution of the starting silica gel 
yields a rather broad scala of aqueous silicate structures, which are difficult to dis
tinguish, since the low concentration of these compounds and the minor differences 
in resonance frequencies obscure the individual NMR-lines in natura! abundance 
spectra. 

Figure 3.7 shows 29Si-MAS-NMR spectra of steady state aqueous silicate solu
tions at high pH as a function of alkali metal cation. In case of higher pH solutions, 
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Figure 3. 7: 29Si-NMR spectra of aqueous silicate solutions in steady state 
situations: a) LiOH, b) NaOH, c) KOH, d) RbOH and e) CsOH; molar ratio 
M20:Si02::;:1:1. Number of scans: 1500. 
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silicate species are more ionised, locating the counterion, i.e. the alkali metal cation, 
more dosely to the silicate anion. From the Q3-peak asymmetry of spectra presented 
in figures 3.1 and 3.2, we learned that the alkali metal cation must be in close contact 
with the bigger, Q3-site hearing silicate species. Aqueous silicate solutions with mo
lar ratio equal to 1, however, hardly contain any species with Q3 -sites (6 R:: -95ppm 
as is seen in figure 3.7. However, observing the Q2-region (ca. -87ppm) critically, 
minor differences in silicate species containing Q2-sites and substituted three mem-
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bered ringstructures are noticeable in the case of sodium, potassium and rubidium 
cations present in solutions; solutions containing lithium ap_d cesium cations, how
ever, differ strongly. Comparing figure 3.7c (silica in pota.ssium hydroxide) with 
spectra of the potassium silicate solution obtained by Knight e.a. [13], we observe 
rather large differences in peak intensities. Especially in the spectra! range in which 
structures containing Q1-sites are to be observed, this difference may be attributed 
to a larger amount of silicate anions exhibiting two Q1-sites. This effect may stem 
from impurities (small amounts of for instance polyvalent cations such as aluminum 
(III)) present in either of the solutions. 

The rate of dissolution however, exhibits the same dependence on the type of 
alkali metal hydroxides as was found for the suspension with molar Si02 :M20 ratio 
equal to 3; potassium hydroxide dissolves silica gel in a faster rate than lithium, 
sodium, rubidium and cesium hydroxide do. However, the differences in dissolution 
rates bet ween either potassium and sodium or potassium ·and rubidium decrease, 
suggesting that at these high cation concentrations, differences in promotion effects 
of the different alkali metal cations are small compared with the overall rate of silica 
gel dissolution. 

At a molar ratio Si02:Li2 0=1:1, lithium silicate is found to precipitate. The 
precipitate consists of microcrystalline, single chain lithium silicate (Li2Si03 ) [22] 
as was deduced from X-ray diffraction analysis and IR-spectroscopy. 

3.4. CONCLUSIONS 

The rate of silica gel dissolution in aqueous alkali metal hydroxides depends on 
the type of alkali metal hydroxide in solution. An optimum for the dissolution rate 
at molar ratio Si02 :M20=3:1 was found for potassium hydroxide. 

The compositions of aqueous silicate solutions in steady state situations depend 
on the type of alkali metal cation present in solution as is concluded from 29Si-NMR 
peak asymmetries of polymerised silicate species. Minor differences in composition 
occur for more alkaline solutions (molar ratio Si02:M20=l:l). At the molar ratio 
Si02 :M20=1:1, the rate of dissolution shows a similar volcano type dependence 
on intrinsic alkali metal cation radius as in the case of low alkaline solutions. At 
this high pH the differences in dissolution rates between the alkali metal hydroxides 
NaOH, KOH and RbOH decrease, due to the increased rates in the presence of 
higher hydroxyl concentrations. 
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Chapter 4: 

In situ 29Si-NMR study of oligomerization 
of aqueous monosilicic acid* 

4.1. INTRODUCTION 

The diversity and success in applications of silica gels and powders have contributed 
to the fact that the structure and formation of silica systerns have been studied 
rather extensively. An outstanding review on the chemistry and physics of silica 
was given by Her in 1979 [l]. Significant advances, however, were made since this 
review, mainly due to developments of new spectroscopie techniques such as FT
high frequency NMR [2-9], FT-IR [10], Raman spectroscopy [11] and small angle 
X-ray scattering [12,13]. Thus the rather phenomenological studies as reviewed by 
Her are getting strengthened by the more molecular studies performed in the last 
decade. 

In heterogeneous catalysis silica gels are commonly used as a support material of 
the catalytically active phase. Since catalytic reactions may take place at elevated 
temperatures and pressures it is very important to retain structure stability and 
surface inertness of the support material. Moreover, since catalytic systems are 
prepared on bulk scale the structures of the supports should be well-defined a.nd 
should not suffer from batch to batch variations. Composition of precursors and 
especially concentration and type of cations present in precursor material may be 
seen as the main sources of variations in the structure of silica gels. Knowledge of the 
physical chemistry of precursor solutions for silica gels and powders thus may lead 
to new insights in polymerization pa.thways of silica gels. Especially in the field of 
zeolite synthesis it has been noted that already small amounts of cationic impurities 
may impose different structures on the as-synthesized zeolites. Moreover, there has 
been considerable specula.tion on the role of organic molecules or ions in the synthesis 
of zeolitic aluminosilicates [14]. For insta.nee, in the synthesis of ZSM-5 zeolites, 
the tetrapropylammonium cation is seen as a template molecule for formation of 
intermediates: cage structures consisting of double five ring silicate a.nions. Using 
silicon-29 high frequency nmr on potassium silicate solutions, enriched to 95.3 wt% 
silicon-29, Knight identified as much as 22 silica.te ani~ns [7]. Studies with respect 

• Published as: P.W.J.G. Wijnen, T.P.M. Beelen, J.W. de Haan, L.J.M. van de Ven and R.A. 

van Santen, Coli. Surf. 45 1990 255 
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to the composition of aqueous silicate solutions and exchange reactions between 
various silicate anions in aqueous silicate solutions of which the anion composition 
does not alter significantly in time, have been published. From tetraalkyl ammonium 
silicate solutions it was concluded that organic cations direct the structure of silicate 
anions [4]. Further, exchange reactions between anions in tetraalkyl ammonium 
silicate solutions are slow compared to alkali metal silicate solutions [15], whereas 
the approach towards thermodynamic equilibrium is slow as well [16]. 

The above mentioned results were obtained with silicate solutions being in ther
modynamic equilibrium. In this chapter studies on the dissolution of amorphous 
silica gel will be presented. Dissolving silica gel in aqueous alkaline solutions yields 
a gradual increase in the concentration of monomeric silicate anions. After reach
ing the thermodynamical equilibrium concentration of monomeric silicate anions, as 
governed by the pH of the solution (i.e. silica to base ratio), prolonged dissolution 
of silica leads to oligomerization of the monomeric silicate anion. In this way, it was 
possible to investigate the polymerization process of monomeric silicate anions in 
highly alkaline, aqueous silicate solutions. A reaction pathway for the formation of 
cubic octameric silicate anions is given as well. 

4.2. EXPERIMENTAL SECTION 

Aqueous silicate suspensions were prepared by adding appropriate amounts of alkali 
metal hydroxide and tetramethyl ammonium (TMAOH) hydroxide to amorphous 
silica gel (Aerosil 380 ex Degussa). Teflon containers were used to minimize the 
effect of contamination of the solutions by cations leached out of the container wall. 
Alkali metal hydroxides were obtained from Merck (pro analysi NaOH, KOH) and 
from Janssen Chimica (pro analysi LiOH, crystalline TMAOH, and 50 wt% solutions 
of CsOH and RbOH in water). The silica to base ratio in the suspensions as initially 
mixed were Si02 : M20 3, 1 and 0.5; M20 denotes the base used. Doubly distilled 
and demineralized water was added to yield a 2.6 mol% solution of silica in water. 
The freshly prepared suspensions were as quickly as possible introduced in a double 
air hearing magie angle spinning (DB-MAS) rotor obtained from Bruker Spectrospin. 
A typical time from initia] mixing to start of first acquisition is 5 minutes. Alumina 
or zirconia rotors were sealed with Teflon tape to ensure no liquid leakage in the 
probehead. MAS was applied to average any chemical shift anisotropies arising from 
highly viscous fluids [17,18] and to average any 29Si and 1 H dipolar coupling, which 
are probably small anyway. The spinning frequency of the spinners was 1500±100 
Hz. Spectra were recorded on a Bruker CXP300 FT-NMR spectrometer operating at 
7.05 Tor on a AM500 FT-NMR spectrometer at the Dutch National High Frequency 
NMR facility at Nijmegen, The Netherlands. On both spectrometers, the same single 
pulse excitation program was applied: 3 µs pulse duration and 4 to 10 s pulse delay. 
In order to be able to follow the dissolution of silica gel in time, we applied a 45° 
flip angle. The effect on peak intensity was minimal. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Rate dependence of silica gel dissolution on cation hydroxides 

Dissolution of amorphous silica gels is achieved by increasing the pH of the suspen
sion. Slowly saturating and subsequently super-saturating the solution in monomeric 
silicate anions leads to oligomerization of the monomeric silicate anions. Dissolving 
amorphous silica gel in aqueous alkaline solutions thus results in a gradual increa.se 
in monomer concentration, which subsequently leads to oligomerization in larger 
silicate anîons. In this way, · oligomerization of monomeric silicate ani ons can be 
studied in situ using 29Si-MAS-NMR. 

-60 -eo -100 -120 
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Figure 4.1: Natura! abundance 29Si-MAS-NMR spectra of aqueous cesium 
silicate solutions (Cs20 : 3Si02 : l08H2û) as a function of reaction time at 
T=296K. a) 100, b) 200, c) 300, d) 400, e) 500, f) 1000 minutes. 1500 scans 
with 4s pulse delay at 7.05 T; T= 296 K. 
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Figure 4.1 presents a series of natura! abundance 29Si-NMR spectra taken at 
intervals of 100 minutes in the dissolution reaction of amorphous silica gel in cesium 
hydroxide at a molar ratio Si02:Cs20= 3.0. We will use the Q~ notation as intro
duced by Engelhardt [2J to specify a certain NMR-line: the superscript i denotes the 
number of siloxane (Si-0-Si) bridges at the silicon-29 atom observed, whereas the 
subscript n denotes the number of equivalent Qi groups within the same molecule. 
In case no strict assignments can be made, the subscript n (giving the number of Qi 
sites within an molecule) will not be referred to since the (broad) NMR line origi
nates from several different silicate anions. Figure 4.2 presents the total integrated 
peak area of the different resonance ranges (Q0 • ··Q3). 
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Figure 4.2: lntegrated peak area of the Qi-resonance group as a function 
of dissolution time for the spectra shown in figure 4.1. 

A relative number for the total amount of dissolved silica gel can be obtained 
from the total area of the resonance lines. Thus, in a relative way, it may be 
possible to quantify the dissolution rate of amorphous silica gel in alkaline solutions. 
Absolute quantization of the NMR-spectra by the ,8-silico-molybdic acid method 
(see chapter 3) was not performed because using this indirect method amorphous 
silica gel also dissolves by reaction of silica with the molybdic acid complex. The 
maximum concentration of monomeric silicate anions is already reached within 100 
minutes of reaction (see also figure 4.2). This suggests that formation of monomeric 
silica by dissolution of the gel surface is considerably faster than oligomerization of 
the latter to dimer, etc. 
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Figure 4.3: Normalized rate of dissolution (a.u.) obtained from 29Si-NMR 
spectra as a function of intrinsic cation radii of the alkali metal cations. 

In figure 4.3 the relative dissolution rates as derived from NMR peak areas are 
given as a function of the intrinsic radii of alkali metal cations. Normalization was 
achieved by using the first spectrum of potassium silicate suspensions .as an external 
standard. Undoubtedly, a profound effect of the alkali metal cation on the silica 
gel dissolution rate is encountered. Also large differences in viscosities of the silica 
gel suspensions are noticed: potassium hydroxide suspensions are less viscous than 
suspensions containing lithium or cesium cations. This is somewhat contrary to 
expectations based on the sheer size of the cations. 

The differences in silica gel dissolution rate observed in alkaline solutions cannot 
simply be attributed to differences in degree of alkali metal adsorption on the silica 
gel surface: adsorption on silica surlaces decreases uniformly (Li+ > Na+ > K+ > 
Rb>+ Cs+) with increasing cation radii [19]. However, in the silica gel dissolution 
rate an optimum is found for potassium cations. Apparantly, in studying the dis
solution of silica gel no reference should be made to the intrinsic cation radii but 
hydration shells must be considered as well. The amount of water molecules forming 
the hydration shell decreases in the order Li> Na> K> Rb> Cs, where lithium and 
sodium show the strongest interactions with the water molecules. For this reason, 
lithium and sodium cations are known as water structure formers whereas potas
sium, rubidium and cesium are referred to as water structure breakers (20]. The 
mechanism of silica gel dissolution can be visualized as in scheme I. 



62 Chapter 4 

o~ ~'? 
OH, M• H,O 

o+ to 

Scheme 4.I: Visualization of the initial stages in silica gel dissolution, 
caused by hydroxyl anions. Hydrated cations facilitate the transport of hy
droxyl anions towards the surface. 

Negatively charged surface silanol groups (Si-O-), neutralized by hydrated cat
ions M+, are attacked by hydroxyl anions (OH-) by which the co-ordination number 
of the silicon atom is increased to more than four. As a result, the underlying silicon 
honds are weakened and monomeric silica.te anions are released from the amorphous 
silica gel phase. 

Here we propose that hydration shells of alkali metal cations adsorbed on the 
negatively charged silica gel surface, play an important role in the transport of 
hydroxyl anions towards the surface. Since lithium and to a lesser extent sodium 
cations interact strongly with the water molecules within their hydration shell, no 
fast transport of hydroxyl anions towards the surface can occur. Further, rubidium 
and cesium have loosely hound water molecules and are weakly bound to the silica 
gel surface. Therefore, in the Jatter case transport of hydroxyl anions will be slow. 
In this way, potassiurn cations combine the relatively small and loose hydration 
sphere with relatively strong honds to the silica gel surface and therefore optimally 
transport the hydroxyl anions towards the siHca gel surface. This transport effect 
is well in line with the obsetved dependence of silica gel dissolution in suspensions 
containing different alkali metal cations. 

Investigating silica gel dissolution in aqueous tetra.methyl ammonium hydrox
ides (TMAOH) underlines the above mentioned observations. Although tetra.methyl 
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ammonium cations are strongly adsorbed on silica surfaces [21] the absence of hy
dration shells should result in a large inhibition effect in the dissolution of silica gel. 
This inhibition effect caused by diffusion of hydroxyl anions must become more pro
nounced in case the effective cation radius is increased or in case the hydrophilicity 
of the cations is decreased. lndeed, when amorphous silica gel is dissolved in aque
ous TMAOH solutions the dissolution rate decrea.ses drastically as can be concluded 
from figure 4.4. 
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Figure 4.4: Total amounts of dissolved silicate anions in solutions of cesium 
silicate (dashed line) and tetramethyl ammonium silicate as a function of 
reaction time. T;;:296 K. 

After 12 hours of dissolution only a small part of the amorphous silica gel phase 
ha.s dissolved and resides in monomeric or small oligomeric forms. Since TMA
cations are hydrophobic compared to the alkali metal cations no or just a very wealdy 
bonded hydration shell around the TMA-cations is.expected. This contributes to 
the fact that transport of hydroxyl anions towards the fully TMA-covered silica gel 
surface is very slow and thus silica gel dissolution is very slow. In ca.se sodium 
hydroxide is added to the TMA-silicate suspension, an increase in dissolution rate is 
observed which is attributed to the fact that besides adsorption of TMA cations on 
the silica gel surface, adsorption of sodium cations takes place as well. The strong 
increase in dissolution rate may be attributed to displacement of TMA-cations from 
the silica surface by sodium cations. 
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4.3.2. Oligomerization of monomeric silicate anions at high pH-values 

In figure 4.5 29Si-NMR spectra are presented for silica gel suspensions (Aerosil 380) 
as a function of dissolution time in cesium hydroxide. The reaction temperature 
was chosen 276 K to slow down dissolution and retain high spectral resolution. The 
total mola.r composition of the suspension is Cs20 : Si02 :H20 1 : 1 : 36. Due 
to rela.tively low viscosities of the suspensions and relatively high concentrations of 
silica.te a.nions in solution, a marked increase in spectral resolution and signa! to 
noise ratio are obtained compared with spectra of higher silica to base ratio's as 
shown in figure 4.1. 
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Figure 4.5: Natural abundance 29Si-MAS-NMR spectra of aqueous cesium 
silica.te solutions (Cs20: Si02 : 36H20) at different times from initial mixing: 
a) 15, b) 45, c) 60, d) 120, e) 205 minutes. T= 276K, field strength= 11.75T. 
200 45° pulses at 5s pulse delay. 
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During dissolution of silica gel monomeric silicate anions are released initially 
from the silica gel surface as is deduced from the Q0 resonance line arising in figure 
4.5a at -71.52 ppm from TMS. pH-Values, alkali metal cation and silica to base 
ratio are chosen such that the amorphous silica gel phase dissolves steadily. From 
the time the solution is saturated in monomeric silicate anions, these oligomerize 
to form dimeric silicate anions as is deduced from figure 4.5b. Dimeric anions will 
react in turn with monomeric anions to form a trimeric silicate anion. From the 
position of the resonance line in the NMR-spectrum (figure 4.5c) it is concluded 
that at these experimental conditions (silica to base ratio) first the cyclic structure 
of the trimeric silicate anion (Q5) is formed. Ata later moment in the dissolution 
reaction the linear trimeric silicate anion (Q~Qn emerges (figure 4.5d). 

lncreasing the silica to base ratio leads to significant broadening of the NMR lines. 
Further, the distinction in the formation of cyclic and linear trimeric silicate anions 
is less pronounced. The latter implies that in oligomerization reactions of aqueous 
silicate anions the pH-value of the solution is a critica! parameter concerning the 
formation of ring structures (probably expandable to cage structures ). At the high 
pH-values used in our experiments (silica to base ratio = 1.0 or 0.5) cyclization of 
silicate anions is preferred rather than formation of linear oligomers. The tendency 
of silanol groups of a silicate molecule to ionize increases in the order Q0 > Q1 > 
Q2 > Q3 [1]. Linear trimeric anions contain Q1 as well as Q2 silanol groups whereas 
cyclic trimeric silicate anions only contain Q2 silanol groups. Since Q1-silanol groups 
are easier to ionize than Q2 silanols, the ionic charge of the linear silicate anions 
will be more negative than the ionic charge of the cyclic silicate anions at the same 
experimental conditions. Further, symmetry considerations concerning the position 
of negative charges lead to the fact that in case linear structures are ionized, the 
charges will be divided less evenly over the silicate anion, whereas in cyclic trimeric 
silicate anions all silanol groups are equivalent and the charge distribution is more 
symmetrical and may be energetically more favorable. Lowering the pH-value of the 
solution (increasing the silica to base ratio) causes the structures to be less ionized 
resulting in an increased stability of linear structures. Ab-initio calculations on cyclic 
silicate molecules show that cyclic trimeric silica is energetically less favourable than 
silicate structures that have 0-Si-O bond angles more similar to the ideal tetrahedron 
bond angle such as cyclic tetrameric (Q~) molecules [22]. However in these studies 
no charge effects were considered. 

The final composition of aqueous silicate solutions depends on the type of cation 
present in solution. Highly polymerized silicate anions are favoured to a larger 
extent by potassium cations. Moreover, lithium silic:ate solutions contain silicate 
ani ons of the Q3 resonance group resonating at the high field edge of the band ( h 
more negative) whereas cesium silicate solutions contain anions resonating at the 
low field edge (figure 4.6). 
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Figure 4.6: 29Si-NMR-spectra of silicate solutions containing different 
alkali metal cations: a) Li, b) Na, c) K, d) Rb, e) Cs. 1500 45° pulses with 
4s pulse delay, T= 296K and field strength= 7.05 T. 

4.3.3. Oligomerization in the presence of organic hydroxides 

In figure 4.7a-7j natural abundance NMR spectra of tetramethylammonium silicate 
solutions are shown as a function of time from initial mixing. In contrast to spectra 
of alkali metal silicate suspensions (figure 4.1) we observe rather sharp resonance 
lines indicating a narrow distribution of silicate anions and regarding the monomer 
resona.nce, slower exchange reactions. 

Moreover, the initial rate of silica gel dissolution is very slow compared to rates 
observed in aqueous alkali metal suspensions (figure 4.4). Monomeric silicate anions 
oligomerize very slowly to form dimeric silicate anions (figure 4.7b) which in turn 
gra.dually evolve into a Q2-silicate structure. Besides a very sharp resonance line, 
severa.I diffuse lines at slightly lower field are observed. After a considerable time 
delay (833 minutes from mixing) a resonance line denoting Q3-structures emerges. 
From the moment these structures are formed, the rate of silica gel dissolution in
creases sharply as is conduded from the total amount of dissolved silicate anions 
(figure 4.4). The molar composition of the final solutions resembles compositions 
used by Hoebbel e.a. 123) "and Knight 115]. From these studies we learn that in 
aqueous silicate TMA-silicate solutions, cubic octameric silicate anions Q~ are pref
erentially present. Moreover, since the. chemical shift value in our spectra is in 
agreement with values given in literature, the main component in the final solution 
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Figure 4.7: Dissolution of amorphous silica gel in aqueous tetra methyl 
ammonium hydroxide (TMA20 : 3Si02 : 108 H20) after a) 83, b) 250, c) 
833, d) 1083, e) 1250, f) 1500, g) 1666, h) 1833, i) 2083, j) 2500 minutes. 500 
45° pulse with 10 s pulse delay; field strength= 7.05 T; T= 296 K. 

is assigned as the cubic octameric silicate anion. Table 4.1 lists chemical shift as 
given in litera.ture [7] and found in this study. 

A reaction pathway for the formation of cubic octameric silica.te a.nions in a.queous 
solutions can be proposed using the spectra given in figure 4. 7. Observing the 
line intensities of the resonance at li= -89.17 ppm, an optimum in intensity is 
seen indicating the structure causing this resonance must be an intermediate in 
the reaction towards formation of the cubic octameric silicate anion. Consulting 
the chemical shift values given by Knight and Harris, several structurally different 
silicate anions can be assigned to the resonance line emerging in figure 4. 7c. Since 
there is no strong other line evolving in the spectrum we must assume that the 
corresponding silicate anion must consist of silicon nuclei with equal chemical shifts. 
Possible candidates for the -89.17 ppm 29Si-NMR line are the prisma.tic hexameric 
anion Q~ (ha.ving a chemical shift in the Q2-resonance area) and the cyclic tetrameric 
silica.te anion Q~. Since our chemical shift va.lues for the 'unknown' resona.nce line 
are in between the chemica! shift va.lues for the Q~ and Q~ structures as taken from 
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[5,6] (table 4.1 ), it is not possible to assign the line to one of these structures directly. 
Figure 4.8 shows the process of silica gel dissolution in excess of tetramethy

lammonium hydroxide (TMA20 : Si02= 1). As in case of alkali metal hydroxides, 
at high pH small oligomers are favoured rather than large oligomeric silicate an
ions. This results in a higher concentration for the intermediate silicate anions as 
is clarified by the spectra in figure 4.8. However, still no decision can be made for 
the assignment of the resonance line at Ó= -89.17 ppm. Further, silylation and 
subsequent analyzation of the trimethyl silylated silicate anions by GLC [23J, does 
not exclude one of the possîble intermediate anions: in trimethyl silylated silicate 
solutions we observed that the amounts of Q~ and Q~ are comparable. 

Tetraethyl ammonium cations are known to stabilize prismatic hexameric sili
cate anions [24]. Figure 4.9 shows silicon-29 NMR spectra of tetraethyl ammonium 
silicate solutions and tetramethyl ammonium silica.te solutions. Comparing these 
spectra might give a decision for the silicate anion acting as the intermedia.te in the 
formation of cubic octameric silicate anions. The prismatic hexameric silicate anion 
is seen [8,15] as the main intermediate structure in the formation of cubic octameric 
silicate anions at high pH. However, at the moment we still cannot exclude Q~ being 
intermediate, since fast reaction between two Q~-anions might yield Qi as well. 

Further, the strong inhibition effect of TMA-cations on the dissolution of amor
phous silica gel as encountered in figure 4.5, is explained by the fact that strong 
adsorption of apolar TMA-cations on the silica gel surface causes screening of the 
surface. Only few hydroxyl anions are able to reach the silanol surface groups. From 
the moment cubic octameric silicate anions are present in solution, the dissolution 
rate increases substantially. This we attribute to the fact that cubic octameric sil
icate anions are in the vicinity of TMA-cations adsorbed on the silica gel surface, 
resulting in a more hydrophilic silica gel surface. Transport of hydroxyl anions can 
now take pla.ce via (hydrated) cubic octameric silica.te anions. 

This effect of TMA-cations on the dissolution of amorphous silica gel has not 
been noticed in previous studies to the best of our knowledge. The induction period 
observed in zeolite synthesis might result from similar inhibition effects as encoun
tered in this study. 
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Table 4.1. Chemical shift values for silicate anions in aqueous silicate 
solutions (relative to {jTMs). 

Solution QO Qj Q5 Q~ Q~ Q~ 
K-SiO~ -72.42 -81.01 -82.59 -88.51 -89.64 -99.3 

TMA-Si02 -71.91 -80.59 -82.10 -88.26 -89.17 -99.11 

TEA-Si02 -71.53 -79.98 -81.82 -88.35 -89.20 

11
: values taken from reference [7]. ao 
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Figure 4.8: Dissolution of amorphous silica gel in aqueous tetra methyl 
ammonium hydroxide (TMA20: Si02 : 35 H20) after a) 133, b) 400, c) 1067, 
d) 1600, e) 2000, f) 2800, g) 3333, h) 4000 minutes. 400 45° pulse with 20 s 
pulse delay; field strength= 7.05 T; T= 296 K. 
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Figure 4.9: Comparision between aqueous tetramethyl ammonium silicate 
and tetra.ethyl ammonium silicate solutions. 

4.4. CONCLUSIONS 

An optimum in the dissolution rate of amorphous silica gel in aqueous alkali metal 
cation solutions was encountered with potassium hydroxide as the counter ion. 
Lithium and cesium hydroxide solutions show the lowest dissolution rates. Dif
ferences in dissolution rates are ascribed to transport ( diffusion) effects through the 
cation layer surrounding the silica gel surface: hydroxyl anion transport takes place 
via the hydration shell of the cations. Compared to potassium cations, lithium cat
ions barely exchange their water molecules whereas cesium cations only have few· 
directly bonded water molecules. 

Oligomerization of aquoous monomeric silicate anions takes place via dimeric 
anions towards cyclic trimeric anions. The amounts of cyclic trimeric silicate anions 
relative to linear trimeric silicate anions decrease in case the pH value of the solution 
is lowered, i.e. when the silica to base ratio is raised. 



In situ 29Si-NMR study of oligomerization of aqueous monosilicic acid 71 

Dissolution of amorphous silica gel in aqueous tetramethylammonium hydroxide 
initially takes place at a very slow rate. Since TMA-cations strongly adsorb on the 
silica gel surface, screening of the surface by these apola.r cations prevents dissolu
tion. From the moment cubic octameric silicate anions are present in solution, the 
dissolution rate increases markedly caused by a change in hydrophilicity of the silica 
gel surface: strong interactions between (hydrated) cubic octameric silica.te anions 
and TMA-cations adsorbed on the silica gel surface, renders the surface more hy
drophilic. As in other studies, prismatic hexameric silicate anions can be identified 
as intermediates in the oligomerization of monomeric silicate to cubic octameric 
silicate anions. 
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Chapter 5: 

Diffusion and Reaction Limited Aggregation 
of Aqueous Silicate Solutions 

5.1. INTRODUCTION 

In the review work on silica chemistry of Iler [1], the formation of silica gels is 
described in terms of a three-step polymerisation process: 
a) formation and growth of primary particles, 
b) aggregation of primary particles in to ramified networks and 
c) ageing of these aggregates. 
Depending on process parameters, i.e. pH-value, ( cation-) concentration and tem
perature, these processes can be used to obtain silica gels with appropriate structural 
properties. Initially, silica particles are formed and may grow to particles of colloidal 
sizes (typically 1-100 nm in diameter). These primary particles are non-stable with 
respect to aggregation, since in colloidal solutions of aqueous silicates, the electric 
double layer {2] formed through ionisation of surface silanol groups (DLVO-theory), 
will be suppressed by adsorption of counter ions, present in alkali silicate solutions. 
Aggregation of primary particles into ramified networks is the second step in the 
polymerization process of aqueous silica. Some stabilisation against aggregation may 
occur as a result of hydration forces of well-ordered water molecules surrounding the 
silica particles [3]. 

Different models for the aggregation process of primary particles have been devel
oped (see chapter 2). Aggregation can be described in terms of a reaction limited or 
a diffusion limited duster-cluster aggregation process (RLCCA and DLCCA respec
tively ). These two different aggregation processes give rise to structurally different 
aggregates characterized by a different fractal dimensionality of aggregates. Aggre
gation phenomena occurring in for instance silica solutions have been simulated by 
introducing a reaction or sticking probability for the individual particles and growth 
sites in the original clustering process (see chapter 2). In case the sticking proba
bility becomes vanishingly small compared with the probability of collision (related 
to the diffusion length of the clustering particles ), the aggregation process is consid
ered to be rate limited by the reaction kinetics, i.e. by activation energies of water 
structure breaking and of siloxane bond (Si-0-Si) formation. In this limiting case 
of cluster-cluster aggregation diffusional motion of primary particles does no Jonger 
play an important role in the aggregation process. However, the majority of reports 
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of experimental studies o~ aggregation point to reaction limited cluster-cluster ag
gregation in silicate solutions. 

In experimental aggregation one can increase the relative contribution of dif
fusional motion by diluting the reaction mixture. In this way diffusion pathways 
become longer a.nd the role of reaction kinetics on the aggregation kinetics should 
become less important. Other studies on the influence of silica concentration on 
fractal properties [4] in colloidal silica solutions (sols) of very low concentration 
([Si02] :::::: 10-4wt%) have shown that the fractal dimensionality of the aggregates 
formed decreases to values typical for diffusion limited cluster-cluster aggregation 
simulations (see chapter 2). Subsequent re-organisations of the particles within the 
aggregates cause the fractal dimensionality to increase up to values observed for 
reaction limited cluster-cluster aggregation [4]. 

In this chapter the influence of variations in (total) silica concentration on silica 
aggregate (gel) formation from aqueous silica.te solutions is reported using Small 
Angle X-ray Scattering experiments. The main difference with the earlier cited work 
[4] is the much smaller size of the primary gel particles forming the gel ( < lnm). 
Whereas in the case of silica gel formation from sol particles (:::::: 21nm) colloidal 
interactions control gelformation, in gels formed from silicate solutions molecular 
interactions of shorter range may be expected to control the process. 

5.2. EXPERIMENTAL SECTION 

Aqueous silicate solutions (water glass) were prepared by dissolution of appro
priate amounts of pyrogenic silica (Aerosil 380 ex Degussa) in potassium hydroxide 
(Merck, p.a.) [5,6}. The total amount of potassium hydroxide was kept constant 
as to obtain approximately the same starting and ending pH-value for the silicate 
solutions. Since all solutions contained the same amount of potassium hydroxide 
with varying total silica concentration, the silica to base ratio varied considerably 
for these solutions. The solutions were acidified by addition of calculated amounts 
of water glass to a solution (10 ml) of hydrochloric acid (LOn) (Merck, p.a.). All 
polymerisation reactions were carried out at pH=4.0 ±0.05 and at room tempera
ture (T=300K) in order to be able to study polymerisation processes with relatively 
good time resolution [1]. Samples (±20 ml) were stored in sealed polyethylene bot
tles. Gelation of the silicate solutions occurred in case the meniscus of the reaction 
mixture did not deform when the bottle was twisted. 

SAXS-measurements were performed at the SERC Synchrotron Radiation Source 
a.t Dareshury La.boratories (United Kingdom) using the Non-Crystalline Diffrac
tion hea.mline 8.2. Acquisition times of 1-5 minutes were applied to obtain suffi
ciently high signal to noise· ratios. Raw SAXS-curves were corrected for parasitic 
a.nd background scat tering, originating from slits, aqueous solution and mylar win
dows. Structural parameters, i.e. fractal dimensiona.lity and cut-off size (aggregate 
size), were determined using the concepts of fractal geometry, introduced by Kjems 
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e.a. and Teixeira [7,8] and outlined in chapter 2. A detailed description of the 
SAXS-measuring apparatus can be found in the thesis of Robertus [9]. 

5.3. RESULTS 

Figure 5.1 presents small angle X-ray scattering data obtained from colloidal 
silica solutions prepared at pH=4.0 with different silica concentration. SAXS-curves 
were obtained by combination of data collected at two different camera lengths 
(4.5 m for the low Q-range and 0.7 m for the high Q-range). For systems having 
less than l.Owt% Si02 no gelation of the polymerising silica solution was detected 
during the time of spectra! recording (5 to 20 days after initia! mixing of the alkaline 
water-glass solution and the hydrochloric acid) in accordance with data given by Iler 
[1] and Stumm e.a. [10]. In silicate solutions containing less than O.lwt% Si02 no 
determinable aggregation of silicate units could be observed after 20 days of reaction. 
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Figure 5.1: SAXS spectra of aqueous silica aggregates with different sil
ica concentrations. From bottom to top: a) 0.1 wt%, b) 0.2 wt%, c) 0.25 
wt% and d) 0.3 wt%. Spectra taken after 5 days of reaction. Samples were 
stored in sealed polyethylene bottels. Spectra as shown are obtained through 
combination of two different cameralengths (0. 7 m and 4.5 m). 

Analysis of spectra, such as shown in figure 5.1, recorded for the more con
centrated (>0.lwt% Si02 ) silicate solutions resulted in fractal dimensionalities as 
presented by figure 5.2. Analysis was clone using the procedure introduced by Kjems 
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Figure 5.2: Fractal dimensionality of aqueous silica aggregates obtained 
from the SAXS-spectra. Spectra recorded after 5 days of reaction in sealed 
polyethylene bottels. 
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Figure 5.3: Size of fractal silica aggregates as a function of silica concen
tration. SAXS-spectra were recorded 5 days after initial mixing. 
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e.a. and Teixeira [7,8]. Clearly no significant di:fferences in fractal dimensionalities 
are observed in the concentrati_on range investigated (0.1 < [Si02] < 8.0wt%). Both 
gelating a.nd non-gelating silicate systems show the same fractal dimensionality as 
obtained from small angle scat tering experiments. The size of fractal aggregates as a 
function of silica concentration (as far as could be determined by SAXS) is presented 
in figure 5.3. Obviously, after 5 days of polymerization at pH=4.0 di:fferences in size 
of the aggregates (i.e. radius of gyration) are observed. Increasing the total silica 
concentration accelerates the aggregation process resulting in larger aggregates. 

In contrast with the ratio equal to Si02/K20=0.3 inducing a reaction limited 
cluster-cluster aggregation process, a ratio equal to Si02/K20=1.0 was applied to 
induce a diffusion limited cluster-cluster aggregation process. Both reaction mix
tures were similar in total silica concentration (0.2wt%), acidity (pH=4.0 ±0.1) and 
temperature (T=300±5K). Silicon-29 nuclear magnetic resonance spectroscopy was 
applied to investigate the molecular composition of the two precursor solutions, dif
fering only in silica to base ratio. Figure 5.4a and 5.4b present 29Si-NMR spectra 
obtained from silicate solutions (0.4 wt% Si02) with molar ratio Si02/K:.i0=1.0 and 
Si02/K20=0.3 respectively. 
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Figure 5.4: Silicon-29 NMR-spectra of aqueous silica gel precursor solu
tions. a) 0.4 wt% Si02 and Si02/K20= LO; b) 0.4 wt% Si02 and Si02/K20= 
0.3. 
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If the silica to base ratio is increased, and thus the pH-value of the precursor 
solution is decreased, oligomerisation of monomeric silicate anions occurs as is con
cluded from the detection of a second resonance line in the NMR-spectrum of the 
silicate precursor solution with high silica to base ratio. Although the intensity is 
rather low, this resonance line can be discerned at 8 = -96.2ppm (from TMS) and 
acording to Kinrade and Swaddle [11] the resonance line (in figure 5.4a marked with 
an asterisk *) can be assigned to a tetrahedron built of four equivalent silicon atoms 
("Q~") that exhibits only four silanol groups. The silicate anion distribution of the 
two precursor solutions (high and low silica to base ratio) differs with respect to the 
presenre of oligomeric silicate anions. If the silica to base ratio is high (LO) then 
oligomeric anions as Q~ are present whereas at low silica to base ratio (0.3) only 
monomeric silica is present and oligomeric anions are essentially absent. 

Figure 5.5 shows SAXS-curves of silica aggregates grown under diffusion limited 
conditions (fig.5.5a) and under reaction limited conditions (fig.5.5b) [12,13]. Clearly 
different power-law (fractal) behaviour of the scattered intensity is encountered for 
the two SAXS-curves: the fractal dimensionality obtained from curve 5.5a ('.D=l.75 
±0.08: DLCCA) differs significantly from the dimensionality obtained from curve 
5.5b ('.D=2.21 ±0.05: RLCCA). Further, the reaction times needed to prepare a 
silica aggregate causing a power-law relationship between intensity and scattering 
vector observed over the whole Q-range investigated, differ considerably: curve 5.5a 
was taken after 3.5 hours of polymerisation using the precursor solution with high 
silica to base ratio (see fig.5.4a) whereas cutve 5.5b was taken after 14 days of poly
merisation using the precursor solution with low silica to base ratio (see fig.5.4b). 
Shorter reaction times for the reaction limited aggregation process (curve 5.5b) 
yielded scattering curves as shown in figure 5.lb. At low Q-values no scattering 
due to (DLCCA-grown) aggregates was observed. As such, fast re-organisations 
of silica aggregates grown from the precursor solution with low silica to base ratio 
(no oligomers present) could not be detected on the time scales investigated. Be
sides different fractal dimensionalities, the large difference in reaction time points 
to different aggregation processes for the two polymerisation experiments as well. 

Fast re-organizations of colloidal silica particles in aggregates grown under diffu
sion limited conditions were observed by Aubert and Cannell [4]. Depending on the 
concentration of silica in the aqueous sol of parti des, re-organization occurred at high 
rates. Silica aggregates grown in aqueous silicate solutions under diffusion limited 
conditions, show re-organizations of the primary building units (silicate oligomers) 
as well. One month after initial mixing of the silicate solution with high silica to 
base ratio the fractal dimensionality increased from '.D=l.75±0.08 to '.D=2.2±0.1; 
a value usually observed for aqueous silica aggregates [4]. In figure 5.6 the SAXS 
curve obtained from the re-organized DLCCA-aggregates is shown. 
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Figure 5.5: SAXS-spectra of aqueous silica aggregates with different silica 
to base ratios; a) Si02/K20=1.0 and recorded 3.5 hrs after initial mixing; b) 
Si02/K20=0.3 and recorded 15 days after initial mixing. 
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Figure 5.6: SAXS-spectrum of silicate aggregates prepared with high silica 
to base ratio (LO). The curve was recorded one month after preparation of 
the reaction mixture. 
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5.4. DISCUSSION 

As mentioned in the introduction, simulation studies of the formation of aggre
gates of particles revealed fractal properties of the aggregates [12]. In most cases 
the aggregates were found to be fractal with respect to mass distribution within the 
aggregates: M ex: R'D. A commonly accepted model for the aggregation process of 
colloidal silica particles is the so called reaction limited cluster-cluster aggregation 
model [13]. It yields fractal dimensionalities in excellent agreement with dimension
alities obtained from experiments: 'D.1m = 2.1 and 'Dezp = 2.2. The counterpart of 
reaction limited cluster-duster aggregation (RLCCA) is the diffusion limited cluster
cluster a.ggregation (DLCCA) model. In case of DLCCA, diffusion of (dusters of) 
pa.rtides is the rate-detennining step in the clustering of partides. In contrast with 
the RLCCA in which the reaction between two colli ding (dusters of) parti des be
comes rate-determining, DLCCA yields fractal dimensionalities significantly smaller 
tha.n dimensionalities usually observed in experimental studies of aggregating silicate 
solutions: 1) = 1.75. 

Aubert and Cannell [4] have shown that, considering the mechanism of growth 
of fractal silica aggregates from colloidal silica. sols, two distinct processes can be 
discerned in the kinetics of silica partide clustering. They concluded that at very 
low silica concentrations ([Si0 2] ~ 10-4wt%), initially observed dimensionalities 
('D = 1. 75) can be attributed to fast, diffusion limited aggregation of colloidal silica 
p~tides. Re-organisations in the DLCCA-aggregates resulted in fractal dimen
sionalities usually observed for RLCCA-aggregates. The time-scale on which the 
re-organisa.tions occur depend strongly on the concentration of silica. in the colloidal 
solution [4]. 

In aqueous silica.te solutions, silica aggregates formed under diffusion limited 
aggregation conditions (see figure 5.5a) were generated in case oligomeric silica.te 
anions were present in very diluted silica.te solutions ([Si02] ~ 0.2wt%). As was 
discussed previously [5,6] oligomerisa.tion of silica.te anions in precursor solutions 
is achieved by increasing the silica to ba.se ratio and as such by decrea.sing the pH
value of the precursor solution. The presence of reaction ( a.ggregation) kemels in the 
polymerizing aqueous silica.te solution induces rapid, diffusion limited aggregation. 
The concentration of the oligomer (H4Si40 10-silicic acid) is low compared to the 
concentration of monomeric species. The oligomeric species acts as an aggregation 
kemel for the process of aggregation. 

As follows from a comparison between figure 5.5a and figure 5.6 silica aggregates 
grown by a diffusion limited clustering process (showing lower fractal dimensionali
ties than reaction limited clustering processes) in aqueous silicate solutions appear 
to re-organize after a lapse. of time. The time-scale dealt with in this type of re
organization reactions at the preparation conditions applied, is in the order of days 
to weeks. In contrast with re-organization reactions discussed in chapter 7, this 
type of ageing does not lead to a significant increase in size of the primary build-
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ing units (oligomers) and neither toa decrease in fractal dimensionality. lnternal 
re-organizations taking place i~ DLCCA-silicate aggregates result in an increase in 
fractal dimensionality, whereas the size of the primary particles does not change 
significantly. 

According to the studies of Martin and Hurd [14) and Martin and Wilcoxon [15] 
the fractal dimensionality of gelating systems (i.e. systems above the percolation 
threshold) should be significantly different from systems that do not show gel for
mation. Their suggestion is based on the broad size distribution ( expresses in a poly
dispersity factor r) of aggregates in case a continuous network of particles is formed. 
Ina model describing the sol/gel transition, De Gennes [16] proposed that the size 
distribution can be presented as a power-law distribution which as such may disturb 
power-law scattering caused by fractal structures. From percolation theory [17] the 
exponent of this power-law distribution was determined analytically to be equal to 
r =2.2. In the model of Martin and Hurd [14] the fractal dimensionality determined 
from experimental SAS-curves of gelating structures with power-law intensity decay, 
is corrected for this polydispersity effect as such leading to the following intensity 
decay in small angle scat tering curves: 1 oc Q-1'-(3-r). The fractal dimensionality of 
gelating and non-gelating systems should therefore differ substantially if the size dis
tribution in gelating solutions differs considerably from a power-law with exponent 
7 = 2.0. 

In the absence of silica oligomers the fractal dimensionality is found to be in
dependent from the concentration of silica species in aggregating systems, whether 
or not gelation was detected for the reaction mixtures. This observation is in ac
cordance with experiments performed by Cabane e.a. [18]. Furthermore, fractal 
dimensionalities obtained from one sample after different reaction times before and 
after the gelation point, do not show a discontinuity in fractal dimensionality with 
reaction time. The controversy between the model developed by Martin and Hurd 
[14] and our results can only be resolved by assuming that the fractal dimensionality 
of the silica gel structure at larger length scales ( l > lOOnm) differs from the dimen
sionality at relatively small length-scales as probed in our experiments [19]. The 
fractal dimensionality and size of the silica aggregates as measured by SAXS in this 
study, reflect fractal properties of the secondary building units, the building blocks 
constructing the gel network. Dimensionalities suggested by Martin and Hurd (14) 
reflect the properties of the continuous network of (fractal) aggregates. Since the 
structural information is probed on different length scales the two dimensionalities 
do not necessarily need to be similar. These considerations of percolation and gel 
formation point to different structural properties of silica gels at different length
scales within the gels. Preliminary scattering experiments at ultra small scattering 
angles (USAXS) indicate final aggregate sizes for gelated silicate systems. In classi
cal models of silica gels ho wever, the gel is visualized as a continuous network of silica 
particles, inducing an infinite aggregate size. The occurrence of fini te aggregate sizes 
in silica gels may be a consequence of the large anisotropy of the aggregates formed 
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by reaction-limited cluster-cluster aggregation [20]. In figure 5.7 gelation of aqueous 
silicate solutions is visualized in two dimensions. Colloidal aggregates (secondary 
building blocks) of silica parti des combine to form a highly anisotropic aggregate 
of which the characteristic length-scale (radius of gyration) is determined by the 
width of the aggregates (length-scale perpendicular to the direction of percolation). 
According to this picture of gelation the continueous gel network is not an infinite 
aggregate but formed of highly anisotropic, finite aggregates. 

Figure 5.7: Visualization of silica gel formation. a) Prior to gelation: 
colloidal solution of silica aggregates constructed of primary silica particles. 
b) After gelation: percolating network of fractal silica aggregates. 

5.5. CONCLUSIONS 

The presence of oligomeric silicate anions (Q~) in polymerizing silicate solutions 
increases reaction rate. Aggregation of aqueous silicate solutions is fast in terms of 
aggregate formation if along with the presence of reaction kemels in the polymerizing 
silicate solution, the silicate solution is low in total silica concentration. Aggregation 
of oligomers at low total silica concentration leads to diffusion limited aggregation. 
Subsequent re-organisation of the aggregates with low fractal dimensionality V = 
1. 75 increases the fractal dimensionality to V = 2.2, analogous to the re-organisation 
processes of silica aggregates built from colloidal particles as described by Aubert 
and Cannell [4]. 
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No dependance of fractal dimensionalîties on the total silica concentration is 
observed îf reaction kemels are absent. It appears tbat aggregation is then reactîon 
limited over a broad range in ~oncentration (0.1 wt%:5[Si02] :5 8wt%). The size of 
the silica aggregates is dependent on the total silica concentration. As a result of 
structural anisotropy of aggregates, gelation of silicate solutions does not affect the 
fractal dimensionality of silica aggregates on the length scales probed by SAXS. 
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Chapter 6: 

The Role of Cations 
in Silica Gel Formation 

6.1. INTRODUCTION 

85 

The introduction of the concepts of fractal geometry in physics a.nd chemistry has 
ushered new perspectives in the study of preparation and transformation rea.ctions of 
silica gels [l]. Fractal objects intrinsically have the property that very large surface 
areas can be obtained through the structural arrangement of elementa.ry building 
units, thus resulting in an open packing of prima.ry building units. In physics mass
fractal objects are different from Euclidean or non-fractal objects in the wa.y mass 
and density are related in the structure. In a masscfracta.l object density decreases 
from the center of mass towards the object's peripheral sites via. non-integer, power
law beha.viour. 

Equation (6.1) describes analytically this power-law behaviour of mass a.nd den
sity in case the object is embedded in three dimensional Euclidea.n spa.re: 

(6.1) 

Since the value of the fractal dimensionality is less than 3 ( often 2 or less) a. mass
fracta.l aggregate of primary building units has a very open and ra.mified structure, 
with large crevices at the outer parts of the aggregates (see figure 6.1). 

Most applications of silica. gels are concerned with high specific surfa.ce a.reas 
of the ma.teriaL The a.bove mentioned property of mass-fractal objects might be 
very suitable for applications as supporting material in heterogeneous catalysis. In 
heterogeneous ca.talysis one is interested in structures exposing maximum surface 
area per unit mass. 

The influence of (polyvalent) cations on the polymerization kinetics of aqueous 
silica gels is of interest: not only because the development and broad applicability of 
catalytical reactions demands well defined carrier material ha.ving as low concentra
tions of impurities as possible hut also because it enables to construct fractal silica 
aggregates which might have interesting catalytical properties. Further, the devel
opment and application of new zeolitic structures (i.e. crystalline alumino-silicates) 
in acid and shape-selective catalysis has gained much interest [2]. Cations play a 
predominant role in the synthesis of these crystalline materials. Since formation of 
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Figure 6.1: Mass-fractal structure built by Diffusion Limited Aggregation 
of particles to one cluster. 

gel precursors of zeolites in essence involves the same reactions as formation of silica 
gels, molecular chemica! concepts of polymerization of silicic acid may be expandable 
to the synthesis of zeolites. 

New spectroscopie techniques such as silicon-29 nuclear magnetic resonance and 
small angle scattering, have contributed to new and deeper insights in the molecular 
and colloidal aspects of silica gel formation and transformation. Especially on an 
atomie level much knowledge was gained from aqueous silicate solutions which were 
enriched in silicon-29. Knight [3] and Kinrade e.a. [4] have proposed a reaction 
scheme between a large number of structurally different silicate anions in solution 
at equilibrium state. 

Polymerization processes taking place in alcoholic silicate solutions have been suc
cesfully studied on atomie scales using 29Si-NMR [5] and on colloidal scales applying 
small angle scattering spectroscopy of X-rays and neutrons (SAXS and SANS re
spectively) [6]. From SAS it soon became apparent that aggregates formed in the 
polymerization process of silica solutions, induce in a certain range of the scatter
ing vectors, non-classica} power-law behaviour of the·scattered intensities indicating 
mass-fractal dimensionalities of the structure under scope [7]. However, the major
ity of publications conceming silica gel formation and the description on molecular 
and colloidal scales deals with gels prepared from alcoholic precursor solutions [l] 
(Tetra Alkoxy Ortho Silicates). 
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In this chapter the application of SAXS is discussed with respect to the investi
gation of the polymerization process of aqueous silicate solutions, because on bulk 
scales silica gels are prepared ·from aqueous silicate solutions (water gla.ss) as well 
[8]. In a previous study [9J we have already pointed at the infiuence of cations on 
the composition of water glass solutions. The present study is focused on the role 
of cations in the aggregation kinetics of aqueous silicate solutions and structural 
transformations taking place during aggregation of the building units (pa.rticles). 

6.2. EXPERIMENTAL SECTION 

Silica gels were prepared by acidification of water glass solutions. The aqueous 
silicate solutions were prepared through dissolution of amorphous pyrogenic silica 
gel (Aerosil 200 and 380 ex Degussa) in the appropriate alkali metal hydroxide (sodi
umhydroxide, potassium hydroxide: Merck, p.a. and lithiumhydroxide (99.99%), ru
bidiumhydroxide and cesiumhydroxide (50 wt% aqueous solutions ): Janssen Chim
ica) or in tetramethylammonium hydroxide (Janssen Chimica). In case the effect 
of polyvalent cations was to be investigated, first the appropriate salt (e.g. MgCh, 
CaCh and Ah(S04 }3, Merck p.a. ) was dissolved in hydrochloric acid (LO n). To 
prepare the silica gels a calculated quantity of water glass was added to the acidic 
solution under vigorous stirring. Adjustment of the pH-value to pH=4.0 was ob
tained by addition of small amounts of the hydroxide solution. In the experiments 
described, calculated quantities were in good agreement with the actually added 
quantities assuring equal Si02 concentrations in all systems. 

SAXS-spectra were recorded at the Synchrotron Radiation Source in Daresbury 
(UK) using the 'Dutch' beamline NCD 8.2. The camera-length (i.e. sample to detec
tor distance) was chosen such that a large range in scattering vectors Q was covered 
(typically 0.05-2nm-1). Acquisition times needed to record SAXS-spectra with sat
isfactory signa} to noise-ratio typically amounted one minute in case the synchrotron 
was operated in multi-bunch mode and ten minutes in case single bunch radiation 
was avaiable. Unless stated differently samples were introduced as quickly as possi
ble in the sample holder ( cell sealed by mylar windows) after which acquisition took 
place. Typically the time span between reaching the appropriate pH-va.lue of the 
silicate solution and recording of the first spectrum amounted to five minutes. In the 
descriptions and discussions of experiments, this time span was corrected for. The 
raw data-set was corrected for background and parasitic scattering occurring from 
mylar-windows, water solution and slits. Analysis of the corrected SAXS-curves was 
performed using the procedure given in chapter 2, paragraph 3.2. 
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6.3. RESULTS AND DISCUSSION 

Silica gels are fonned by polycondensation reactions of silanol groups (-Si-OH) 
of silicate species in solution. The tetrafunctional monosilicic acid polymerizes into 
three dimensional particles of (sub-) colloidal size [8]. For a certain pH-value and 
cation content the formed silica particles become unstable with respect to the Van 
der Waals forces between individual particles, according to the DLVO-theory of 
double-layer stabilization !Hl]. From that moment on clustering of the particles 
occurs, resulting in aggrega.tes of elementary particles. 

-::; 1 o ·2 

ai -

Figure 6.2: Typical experimental SAXS-spectrum of acidified aqueous 
silicate solution (pH= 3.91, Si02:K20= 3.0). The solid line presents the 
simulated SAXS-curve using eq. (2.21 ). Due to the small size of the primary 
particles, region 111 of figure 2.10 cannot be observed. 

Figure 6.2 presents a typical SAXS-spectrum of a situation in the polymerization 
process of aqueous silica gel prepared from a potassium water glass (Si02/K20=3.0) 
at pH=3.91 and ambient temperature. Comparing this spectrum with the model 
spectrum depicted in figure 2.10 we observe two of three regions in the SAXS-curve. 
Region 111 a.s referred to in figure 2.10 was not detected since the particles con
structing the a.ggregates are so small that the scattering vectors at which scat tering 
from these small primary particles should be detected were not captured by the 
linear position sensitive detector available at Daresbury Laboratories. The smallest 
length scales observable by the experimental set-up are ~ 0.5nm indicating that the 
prima.ry particles are smaller than 0.5 nm in radius. 
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6.3.1. The inftuence of alkali metal cations 
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Figure 6.3 shows the deve_lopment of fractal dimensionality of the aggregates 
( 6.3a) and the size of the aggregates ( 6.3h) as a function of reaction time from initial 
mixing of silicate solution employing different water glass solutions with respect to 
the alkalimetal hydroxide. 

In figure 6.3 no differences in growth and structure development of fractal ag
gregates can he determined when different monovalent cations as Li, Na, K, Rh and 
Cs are present in polymerizing aqueous silicate solutions. Ahnost instantaneously 
the final value for the fractal dimensionality ('D = 2.21 ± 0.05) is found indicating 
reaction limited aggregation to occur from the very start of polymerization. At the 
pH-value used in this study, we do not ohserve any differences in polymerization 
hehaviour of the different alkalimetal silicates. This can be explained by the fa.et 
that at this low pH-value (pH=4.0), only minor quantities of the surface silanol 
(Si-OH) groups are ionised. Thus, adsorption of monovalent alkali metal cations to 
the silica-particle surface is in the aggregation of silica particles at this pH-value, a 
process of minor importance. 

Comparing the final fractal dimensionality obtained from these experimental 
SAXS-curves with values reported for aggregates generated by computer simulation 
(Reaction Limited Cluster-Cluster Aggregation [11]) reveals, within the experimen
tal error, almost the same dimensionality: 'Dexv = 2.21 and 'D,;m = 2.08. In case 
structural rearrangement of computer simulated aggregates is taken into account, 
fractal dimensionalities close to the experimental value are obtained [12]. 

6.3.2. The inftuence of tetramethyl ammonium cations 

Aqueous silicate solutions polymerizing in the presence of tetramethyl ammo
nium (TMA) cations show different aggregation behaviour as can be concluded from 
figure 6.4. Figure 6.4a presents the fractal dimensionality of polymerizing silicate 
solutions as a function of reaction time for different concentrations of tetramethyl 
ammonium cations (TMA/Si=O, TMA/Si=0.01, TMA/Si=0.04 and TMA/Si=0.1). 
Potassium hydroxide was used as the main base for silica water glas formation. 

In figure 6.4b the size of the fractal aggregates as a function of reaction time 
is shown for different concentrations tetramethyl ammonium cations. From experi
ments described in chapter 3 and 4 concerning the dissolution of amorphous silica 
gel in TMAOH, we concluded that TMA-cations preferentially adsorb on the silica 
gel surface, inducing inhihition of the dissolution reaction. Concerning the aggre
gation processes occurring in acidified silicate solutions, preferential adsorption on 
silica surfaces may occur, due to the low polarity of methyl groups of the tetram
ethyl ammonium cation. This effect was also shown by measuring the (-potential of 
silica gels [13]. The influence of variation of TMA-concentration on the aggregate 
size measured 60 minutes after initia! mixing are shown in figure 6.5. 

The size of the silica aggregates determined after 60 minutes of polymerization 
increases with increasing TMA-concentration. Moreover, one observes that addition 
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Figure 6.3: Fractal aggregate dimensionality (fig.3a) and fractal aggregate 
size (fig.3b) for different alkali metal silicate solutions as a function of reaction 
time; o: Li, 9: Na,<>: K, 6:Rb, Q:Cs. pH=4.0, T=300K. 
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Data obtained from spectra recorded 60 minutes after initial mixing. 

of relatively small amounts of TMA induces an increase in rate of aggregation. This 
effect of small quantities of TMA can be explained on the basis of the structure of 
water surrounding the silicate particles. Hydrofobie hydration 114] does not play 
an important role since this phenomenon is only observed for tetraalkyl ammonium 
cations whose alkyl cha.ins are larger than those of tetrapropyl ammounium. Adsorp
tion of TMA-cations causes the water structure to be disturbed and thus induces 
destabilization of the colloidal particles. The activation energy for coagulation is 
decreased by the adsorption of TMA-cations and thus coagulation is accelerated [8]. 

·s.3.3. The inftuence of polyvalent cations 

Addition at low pH-values (pH=4.0 ± 0.1) of polyvalent cations (e.g. Mg2+ and 
Al3+) to the aqueous silicate solutions initially suppresses growth of the fractal 
aggregates as can be concluded from figure 6.6. 

For aluminum cations we observe a predominant e:ffect at already minor concen
trations. The fractal dimensionality (figure 6.6a) of initially formed silica aggregates 
is very low ('D ~l) when 0.01 mole Al'* per mole silica is added to the silicate 
solution. Care should be taken with the interpretation of this fractal dimension
ality. The fractal dimensionality of silica aggregates formed during the very first 
stages of the aggregation process (immediately after mixing of the two solutions) 
was obtained from SAXS-curves exhibiting power-law behaviour over a very limited 
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Q-range. The error ma.de in the determination of these fractal dimensiona.lities is 
la.rge. However, we might mention as well that from silica.te solutions containing 
no a.luminum-ca.tions, fractal dimensionalities a.lmost as high as the fina.l dimension
a.lity could be determined (see figure 6.3a.) from the very start of polymeriza.tion. 
In combination with the data on the development of the size of silica aggregates 
(figure 6.6b) we may conclude that at the onset of polymeriza.tion (i.e. aggregation) 
an inhibition of aggregation occurs. In this time pèriod and at this low aluminum 
concentration, we attribute the observed inhibition of the aggregation process to 
the reaction of aluminum cations with silica (oligomers and sub-colloidal particles) 
to form isolated pa.tches ("islands") of alumino-silicates on the surface of the small 
silica pa.rticles. Reaction of aluminum cations with the silicate oligomers is fast 
compa.red to the aggrega.tion ra.te of silica.te particles [8]. The ra.te of aggregation 
is now decreased since the primary silica particles are stabilised against aggregation 
through the positive charges on the particles, induced by the aluminum cations. The 
low fractal dimensiona.lity as observed during the first period of a.ggregation can be 
expla.ined by a model of screened a.ggregation [15]. This model predicts very tenuous 
structures with correspondingly low fractal dimensionalities. After some 20 minutes 
of reaction, an increase in aggregate size is observed. Now all a.luminum has reacted 
with oligomeric silica in forming tenuous aggregates and the a.ggregation process is 
continued just by silicate oligomers. This process ca.uses the alumino-silicate aggre
gates to get enveloped by oligomeric silica, forming aggregates which are as active in 
further aggregation as the non-aluminum cóntaining silica particles and aggregates. 
Because no classical Porod-law behaviour was observed in the scattering region in
vestiga.ted (0.06<Q<lnm-1) primary particles have to be of molecular size ( <lnm) 
in all systems. 

Furthermore, the way in which the aggregate structure develops with reaction 
time depends strongly on the concentration of polyvalent cations present in solu
tion. Figure 6. 7a and 6. 7b show the experimental parameters (fractal dimensionality 
and aggrega.te size respectively) obtained from SAXS-curves of polymerizing silicate 
solutions to which different concentrations of aluminum cations were added. Obvi
ously, this figure shows a large influence of the amount of aluminum present in the 
solution. Minor amounts of aluminum cause a significant decrease in aggregation 
rate, whereas increasing amounts of aluminum ca.use this inhibition effect to be
come less obvious. Moreover, at 0.10 mole aluminum per mole silica. no differences 
in aggregation kinetics can be observed compared to silica.te solutions containing 
only sodium cations. Fractal dimensionality as well as aggregate size are not influ
enced by the addition of 0.10 mole aluminum per mole silica. This may indicate a 
fast reaction between aluminum cations (whether or not in polycationic form [8]) 
and silica.te species present in the solution. Aluminum is now more equally divided 
over the silica.te species, in contrast with the low concentrations of a.luminum. At 
low concentration, primary silica particles become covered by the a.luminum cations 
causing ionic stabiliza.tion of the partides, whereas at high aluminum concentra-
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tions, the primary particles consist of alumino-silicates which a.re charge neutra! at 
the surface, thus causing no stabilization of the pa.rtides. 
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Figure 6.8: Size of fractal aggregates of aluminum containing sodium 
silica.te solutions after 60 minutes of reaction at pH=4.0±0.l as a function of 
aluminum content. 

Figure 6.8 shows the size of silica aggregates after 60 minutes of polymerization 
reaction as a function of aluminum content. lt can be seen that minor amounts of 
aluminum give rise to an inhibition in cluster growth. 

6.4. CONCLUSIONS 

Using Small Angle X-ray Scattering on the in situ study of polymerization (ag
gregation) occurring in acidified aqueous silicate solutions, differences in rate of 
aggregation and in development of (fractal) structure are recognised, when polyva· 
lent cations or strongly adsorbing cations (TMA) are added to silicate solutions. 
No differences are found for polymerization reactions taking place in aqueous sil· 
icate solutions in which different monovalent alkalimetal cations are present. At 
relatively low pH-values (pH:::::4.0) ionization of surface silanol groups is of relatively 
minor importance and thus adsorption of monovalent cations and differences in ad
sorption behaviour are of minor importance as well; the majority of the cations can 
be considered as solvated cations which, at these low pH-values, show almost no 
interaction or bonding with the silicate particles. According to the DLVO-theory, 
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particles hearing some charge are relatively stable and this indicates that at these 
low pH-values aggregation is a process controlled by reaction kinetics for forma.tion 
of clusters of colliding particlës or clusters. Breaking of the water structure sur
rounding the silica particles and subsequent formation of siloxane bridges between 
the two colliding particles causes aggregation to be rea.ction limited. Monovalent 
alkali metal cations play a minor role in the aggregation kinetics at low pH-values. 

Additions of small concentrations of tetra.methyl ammonium cations at low pH
values show an increase in ra.te of aggregation, as was also suggested by Iler. This is 
attributed to the lowerenergy of a.ctivation to disturb and break theless predominant 
water structure surrounding the primary silicate particles in case TMA-cations are 
adsorbed on the silica surface. Aggregation results in the sa.me fractal dimensionality 
as encountered for silicate solutions merely encorporating alkalimetal cations. 

Aluminum (III) cations at low concentration induce inhibition of the aggregation 
process. Therefore the three-dimensional polymerization process of silicate solutions 
is strongly limited and cause initially formed structures to be very ramified (almost 
linear), as is reflected in very low fractal dimensionalities (D ~ 1) of aggregates. 
On the other hand, when the concentration of aluminum cations is increased, a 
recovery in polymerization rate is observed. This effect is attributed to a different, 
homogeneous distribution of aluminum in the silica partides. At low concentration, 
aluminum will preferentially interact with the surface groups of silica particles, thus 
forming a surface alumino-silicate. Stabilization against aggregation is a.chieved 
through positive charges on the partides. Only after a certain time period, this 
surf ace structure is replaced or re-organised through addition of a.ctive silica.te species 
(small oligomers) from solution. From that moment, equivalent aggregation kinetics 
are observed as in the cases where no aluminum was added. Addition of larger 
amounts of aluminum cations leads to less predominant inhibition of aggregation 
kinetics. This is attributed to a more equal distribution of aluminum throughout 
the particles; not only surface sites become alumino-silicate groups, hut gradually 
the whole primary partide becomes an alumino-silicate because of rea.ction between 
aluminum and dissolved silicate oligomers. 

This study has shown the value of fractal analysis in the study of aggregation 
phenomena occuring in polymerizing silicate solutions. Differences in rate of ag
gregation and in structural aspects of the aggregates are reflected in the fractal 
properties and in the small angle scattering profile. Application of Small Angle 
Scattering to the in situ study of zeolite synthesis is very promising. 
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Chapter 7: 

The molecular Basis of Ageing 
of aqueous Silica Gel 

7.1. INTRODUCTION 

99 

Understa.nding of the formation of silica gels has gained new dimensions since 
modern, in-situ spectroscopie techniques are applied in investigations on molecu
lar and colloidal scale. On atomie scales, 29Si-NMR has provided much knowledge 
on equilibrium reactions taking place in highly alkaline silicate solutions [1-5] a.nd 
on condensation reactions of silanol groups of monosilicic acid [6-9]. We have ob
served [7] that reactions leading to cyclic and cage-like a.nd other highly condensed 
structures are the main reactions at high pH-values (;::: 10) in the formation of (sub
)colloidal silica particles. 

In contrast, very tenuous structures of aggregated particles are observed in aque
ous silicate solutions when polymerization is initiated at pH-values low compared 
to those described in the earlier studies [10-13]. Due to acidification of alkaline 
silicate solutions polycondensation reactions occur between dissolved oligomeric sil
icate species. According to the classical description of silica gel formation given by 
Iler [14], the oligomers gradually evolve into (sub- )colloidal particles. From colloid 
chemistry it is known that, unless colloidal particles are stabilized either by charge 
or by steric effects against aggregation or coagulation, the particles form aggregates 
and finally construct tenuous continuous networks or dense sediments, depending on 
conditions applied [15]. The final structure mainly depends on interparticle farces 
and the sizes of the primary particles. In aqueous silicate solutions no stabilization 
through steric effects can occur since particles formed in the polycondensation re
action are not covered by any stabilizing agents. Although at pH-values larger than 
the iso-electric point of silica (pH=2.3 [14]) silica particles bear negative charges due 
to ionization of surface silanol (Si-OH) groups, stabilization of the particles caused 
by charge effects is negligible. In terms of the DLVO-theory [15] the stabilizing dou
ble layer surrounding the silica particles is suppressed through adsorption of (alkali 
metal) cations which intrinsically are present in aqueous silicate solutions. Details of 
the influence of cations on the polymerization and aggregation of silica are discussed 
elsewhere [16]. 
The absence of any stabilizing effects induces colloidal silica particles to aggregate 
into ramified clusters. The (internal) arrangement of the particles within these 
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aggregates appears to be such that the density is non-uniform: density appears to 
be power-law dependent on the size of the aggregates. These kinds of deviations 
from Euclidean behavior are referred to as fractal (see chapter 2). 

Since the introduction of the concepts of fractal geometry in the physical and 
chemica! sciences [17], more and more knowledge has become available regarding 
the fundamental processes involved in the formation of continuous networks of sil
ica particles. Large scale computer simulations have proven to be useful in the 
development of a new approach in the study of aggregation processes of primary 
particles [18-20]. From these computer simulations insight was gained in the role of 
diffusion and reaction kinetics. In the limiting cases of either diffusion controlled 
[21,22] or reaction limited cluster aggregation [23], different values for the fractal 
dimensionality have been observed: diffusion limited cluster aggregation (DLCA) 
results in a fractal dimension VvwA = 1.75 whereas reaction limited cluster aggre
gation yields VRLCA = 2.08. Moreover, when rearrangement of a structure formed by 
RLCA is taken into account even higher dimensionalities can be found: Vrearr.=2.25 
[19,24,25]. Experimentally, dimensionalities are found ranging from V=l.75, indi
cating diffusion limited cluster aggregation [26-29], to V=2.3, indicating reaction 
limited cluster aggregation with rearrangements [10-12,30]. Further it has been 
found experimentally that in case kinetics are dorriinated by diffusion limitation 
(V=l.75) the structures may reorganize into structures with higher dimensional
ities, approaching values obtained from RCLA-simulations [29, 31]. The fractal 
dimensioriality can be considered as a fingerprint of the structure being examined. 

A thermally stable structure is often required in many applications of silica gels. 
In heterogeneous catalysis for instance, the catalytically inert silica gel is used as 
a supporting material for the catalytically active compounds (e.g. small metal par
ticles). However, formation of aqueous silica gels implies that very small silica 
particles (of ten of molecular size) are coagulated in to very tenuous and fragile net
works of fractal aggregates. Unless some form of structure reinforcement is applied, 
these fragile aggregates are submitted to very high forces during drying of the struc
ture [32]. Through evaporation of supporting water, located in the 'pores' of the 
silica aggregates, the surface tension of water and the capillary forces within the 
small pores cause severe damage to the silica gel structure and the pore structure 
which was achieved through the ramified organisation of primary silica particles is 
destroyed through collapse of the aggregates. In 1956, Alexander e.a. [33] proposed 
a way to reinforce the silica gel skeleton by a thermal treatment of the aqueous gel 
network. lnterparticle connections are reinforced through dissolution of silica from 
small particles (high surface curvature) and subsequent deposition of dissolved sil
ica at places with low or negative surface curvature, i.e. in the necks between two 
neighbouring particles. 

In this chapter the process of reinforcement of silica gel structures caused by 
ageing processes of the aqueous system will be discussed. The fractal properties 
of aqueous silica gels as measured with small angle X-ray scattering spectroscopy 
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were used to obtain structural information of the restructuring mechanism, whereas 
the local environment of silicon atoms was investigated using solid-state s.ilicon-29 
NMR. Pore-structure and m~roscopic effects induced by the ageing pro~s were 
studied by nitrogen sorption experiments. In this chapter the influence of ageing 
(at ambient and elevated temperatures) on the structure of aqueous silica gels at 
low and high pH-values will be discussed in terms of small angle scattering data, 
NMR-spectra and BET-sorption measurements. Further, the role of alkali metal 
cations and fluor ions on the structure and dynamica of aqueous silica gels will 
be discussed. Rearrangements of local atomie environment are investigated using 
silicon-29 solid state (magie angle sample spinning) nudear magnetic resonance, 
whereas macroscopie gel structure parameters (BET-surface area, pore-size distri
bution and pore-volume) are measured using nitrogen sorption techniques. This 
chapter intends to give a molecular chefhical description of silica gel transforma
tions resulting from dissolution, migration and deposition of dissolved, monomeric 
silicate units. 

7.2. EXPERIMENTAL SECTION 

Water glass solutions were prepared by dissolution of amorphous silica gel (Aero
sil 200 and 380, gracefully obtained from Degussa AG) in the appropriate alkali 
metal hydroxide (MeOH=LiOH, RbOH, CsOH: Janssen Chimica; KOH, NaOH: 
Merck p.a.). The overall composition of the water glass solutions was Si02 : M20: 
H20 3 : 1 : 108 [6, 7]. Silica gels were prepared through acidification of the alkaline 
aqueous silicate solutions. The water glass solution was poured into a solution of 
hydrochloric acid under vigorous stirring. A pH-value equal to 4.0 was obtained by 
adding cakulated quantities of water glass to 10 ml of 1.0 n hydrochloric acid solu
tion, correcting the amount of water glass by monitoring the pH-value. Only minor 
differences in cakulated and finally added quantities of water glass were found. Vari
ations in concentration introduced using this procedure are thus negligible. Gelation 
was detected when no meniscus deformation was observed when the container was 
twisted. 

SAXS-measurements were performed at the Synchrotron Radiation Source at 
Daresbury Laboratories, United Kingdom, using the 'Dutch' beamline NCD 8.2. 
Through the use of a linear position sensitive detector of finite length (lOcm) and 
the presence of a beam-stop the Q-range was limited. The Q-range covered in these 
experiments was 0.05-2.5 nm-1 • The camera length (sample to detector distance) 
was chosen such that colloidal particles itself and also the restructuring of their 
arrangement could be observed. The fractal dimensionality could be obtained from 
the SAXS-spectra as well. SAXS-curves measured over the cited Q-range were 
derived from combination of two overlapping scattering curves obtained from two 
different camera lengths (4.5m and 0.6m yielded scattering vectors 0.0255 Qi :<:::; 
0.5nm-1 and 0.1:<:::; Q2 :<:::; 2.5nm-1 respectively). Typical acquisition times are one 
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minute of X-ray exposure in case the synchrotron was operating multi bunch and 10 
minutes in case single bunch operation was at hand. Subtraction of parasitic (slits) 
and background scattering (water solution and mylar window material) was applied 
using the procedure introduced by Vonk [34J. Accurate and reprodudble results 
were obtained by .digitation of the scattered intensities to up to 400 data-points per 
measured spectrum. In some cases, linear Porod-plots are obtained over almost 2 
decades of Q-scattering vector. The rise in temperature induced through irradiation 
by X-rays can be neglected (ca.0.5"C). 

After gelation, the silica gels were first freeze dried and subsequently washed 
with circa 250 ml double distilled water after which the washed gels were dried 
again by freeze-drying. In this way the structure of the wet silica gels could be 
largely maintained. Prior to drying, the wet system was precooled to -40°C for 
at least one hour, causing most of the water in the gels to freeze. Small samples 
of the frozen gel (typically 5 g wet gel) were connected to a Labconco Lab-top 
freeze dryer operating at 7 µm Hg and - 75°C condensor temperature during 24-48 
hours. Prior to Nrsorption measurements the samples were outgassed under high 
vacuum for 16 hours at 180 °C. Sorption measurements were performed on a Carlo 
Erba Strumentazione Sorptomatic 1900 using liquid nitrogen as sorbens. Typical 
samples demanded 8 hours of analysis. Care was taken that the equilibrium pressure 
was reached before introduction or withdrawal of a subsequent calibrated volume of 
nitrogen. 

29Si-NMR experiments were performed on a Bruker CXP-300 FT-NMR instru
ment operating at 7.05T at room temperature (296K). Magie angle sample spinning 
(MAS) was applied to average any chemical shift anisotropy arising in solid (freeze 
dried and gelated) samples of dried and non-dried silica gel respectively {6,7,35]. 
The spinning frequency of the double air hearing zirconia rotors was 3500±20Hz. 
We applied 3µs Bloch pulses (45° flip angle) with a pulse interval of 120 seconds to 
be certain most nuclei were relaxed before a following pulse was given. Typically, 
700 Free Induction Decays with an acquisition time of lOms were accumulated in 
IK data points and zero-filled to 8K prior to Fourier transformation. Unless stated 
differently, a gaussian line broadening of 20 Hz prior to zero-filling was applied. 

7.3. RESULTS AND DISCUSSION 

7.3.1. Ageing of gels prepared at low pH-values 

Figure 7.1 shows SAXS-spectra recorded 10, 40 and 60 minutes and two days 
after preparation of the silica gel (K20 · 3Si02 at pH=3.9). Gelation approximately 
occurred within one hour of reaction. From the increase in intensity at small scat
tering vectors, it can be seen that during the process of aggregation and gelation, 
the range of power-law behaviour increases and thus the fractal aggregates are grow
ing. From figure 7.la, a relatively small size of the fractal aggregate is determined: 
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Ç=l.8nm. After 40 minutes of reaction (figure 7.lb) the mean scat tering size of silica 
aggregates has grown to Ç=8.2nm. The fraètal dimension obtained from both exper
iments equals v."p=2.2, a valu~ comparable to dimensionalities obtained from other 
analogous experiments reported in literature and from aggregation simulations em
ploying reaction limited cluster-cluster aggregation (Vlil 2: 2.05). Deviations from 
reported experimental values for the fractal dimensionality relate to different experi
mental conditions (most reported experiments are performed with organic precursor 
solutions ). 

Figure 7.1: SAXS-spectra recorded after a) 10 min., b) 40 min., c) 60 
min. and d) two days after acidification of aqueous potassium silicate solu
tions (K20· 3Si02 ). Final pH=3.9, T=24 °C, 1 minute acquisition time. For 
clarification, the spectra are multiplied by 1, 3, 8 and 10 respectively. 

Restructuring may be a significant cause of the relatively minor discrepancy 
between experiment and simulation. 

At large values for the scattering vector (Q> lnm-1 ) no deviation from power
law behavior is observed, indicating that the primary particles forming the fractal 
aggregates, are smaller than lnm in scattering size. So, elementary particles building 
the aggregates are of molecular sizes: Duringthe process of aggregation of primary 
particles no increase in the scattered intensity at large values for the Q-vector is 
observed, indicating that the number of primary particles present in the solution 
remains constant during aggregation (the abscissa for the different spectra in fig
ure 7.1 was shifted for clarity's sake). Through aggregation of these particles, the 
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number of long range partide-partide correlations has been increased resulting in 
an increase in intensity of scattered X-rays at scattering vectors small compared to 
the size of the particles. Fractal behavior and thus power-law behavior is observed 
over larger correlation distances and Q-ranges respectively. Moreover, no indication 
of significant growth of primary particles present in the fractal aggregates or in the 
surrounding solution can be observed, since no deviation from power-law behavior at 
large scattering vectors can be detected in the Q-range investigated. This indicates 
that a.fter acidification of the water glass solution to pH=3.9 only minor changes in 
scat tering size of the primary parti des can occur ( whether in the aggregate or in 
the solution). 
Information conceming the atomie structure of silica species in water glass can be ob
tained from nuclear magnetic resonance spectroscopy. Using silicon-29 NMR, struc
tura.l differences in the local atomie environment of silicon atoms can be identified. 
The presence of siloxane honds between neighboring silicon atoms ( = Si - 0- Si =) 
causes a significant shift in resonance frequency ( approximately 10 ppm per siloxane 
bridge up-field) with respect to the resonance frequency of monomeric silicic acid 
(Si(OH)4). In genera.l up to five different resonance groups can be distinguished 
according to the number of siloxane honds adjacent to the silicon-29 atom [36]: Q0 : 

no adjacent siloxanes (i.e. monomers); Q1: one bridging siloxane bond and three hy· 
droxyl honds; Q2: two bridging siloxane honds and two hydroxyl honds; Q3 : three 
bridging siloxane honds and only one hydroxyl bond and Q4: four adjacent bridging 
siloxane honds. Ina previous chapter (chapters 3 and 4) we have accounted for the 
differences in composition of the water glass solutions in case silica gel was dissolved 
in different alkali metal hydroxides. Figure 7.2 presents a typical 29Si-NMR spec
trum of a. potassium silicate solution taken 2 weeks after mixing of silica gel and 
potassium hydroxide. This spectrum clearly shows the presence of a large variety 
in structura.lly different silica.te oligomers. Here we want to stress the appearance of 
the Q4 resonance group at ó = -110 ppm, which clearly indica.tes the presence of 
silica.te oligomers consisting of silicon atoms tetrahedrally coordinated by siloxane 
honds to four other silicon atoms. 

The size of oligomers present in these kind of water glass solutions, must be in the 
order of lnm in case a silicon atom is surrounded by four silicon atoms by siloxane 
honds and Q4-resonances can be detected. Referring to the SAXS-spectra as given in 
figure 7 .1, the fractal aggregates as present in polymerizing aqueous silica.te solu tions 
at pH=3.91 are formed of primary particles smaller than approximately lnm in 
sca.ttering size. Thus, we may conclude that polymerization of aqueous silicate 
solutions is merely a process of aggregation of particles (oligomers) already present 
in the water glass solution. In case silicate solutions are acidified the rate of growth 
of oligomers into nearly spherical particles of nanometer size is substantially smaller 
than the ra.te of aggregation of the oligomers into very ramified fractal networks. 

A gel is formed after approximately 60 minutes from initial mixing. lnvestigation 
of the structure of the silica.te mixture after gel formation (figure 7.lc) shows it 
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Figure 7.2: Typical 29Si-NMR spectrum of an aqueous solution of silica 
gel in potassium hydroxide (K20· 3Si02). Q0 Q1, Q2, Q3 , Q4 refer to the 
number of siloxane honds adjacent to the silicon-29 atom observed (see text). 

to be fractal over approximately 1 decade of scattering vectors; the range over 
which structures in the gelated silicate solution are fractal is limited since at small 
values for the scattering vector deviation from power-law and thus deviation from 
fractal behavior is observed, caused by the natura! cut-off length ~ of the aggregates. 
However, silica gels aged at room temperature for about 2 days, showed power
law behavior of the scattered intensity over the whole Q-range investigated (figure 
7.ld), indicating ongowing growth of fractal aggregates, even after formation of a 
continuous network took place. Then, observations are not fully in line with the 
classica! concept of gel formation [14]. As we already noted in chapter 5, gels are 
usually thought to consist of an infinite percolating structure of aggregated particles. 
Experimentally however [10,12], a finite cut-off size is observed as is also indicated 
in figure 7.lc. A cut-off size of approximately lOOnm has been observed (using Ultra 
Small Angle X-ray Scattering), even in case the structure has undergone ageing for 
several days [30,37]. 

From large scale computer simulations, Jullien and Botet e.a. [38] concluded 
that structures grown under reaction limited conditions of cluster-cluster aggrega
tion exhibit some degree of anisotropy. Especially in the vicinity of the gelling point 
in the polymerisation reaction, a substantial degree of anisotropy is found. In small 
angle scat tering experiments, the radius of gyration ( corresponding to the size of the 
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aggregates) of anisotropic aggregates is refiected in the smallest length scales. over 
which the density follows power-law behaviour. For instance configurations exhibit
ing infinite lengths in one dimension and finite lengths in the other two dimensions 
(rod-like aggregates) give rise toa scattering diameter equal to the diameter of the 
rod [39]. Hence small angle scattering experiments on aggregated silica particles 
yield information on the smallest length scales which refiect power-law (or fractal) 
behaviour. Growth of aggregates after the gelation point will predominantly occur 
at sites withln the (percolating) aggregate perpendicular to the direction of infinite 
percolation. 

The fractal dimensionality of silica aggregates before and after gèlation, is found 
to be the same: the linear region in the double logarithmic SAXS-plot (figure 7.ld) 
shows the value of the slope to be similar to the dimensionality as determined from 
the SAXS-spectrum of figure 7.la. The experimental data-set can be perfectly fitted 
by a straight line yielding essentially the sa.me fractal dimension of V = 2.24. 
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Figure 7.3: SAXS·spectrum of a silica gel prepared at pH=3.9 from potas
sium waterglass (Si02 : K20 = 3), one year after preparation the gel. The 
gel bas been stored in an air-tight container ensuring no gel transformations 
caused by evaporation of water. The dotted line gives a linear least squares 
fit, yielding V=2.0 and the Porod·law is presented by the dashed line. 

However, prolonged ageing of the silica gel (one year) gives a completely different 
SAXS spectrum as can be observed from figure 7 .3. Care has been taken to prevent 
that the tenuous and highly fragile fractal gels dehydrate through evaporation of 
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water. One now observes a second almost linear region in the double log plot which 
corresponds to the classica! ~orod-scattering of non-fractal particles. The slope 
as determined from this second Porod-region approaches -4 corresponding to the 
classica! case of scattering by non-fractal particles. This region is indicated in figure 
7.3 by the dashed line at large scattering angles. From this observation it is clear 
that in the aged gel almost 'solid' particles are present in the gel structure which are 
larger in scattering diameter than particles initially present in the freshly prepared 
silica gel. From the value of the scattering vector Q at which deviation from the 
power-law behavior occurs, an indication of the size of the largest dense 'particles' 
is obtained. Figure 7.3 yields a value for the maximum radius of the dense primary 
particles equal to r0 =3nm. 

Determination of the fractal dimensionality of the aged structures gives a value 
slightly larger than 2.0, different from the fractal dimensionality of freshly prepared 
silica gels. This deviation in fractal dimensionality is significant since dimensional
ities obtained from experiments dealing with aqueous non-aged silica gels, always 
gave dimensionalities in the range 2.22-2.26 [12, 29, 30]. The dotted line in figure 
7.3 presents the linear least squares fit of the data set yielding a slope of -2.0±0.05. 
Thus we may conclude that ageing of the gel structure leads to structures with a 
larger variation in density than freshly prepared gels. Particles constructing the 
aged gel appear to be larger in scattering diameter than the elementary particles 
in the freshly prepared silica gels. This is interpreted as a densification of the core 
of the silica aggregates at the expense of the peripherical sites of the aggregates. 
The growth of primary particles as detected by SAXS can be explained in terms of 
migration of silica from the boundaries of the aggregate towards the center of the 
aggregates. This reorganization of silica causes the centers to become more dense 
and the boundaries to become more tenuous, resulting effectively in a decrease in 
dimensionality of the fractal aggregates. Dissolution of peripherical particles causes 
the fractal cut-off size to decrease. In figure 2.10, ageing shifts region 1 more towards 
the right, whereas region 111 is shifted towards the left. Fractal behavior thus will 
extend over smaller length scales in case the gel has been aged as compared to the 
non-aged gels. 

Using solid state silicon-29 NMR-spectroscopy the local environment of silicon 
atoms in the aggregate can be investigated. Figure 7.4 shows solid state MAS-NMR 
spectra of non-dried, aqueous silica gels taken a) shortly after preparation of the 
gel, and b) after one year of ageing of the gel. 

Comparison of these spectra clearly indicates differences in signal-areas of the 
observed resonance peaks. Relative to the amount of fully condensed silicon atoms 
(Q4

) the amount of silanol species (Q3
) decreases considerably during ageing, cor

responding to an increase of 'bulk' silica at the expense of 'surface' silica.. The 
influence of the spinning rate on the atomie structure of the different silicon reso
nance groups was neglected with respect to the influence of restructuring in terms 
of ageing. The high centrifugal forces induced by the high spinning rates applied 
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Figure 7.4: 29Si-MAS-NMR spectra of non-dried aqueous silica gels a) just 
after the gelling-point was reached and b) one year after gelation of K20· 
3SiO:r 108H2 0 acidified to pH=3.9. 

cause the colloidal aggregates to be centrifuged towards the rotor walls, thus causing 
locally higher concentrations in silica. This might wel! result in a higher amount of 
completely condensed silicon atoms and in relatively less silanol groups. Considera
tions concerning the relative amount of silanol groups and tetrahedrally coordinated 
siloxane groups should be treated with care and hearing this aspect of centrifugation 
in mind, the Q3 /Q4-ratio in the actual 'not-spinned' gels will be larger than deduced 
from the MAS-NMR experiments. 

Figure 7 .5 presents the Solid State Magie Angle Spinning NMR spectra of the 
freeze dried aqueous gels. Formation of three membered ring structures on the 
gel surface results in a broader chemical dispersion and thus results in an increase 
in width of the Q4-band [40]. Freeze drying of the silica gels primarily results 
in reorganisations of surface sites since no capillary forces cause a collapse of the 
structure. Determination of the Q3/Q4-ratio (table 7.1) for the dried gels (aged 
and freshly prepared) reveals a minor influence of restructuring. From these NMR
experiments it is concluded that ageing causes a significant increase in the amount 
of silicon atoms tetrahedrally coordinated to four other silicon atoms (via oxygen 
bridges) at the expense of the amount of silanol groups on the silica gel surface. 
Drying of the gel induces surface silanol groups to condense into three membered 
ring conformations. 
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Figure 7.5: 29Si-MAS-NMR spectra of freeze-dried silica gels. a) Silica gel 
prepared at pH=3.9, no long-term ageing (compare figure 2d); b) same silica 
gel as in a) however after prolonged (1 year) ageing of the gel. 

Table 7.1. Distribution of silanol (Q2 + Q3) groups and siloxane (Q4
) 

groups in different gels. BET-surface areas (S") of dried gels are given as 
well. 

Sample Sa [m2/g] 

fresh, pH==3.9, wet 

aged, pH=3.9, wet 

fresh, pH=3.9, dry 38.2 0.62 582 

aged, pH=3.9, dry 32.5 67.5 0.48 386 

aged, pH=7, dry 16.6 83.4 0.20 n.d. 

0.01 M F-1 , pH=4.0 dry 16.4 83.6 0.20 311 
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7.3.2. Ageing of gels prepared at high pH-values 

SAXS-measurements on silica gels prepa.red at relatively high pH-values (pH=7-
8) a.re presented in figure 7.6. 
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Figure 7.6: SAXS-spectra of a silica gel prepared at pH=7-8 (lithium water 
glass). a) 15 minutes after pH-adjustment of an aqueous silicate solution; b) 
2 days after prepa.ration; c) one month after prepa.ration. 

An accurate value for the pH-value cannot be given since aqueous silica solutions 
at these high pH-values form gels almost instantaneously. Initially, fractal dimen
sionalities comparable to dimensionalities of silica gels prepared at low pH-values 
(figure 7.6a compared to figure 7.la) are observed along with the absence of a clas
sical Porod-region with slope -4, indicating primary particles to be smaller than 1 
nm in size even for the high pH-solutions. Thus, in contrast with the common view 
of the influence of pH-value on the size of primary particles a.s described by Iler [14], 
there is no significant difference in initia! size of primary particles formed at high pH 
(pH=7-8) or formed at low pH (pH=4.0). Although we cannot determine exactly 
the sizes of the primary particles it is obvious from the spectra that in both cases 
the primary particles are of molecular sizes and may be considered as oligomers of 
silicic acid. Primarily, the size of silica.te anions or oligomers in the starting wa
ter glass solutions appear to control the sizes of the primary particles constructing 
freshly prepa.red silica gels. Growth of primary particles is, also at high pH-va.lues, 
a process slow compared to aggregation of these particles. 
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Ageing of the gel for two days dearly shows an increase in elementary particle 
size (figure 7b ). Moreover, the fractal dimensionality of the system is decreasing just 
like in the case of long term ageing (order of years) of low pH silica gels as can be 
conduded from the linearization of the fractal regime in figure 7 .6c. The dimension
ality of aggregates in the gel after of two days ageing decreases to '.D=2.0. Even after 
a month of ageing (figure 7.6c), the size of elementary particles increases steadily, 
whereas fractal dimensionality remains significantly smaller than dimensionalities 
obtained from freshly prepared silica gels. 

SAXS-spectra show a decrea.se in fractal dimensionality from 2.22 (initial gel) 
to 1.8 after one month of ageing at high pH. Just as with low pH gels, this de
crease in dimensionality is a substantial decrea.se considering the extent of the range 
of Q-values (nearly 1 decade) from which the dimensionality has been determined. 
Further, this decrease in dimensionality is similar to the decrease in dimension ob
served for silica gels prepared at relatively low pH-values but aged for one year. The 
rate at which reorganisations occur in the silica gels is thus strongly dependent on 
the pH-value of the enclosing aqueous solution. Increa.sing the pH-value yields an 
increa.se in rate of restructuring of the silica gels. In contrast with reconstruction 
phenomena encountered in chapter 5, the dimensionality of fractal aggregates de
creases as a result of ageing. Furthermore, primary particle sizes increase as a result 
of long term ageing. 

Investigations of dried silica gels on an atomie scale using 29Si-MAS-NMR con
firmed the SAXS-results. Silica gels prepared at pH=7 and aged for 1.5 months 
indeed show a decrease in (Q2+Q3)/Q4-ratio in case the NMR-spectra are compared 
with the dried silica gels prepared at pH=3.9 without ageing. Almost the sa.me de
crea.se in ratio is observed as in the case of long term ageing at low pH-va.lues (see 
table 7.1). 

An interesting observation was made when the base alkali metal cations were 
changed. Earlier we concluded (see chapter 3) from NMR-experiments describing 
the dissolution of amorphous silica gel, that substitution of pota.ssium cations in the 
water glass solution by other alkali metal cations (lithium, sodium, rubidium and 
cesium) causes significant retardation of dissolution kinetics. In figure 7.7 SAXS
spectra are presented taken one month after preparation of silica gels prepared from 
potassium and cesium silicate solutions. 

SAXS-spectra from the other alkali metal silicate solutions prepa.red at high 
pH-va.lues are omitted since these spectra gave essentially the same features as the 
spectrum of pota.ssium silica gels at high pH-value. From figure 7.7 it is clear that at 
high pH-va.lues cesium silicates behave considerably different from potassium silica 
gels: the large negative slope in the double logarithmic Porod-plot corresponds 
with a fractal dimensionality '.D = 2.85. As was shown in chapter 5, acidification 
to pH=4.0 of aqueous silica.te solutions containing cesium cations causes the same 
colloidal aggregation processes to take place as in the presence of other alkali metal 
cations. This indicates that at pH=7-8 we are dealing with a different aggregation 
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Figure 7.7: SAXS-spectra of silica gels prepared at pH=7-8, using a) 
potassium and b) cesium silicate solutions. 

process. During acidification of the basic aqueous silicate solution fl.occulation of 
silica occured. This suggests that specific ionic interactions between negatively 
charged silicate oligomers and cesium cations along with the breaking of the water 
structure surrounding the silica oligomers cause rapid aggregation into a dense silica 
network. 

SAXS-spectra of the other alkali metal silicates (i.e. Li, Na, Rb) show large 
similarities with silica gels obtained from potassium silicate solutions. Only minor 
differences in size of the elementary particles and dimensionality of the fractal aggre
gates can be observed: lithium and sodium containing gels are formed from smaller 
primary particles (r0 =7nm) compared to potassium and rubidium containing gels 
(ro=8nm). Probably, these differences are not significant and may arise from exper
imental errors, (i.e. small deviations in actual pH-value of the silica solutions c.q. 
gels) and should not be attributed to specific cationic interactions. 

Observations descrihed above strongly suggest that for lithium, sodium, potas
sium and rubidium, fundamentally the same processes occur in the restructuring 
of aqueous silica gels prepared at low and high pH. On a molecular scale similar 
reactions occur at different rates. Since the only difference between the procedures 
described for gel formation and for ageing can be found in terms of the alkalinity 
of the solution, we must condude that the rate of ageing of aqueous silica gel is a 
process mainly dominated by the pH-value. Considering the solubility of amorphous 
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silica gels at various pH-va.lues [7], the rate of dissolution increases with increasing 
pH-values. Differences in rate of restructuring ma.y thus be attributed to differences 
in rate of dissolution. The higher the pH-value of the surrounding aqueous solu
tion the fa.ster silica. is dissolved and thus the fa.ster the re-orga.nisations of the gel 
network occur in terms of migration of silica species in solution. 

Between silica aggregates differences in solubility occur as a consequence of dif
ferences in radius of curvature of the-primary pa.rtides: small particles with small 
radius of curvature dissolve at the expense of la.rger particles with large radius of 
curvature corresponding to the model of Ostwa.ld ripening [14]. Moreover, solubility 
is extremely low at places with negative radius of curvature, i.e. at the interpa.rti
cle connections or necks between particles. Dense parts within the aggregate also 
show poor solubility whereas the very tenuous parts of aggregates (at the peripheric 
positions within the aggregate) show very high solubility. Ina former study [7] we 
have shown tha.t dissolution merely proceeds via cleavage of siloxane bridges at the 
surface of silica gels, thus dissolving monomeric silicic acid from the surface. An 
increase in pH-value from pH==4.0 to pH==±7 will cause a higher rate of dissolution 
of monomeric silica and result in a higher concentration of mobile monomeric silicic 
acid in the solution. 

7.3.3. Preparation of silica gels in presence of fluorine-anions 

Since it is known [1] that fluorine anions give rise to a substantial increase in 
rate of pol;ymerization of (alcoholic) silicate solutions, a SAXS-study on the effect 
of fluor anions on the polymerization of aqueous silica.te solutions was performed. It 
is commonly accepted that in these solutions fluorine acts as a. catalyst in the poly
condensation reaction analogous to the catalytical activity of the hydroxyl a.nions. 
lier [14] has presented a possible mechanism for the polycondensation reaction in 
which five-coordinated silicon atoms are intermediates (scheme 7.1). 

As can be seen from figure 7.8, besides the well known dependence of gelation 
time on pH-value, a strong dependence of the gelation time on the amount of fluo
ride present in aqueous silicate solution is observed. At low pH-values, even minor 
concentrations of fluorine ions give rise to a considerable increase in ra.te of gelation. 

From silicon-fluorine chemistry it is known that silicon is preferentially octahe
drally coordinated by fluor. In scheme 7.I, the transition state in polycondensation 
reactions of silica.te solutions is postulated to be such a five coordinated silicon cen
ter. Introduction of fluorine anions in the activated complex may cause a decrease 
in activation energy (scheme 7.II) as a. result of the better leaving group character 
of fluorine anions. This explains acceleration of polycondensation of silica.te groups 
by fluorine anions. 

This mechanism does not only apply for the polymerization on atomie scales 
between small oligomers of silicic acid hut may also be postulated for the aggregation 
of sub-colloidal particles. Moreover, the size of the primary particles present in 
the silica aggregates, is so small that condensation reactions as well as aggregation 
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Scheme 7.1: Polycondensation mechanism as proposed by Iler [14]. 
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Figure 7 .8: The influence of fluor concentra.tion on the gel time ob
served in polymerizing silica.te solutions of different fluorine concentrations; 
+: p- /Si02 =0.0, •: p- /Si02 =0.1, •:F-/Si02 =0.01. Additions are relative 
to the total molar silicon content of the solutions. K20·3Si02• 
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Figure 7.9: SAXS-spectra of a.) 0.0, b) 0.01, c) 0.1 mole NaF per mole 
silica.. Spectra taken one month after prepa.ra.tion. pH=4.0 a.nd pota.ssium 
water glass. 
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merely occur at a molecular level. Fluorine thus ha.s a profound infiuence on reaction 
rates in the polymerization process of aqueous silica.te solutions: polycondensa.tion 
as well a.s a.ggrega.tion of the oligomers is la.rgely effected by the presence of fiuorine. 

Figure 7.9 shows SAXS-spectra of silica gels with 0, 0.01 and 0.1 mole sodium 
fluoride per mole silica. present in solution. The gels have been prepa.red by a.dding 
the a.ppropria.te a.mount of NaF to the hydrochloric acid solution (1.0n) into which 
subsequently the a.queous.silicate solution was mixed. Clearly, it can be seen tha.t 
one month &fter prepa.ration, fiuorine has had a. profound influence on the growth 
a.nd arrangement of the elementary silica pa.rticles. In case no fiuorine was a.dded, 
primary silica pa.rticles constructing the silica gel are so small in size, that no cla.ssica.l 
'Porod-scattering' ca.n be observed (e.g. figure 7.ld). The fractal dimensionality of 
the a.ggregates is determined from the linea.r slope in figure 7.9a and equa.ls to 
2.2 (see also figure 7.ld). Adding 0.01 mole NaF per mole silica to the solution 
a.nd &fter ageing of one month a.t room temperature, causes the classica.l 'Porod
scattering' to appear. From the position of the start of the deviation from Porod's 
law a.n impression of the radius of the scattering primary particles can be obtained. 
The size of these pa.rticles is approximately 6-7 nm, a. value compa.rable with sizes of 
prima.ry pa.rticles of the low-pH gels aged for one year and of the high-pH gels aged for 
one month. Again, a decrease in the fractal dimensiona.lity is observed, confirming 
the above mentioned mechanism of restructuring of aqueous silica gels. Addition of 
fluoride to the rea.cting silica.te solutions (at low pH-va.lues) gives rise toa substantial 
increa.se in the ra.te of restructuring processes (figure 7.9). A ma.rked decrease in 
the number of sila.nol groups (Q3-resonances) relative to the number of internal 
tetrahedra.lly coordina.ted silicon atoms is observed in NMR-spectra (ta.ble 7.1) and 
even compa.red to the aged silica. gels the amount of sila.nol groups is strikingly 
low. SAXS-spectra. of the fluoride-catalized gels reveal almost identica.l scattering 
dia.meters for the fluor containing and aged silica gel respectively. This indicates tha.t 
the amount of surface silanol groups decrea.ses through surface reactions bet ween two 
adjacent sila.nol groups, yielding less Q3 and more Q4-resonance contributions. 

7.3.4. Nitrogen-sorption measurements 

The structure of a.queous silica. gels is affected by drying processes. In 1956 
Alexander e.a. [33] showed that the fragile structure of initially aggregated gel par
ticles will colla.pse in case the surrounding water is eva.pora.ted or withdrawn from 
the gel. However, in case the structure has been reinforced through a wet heat
trea.tment of the gel, the collapse will be less predominant and less destructing and 
pore-structure will protrude; from a non-porous silica gel with high specific surface 
(obtained when a non-a.ged gel is dryed) a porous silica is produced with less BET
surface area (drying of a. wet heat-treated silica gel). In tabel 7.1 the BET-surface 
a.rea.s a.re given for the freeze dried gels. In this approach to the study of silica 
gel ageing, a.lways a drying step is involved prior to characterization. In contrast 
with the in situ character of SAXS, determination of structural parameters through 



The Molecular Basis of Ageing of Aqueous Silica Gels 117 

sorption techniques demands ex situ handling: prior to characterization the fragile 
aqueous silica gels are dried and washed to remove any contaminants (such as salts 
arising from the neutralisation reaction) from the silica gel surface. 

In order to compare our observations obtained from in situ techniques with the 
ex situ observations, nitrogen sorption measurements were performed on the samples 
described above. To avoid capillary forces and high temperatures freeze drying has 
been applied. By this technique very loose powders were obtained in contrast to 
the brittle silica gels resulting after a heat-treatment. Since the aggregates are 
very tenuous the water is an essential medium for a stable structure. Freeze drying 
removes the supporting water and causes the fragile structure to collapse under its 
own weight. 
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Figure 7.10: Nitrogen sorption measurements of a) •silica gel dried 15 
minutes after gelation at pH=3.9 by freeze drying, b) • same as a) hut now 
dried at 110°C, c) ~silica gel prepared at pH=3.9, dried 1 year after prepa
ration. 

Figure 7.10 shows results of nitrogen sorption measurements performed on a) 
freeze dried silica gel, b) heat treated silica gel (ll0°C) and c) a freeze dried silica 
gel which underwent ageing for one year at pH=3.9. From these sorption experiments 
and especially from hysteris loops between adsorption and desorption experiments, 
it is noted that application of different drying techniques (sublimation and evapo
ration respectively) gives rise to different pore structures. Re-inforcement of the gel 
network by the ageing and reconstruction process avoids the collapse of the ramified 
aggregates and causes preservation of a porous structure. Heat-treatment causes 
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the process of restructuring to be accelerated and thus causes pore-structure to be 
preserved after drying at 110°C. 

7.4. CONCLUSIONS 

Ageing of gels results in a structure constructed of particles larger than the 
ones initially present in the gels. However, growing of larger elementary particles 
at the expense of the smaller particles in the aggregates (Ostwald ripening) [14J, 
does not fully account for the results. Along with the development of scattering 
units with larger scattering cross-sections, a decrease in the fractal dimensionality 
of the aggregates is found. This can be explained by assuming that silica dissolves 
from peripherical particles in the fractal aggregates and migrates to the centers 
of the aggregates thus forming a more dense kemel compared to the peripherics. 
The density profile is steeper in aged silica gels than in freshly prepared silica gels, 
resulting in a decrease in fractal dimensionality: p ex: r1'-3

, 'Daged < D1re•h 

Comparison of aged silica gels prepared at low and high pH-values shows that the 
underlying principles of ageing are more or less the same: both lead to structures 
having larger primary particles (densification of the aggregate kernel) and lower 
fractal dimensionalities. Addition of fluoride anions to aqueous silica gels causes 
.Ostwald ripening to occur at higher rates compared to the low pH gels and at rates 
similar to the high pH gels. This is due to the increased silica solubility. 

These considerations have led us to postulate a new description of the process 
of ageing of aqueous silica gels, which may be vizualised as in scheme 7.111. 

Scheme 7 .111: Vizualization of the ageing process as proposed in this study. 
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Ageing of silica gels prepared at low and high pH-values can he seen as a densi
fication of the aggregate-kernel and accomplished by dissolution of the 'arms' and 
peripherals of silica particle aggregates. Because of the small sizes of the initially 
present silica particles, solubility of these particles is high compared to particles of 
larger sizes. Dissolution of silica occurs at the tips of the aggregates from which the 
active silica migrates towards the less soluhle center of the aggregate where it causes 
densification of the aggregate kemel. · Densification of the structure is observed by 
an increase in slope in the scattering curve and the increase in radius of the pri
mary particles is reflected in the development of the Porod-scattering. Dissolution 
of the tenuous silica 'arms' is accompanied with a decrease in fractal dimensionality. 
Higher pH-values increase the solubility of silica and thus increase the rate at which 
ageing of aqueous silica gels takes place. Further, the presence of fluor anions in
duces a higher solubility of the amorphous silica phase increasing the rate of ageing 
accordingly. 

7.5. REFERENCES 

[l] C.T.G. Knight and E .. Oldfleld, J.Magn.Res. 78 (1988) 31. 
[2] C.J. Brinker and G.W. Scherer, The physics and Chemistry of Sol-Ge/ process

ing, Academie Press, 1989. 
[3] S.D. Swaddle and T.W. Kinrade, lnorg. Chem., 27 (1988) 4253, ibid. 27 

(1988) 4259. 
[4] A.V. McCormick, A.T. Bell and C.J. Radke, J. Phys. Chem" 93 (1989) 1733, 

ibid. 93 (1989) 1741, ibid. 93 (1989) 1744. 
[5] R.K. Harris and C.T.G. Knight, J. Chem. Soc" Faraday Trans.2 79 {1983) 

1525, ibid. 79 (1983) 1539. 
[6] P.W.J.G. Wijnen, T.P.M. Beelen, J.W. De Haan, C.P.J. Rummens, L.J.M. Van 

de Ven and R.A. Van Santen, J. Non-Cryst. Solids, 109 (1989) 85. 
[7] P.W.J.G. Wijnen, T.P.M. Beelen, J.W. De Haan, L.J.M. Van de Ven and R.A. 

Van Santen, Coll. Surf. 45 (1990) 255. 
[8] C.T.G. Knight, R.J. Kirckpatrick and E. Oldfield, J. Chem. Soc., Chem. Com-

mun. (1986) 66. . 
[9] G. Engelhardt and D. Michel, High-Resolution So/id-State NMR of Si/icates 

and Zeo/ites, John Wiley & Sons Ine" 1987, New York. 
[10] B. Cabane, M. Duhois, F. Lefaucheux and M.C. Robert, J. Non-Cryst. Solids 

119 (1990) 121. 
[Il] C.J. Brinker, K.D. Keefer, D.W. Schaefer, C.S. Ashley, R.A. Assink and B.D. 

Kay, J. Non-Cryst. Solids 48 (1982) 47. 
[12] T.P.M. Beelen, P.W.J.G. Wijnen, C.G. Vonk and R.A. Van Santen, Catal. 

Lett. 3 (1989) 209. 
[13] A. Dauger, F. Chaput, J.C. Pouxviel and J.P. Boilot, J. de Phys. C8 46 (1985) 

455. 



120 Chapter 7 

[14] R.K. lier, The Chemistry of Silica, John Wiley & Sons Ine" 1979, New York. 
[15J E.J.W. Verwey and J.Th.G. Overbeek, Theory of the stability of lyophobic Col

loids, Elsevier, Amsterdam, 1948. 
[16] Chapter 6 of this thesis. 
[17J B.B. Mandelbrot, The Fractal Geometry of Nature, Freeman, 1979, San Fran

cisco. 
[18J H.J. Herrmann, Phys. Rep. 136 (1986) 153. 
[19] R. Jullien and R. Botet, Aggregation and Frctal Aggregates, World Scientific, 

Singapore, 1987 
[20] P. Meakin, Adv. Coli. Interfac. Sci 28 (1988) 249. 
[21] P. Meakin, Phys. Rev. Lett. 51 (1983) 1119. 
[22] M. Kolb, R. Botet and R. Jullien, Phys. Rev. Lett. 51 (1983) 1123. 
[23J R. Jullien and M. Kolb, J. Phys. A 17 (1984) L639. 
[24] M. Kolb, R. Botet, R. Jullien and H.J. Herrmann, in On Growth and Form 

edt. Stanley H.E. and Ostrowski N., NATO ASI series ElOO, Martinus Nijhoff, 
Dordrecht, 1986 

(25] P. Meakin, personal communication 
[26] S.R. Forrest and T.A. Witten, J. Phys. A 12 (1979) L109. 
[27] D.A. Weitz and M. Oliveria, Phys. Rev. Lett. 52 (1984) 1433. 
(28J D.A. Weitz, J.S. Huang, M.Y. Lin and J. Sung, Phys. Rev. Lett. 54 (1985) 

1416. 
[29] Chapter 5 of this thesis. 
(30] T.P.M. Beelen, P.W.J.G. Wijnen and R.A. Van Santen, Mat. Res. Soc. Symp. 

Proc. in press 
[31] C. Aubet and D.S. Cannell, Phys. Rev. Lett. 56 (1986) 738. 
[32] G.W. Scherer, J. Non-Crystal. Solids 100 (1988) 77. 
[33] G.B. Alexander, E.C. Broge and R.K. Iler, U.S. Patent 2,765,242 E.I. Du Pont 

de Nemours, 1956. 
[34] C.G. Vonk, J. Appl. Cryst. 6 (1973) 81. 
[35] P. Gillis and B. Borcard, J. Magn Res. 77 (1988) 19. 
[36] G. Engelhardt, H. Jancke, M. Mägi, T. Pehk and E. Lippmaa, J. Organo-metal. 

Chem. 28 (1971) 293. . 
(37] Chapter 5 of this thesis. 
[38] R. Botet and R. Jullien, J. Phys. A: Math. Gen.19 (1986) 2907. 
[39] A. Guinier, G. Fournet, C.B. Walker and K.L. Yudowitch, Small Angle Scat

tering of X-Rays, Wiley, New York, 1955. 
[40] C.J. Brinker, R.J. Kirkpatrick, D.R. Tallant, B.C. Bunker and B. Montez, J. 

Non-Cryst. Solids 99 (1988) 418. 



General Conclusions 121 

Chapter 8: 

General Conclusions · 

Regarding the numerous applications of amorphous silica gels, the formation 
of these oxidic materials is an important process in modern industry. Although 
much phenomenological and empirical knowledge is available, the polymerisation 
process is still lacking in molecular chemical descriptions [1-3]. In this thesis in situ 
spectroscopie investigations are presented for the polymerisation of aqueous silicate 
solutions, as such accomodating in the need for a more fundamental description of 
the process of silica gels formation. 

Most production processes of silica gels make use of aqueous silicate solutions. 
In contrast with alcoholic precursor solutions, these aqueous solutions (water glass) 
contain a broad spectrum of structurally different silicate species, all present as 
dissolved silica. To probe the local atomie environment of silicon nuclei, silicon-29 
nuclear magnetic resonance spectroscopy was applied to investigate the oligomerisa
tion reactions of monomeric silicic acid. The large number of structurally different 
silicate species as observed by 29Si-NMR, contributes to the fact that the observed 
resonance lines are rather broad: overlapping and very small differences in resonance 
frequency of the different lines cause substantial line-broadening. More alkaline so
lutions of aqueous silicate give rise to better resolved spectra. Furthermore, the 
amount of small oligomeric and monomeric silicate anions is increased as a conse
quence of the higher alkalinity of the solution. Increasing pH-values give rise to more 
depolymerised species. 

Since polymerisation of the water glass solution gives rise to a broad distri
bution of silicate anions and thus results in badly resolved silicon-29 NMR-lines, 
the application of 29Si-NMR-spectroscopy in this type of reactions provides minor 
information on the different oligomerisation steps and the reaction mechanism of 
monomeric silicic acid. Therefore a different approach to the study of aqueous sil
icate solutions was applied. Due to the slow dissolution of amorphous silica gel, 
a gradual increase iri the concentration of monomeric silicic acid can be expected. 
Initially a single resonance line is observed in the spectrum which is attributed to 
monomeric silicate anions. Due to the gradual dissolution an increase in monomeric 
silica concentration is detected. From the moment the steady state concentration 
of monomeric silicic acid has been reached, oligomerisation of the monomers occurs 
as is reflected in the occurrence of a second NMR-resonance line. This arises from 
dimeric silicate species. Further oligomerisation takes place as a result of ongoing 
dissolution. From the development of resonance lines in the different spectra a qual-
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itative reaction mechanism can be extracted for the oligomerisation process. In this 
mechanism formation of cyclic structures is a predominant phenomenon. Formation 
of cyclic trimeric silica te anions is a process occurring prior to formation of the linear 
trimeric species. 

In the study of the dissolution of amorphous silica gels in aqueous alkali metal 
hydroxides, it was found that the rate of dissolution depends on the cation used in 
the dissolution reaction. A maximum in dissolution rate was found for potassium 
hydroxide solutions, whereas both intrinsically smaller and larger cations (lithium, 
sodium and rubidium, cesium respectively) showed slower dissolution rates. This is 
contradictory to the expectation that a monotonous increasing or decreasing disso
lution rate should be observed for the different cations used. One major effect which 
occurs at the high pH-values applied in this study, is that the majority of silanol 
groups (:: Si-OH) at the surface of the silica gel are ionised by the hydroxyl anions 
present in the highly alkaline solution. This implies that a large surface charge will 
be present on the silica. Because in aqueous solutions at high pH-values, we are 
always deàling with contra-ions (cations) for the hydroxide (normally sodium) the 
negative surface charges will be compensated by (alkali metal) cations. Since the 
only difference in this dissolution study was the type of alkali metal hydroxide, dif
ferences in dissolution rate must be attributed to differences in adsorption behaviour 
of the alkali metal cations. It is reported that the affinity for alkali metal cations 
to adsorb on silica increases in a monotonous way from Cs+ to Li+. So, the dis
continuous behaviour of dissolution rate cannot simply be related to the adsorption 
behaviour of the alkali metal cations. We ascribe the differences in dissolution rate 
to a promoting effect of the cations in the transport of hydroxyl anions towards 
the surface of the silica gel. Since differences in hydration properties of the cations 
contribute to differences in water bonding to the alkali metal cations, differences in 
local transport phenomena and water structure can be expected, especially when 
the silica surface is largely covered by cations. Lithium and sodium cations are 
known as water structure formers and thus have a large tendency to construct a 
coherent network of water molecules, in which water molecules closest to the centra! 
cation are very strongly bonded; slow exchange compared to normal water diffusion, 
will take place between water molecules in the nearest hydration shell and the bulk 
water molecules. On the other hand, cesium, rubidium and to a lesser extent, potas
sium are known as water structure breakers, causing the water molecules to be very 
disordered around the centra! cation. These larger cations have a small tendency 
to co-ordinate water molecules in a hydration shell. So lithium cations interact 
strongly with the (inner) hydration shell whereas cesium cations barely have a hy
dration shell. As adsorption of (hydrated) cations will take place for aqueous silicate 
dispersions, at high pH-values, the state in which the adsorbed cations are present 
at the surface is crucial for promoting effects. Strong hydration forces (lithium) 
give rise to a slow exchange of water (hydroxyl) molecules whereas no hydration 
(cesium) results in slow exchange as well. Potassium is the most favourite alkali 
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metal cation in transport reactions of hydroxyl anions towards the silica gel surface. 
This phenomenon was confirrned by the application of symmetrie tetra-alkyl am
monium hydroxides. In the case of tetramethyl ammonium hydroxide (TMAOH) 
the observed rate of dissolution was very slow compared to the rate observed for 
cesium hydroxide dispersions. Further we could clearly distinguish an inhibition 
time between mixing of the silica gel with the aqueous TMA-hydroxide and the 
onset of dissolution. This observation is attributed to the strong interaction of the 
rather apolar TMA-cation with the negatively charged silica gel surface. Since in 
this case no hydration shell is present, dissolution only occurs very slowly. The inhi
bition period of the dissolution reaction could be attributed to specific interactions 
of TMA-cations with certain oligomeric species of the monomeric silicic acid. From 
the time that prismatic hexameric silicate anions (double three membered ring) are 
present in the solution, TMA-cations migrate from the silica surface to the solution 
leaving an almost non-covered silica gel surface and dissolution does occur as fast 
as in case of alkali metal hydroxide solutions. A speculative model for the increased 
affinity of TMA-cations for the silicate solution is provided by the clathrate structure 
of TMA-silicate solutions. In this model oligomers of silicic acid ( cubic octameric 
silicate) are surrounded by tetramethyl ammonium cations in such a way that the 
geometrical nature of the silicate oligomer matches the structure of the hole induced 
by the arrangement of TMA-cations. 

Using 29Si-NMR we have thus been able to investigate the oligomerisation of 
aqueous monosilicic acid. Prolonged polymerisation of aqueous silicate solutions 
however, yi'elds a very broad distribution of polysilicic anions and colloidal struc
tures. This implies that using 29Si-NMR only little detailed information on the 
ongoing polymerisation process can be obtained and so, only in a qualitative way 
the polymerisation process can be described in terms of relative changes in NMR-line 
intensities. Therefore, a different spectroscopie technique was applied to study silica 
gel formation proper: Small Angle Scat tering of X-rays (SAXS). As in the case of X
ray diffraction, interference of scattered X-rays allows the identification of structural 
properties of the matter iradiated. Already from Bragg's relation (n..\=211" sin(29)) it 
can be seen that large structural features should be investigated at relatively small 
scat tering ( diffr action) angles ( t ypically 29 < 5° ). Systems containing (sub-)colloidal 
particles can be studied at small scattering angles. Silica gels are constructed of a 
continuous network of particles of colloidal size (typically 3-50 nm in diamter). In 
the early eighties silica gels prepared from alcoholic precursor solutions (in con
trast to the aqueous solutions, discussed in this thesis) yielded scattering curves, 
indicative of the formation of fractal structures. 

In fractal theory a structure can be described in terms of its fractal or broken 
dimensionality. This dimensionality, in contrast to the Euclidean dimensionality 
which quantifies the space dimensionality embedding the structure, often has a non
integer value between l and 3. In describing the density of the structure fractal 
structures do not have a constant value for the density, hut it gradually increases or 
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decreases when traversing the system. The way in which density varies is reflected 
in the fractal dimensionality 'D: density p varies with length-scale r according to 
p oc r 11- 3 • The fractal dimensionality can be used as a kind of finger print in the 
description of the process of aggregation of primary silica particles: different types 
of aggregation process result in different fractal dimensionalities. 

Fractal behaviour is reflected in a power-law relationship between scattered in
tensity I and scattering vector Q (Q=211" sin(20)). Therefore in a double logarthmic 
plot of scattered intensity versus scattering vector fractality is observed as a linear 
region of the scat tering curve; the slope of this linear part is, in general, smaller than 
3 if the material is fractal with respect to the mass (variation of density within the 
structure) and between 3 and 4 if the material is fractal with respect to the surface 
area (4-6]. Deviations from this power-law scattering at small and large scat tering 
vectors yield information on the size of the fractal aggregates and of the primary 
particles constructing the aggregate, respectively. These two parameters determined 
from in situ small angle scat tering curves are the structural properties that are deter
mined by aggregation kinetics as a function of precursor composition. A continuous 
increase in size of the silica aggregates was observed during the formation of silica 
gel. Moreover, the aggregate si ze still increases after reaching the gelation point. At 
the gelation point, a continuous percolating network of silica particles exists in the 
solution showing·an infinite viscosity: twisting of the reaction vessel does not result 
in deformation of the meniscus. According to classical theories of gelation, a con
tinuous aggregate of infinite size should be present at the gelation point. However, 
from the SAXS-curves a determinable, finite size of the aggregates is extracted. It 
implies that the growth process of silica aggregates has to be anisotropic. The size 
of fractal silica aggregates in silica gels imply the presence of elongated structures 
with a finite (mean) aggregate radius. 

One expects that dilution of the silicate solution gives rise to a cross-over in the 
type of aggregation behaviour of the primary silica.te particles. For relatively con
centrated systerns ([Si02] ~ 5wt%) a reproducable fractal dimensionality of 'D=2.20 
± 0.05 was measured. This value of the fractal dimensionality is in fairly good agree
ment with fractal dimensionalities obtained from computer simulations of reaction 
limited cluster-cluster aggregation. In this limiting situation of reaction limited ag
gregation, diffusion of particles or clusters of partides towards each other is fa.ster 
than the kinetics of the chemica! reaction between the particles. Dilution of the 
silica.te solution in aggregating particles {total silica concentration) should therefore 
result in an increasing importance of the diffusion ra.te of the aggregating partides. 
So reaction limited aggregation should change into diffusion limited aggregation. 
This transition in type of kinetic aggregation process is accompanied by a difference 
in fractal dimensionality. However, no influence of the total silica concentration 
(0.1 < [Si02] < 8 wt%) on the fractal dimensionality was observed at the length
scales (0.3-30 nm), temperature and time-scales investigated in this study. This 
implies that diffusion of partides in the aqueous silicate solution or suspension must 
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be a very fast process compared to the reaction kinetics between two aggregating 
parti des. 

In contrast with the observations described above concerning the independence 
of fractal dimensionality on monomeric silicate concentration, the remarkahle obser
vation was made that the presence of oligomeric silicate anions increases the rate of 
aggregate formation considerably. A decrease in the pH-value of precursor solutions 
low in silica concentration, gives rise to oligomerisation of the monomeric silicate 
anion. The oligomers formed appear to act as aggregation kemels for the silicate 
anions. The presence of these aggregation kemels induces rapid aggregation as is 
reflected in the fractal dimensionality of the aggregates. Compared with usually 
observed fractal dimensionalities of aqueous silicate aggregates V=2.2, the fractal 
dimensionality of aggregates grown in solutions of low silica concentration and in 
the presence of oligomers is low (V=l.8). This low fractal dimensionality points 
to a diffusion limited cluster-cluster aggregation process. Re-organisations in the 
structural arrangement of the primary building units gradually cause an increase 
in fractal dimensionality to values observed for the reaction limited cluster-duster 
aggregation type. 

The influence of (polyvalent) cations on aggregation kinetics was investigated. 
No influence on the final fractal dimensiona!ity of the gelating silicate solutions 
was observed for the cations investigated (Li+, Na+, K+, Rb+, Cs+, TMA +, Mg2+, 
AI3+). The rate of aggregate growth however does strongly depend on the presence 
of polyvalent cations and hydrophobic monovalent cations (TMA). Aggregation is 
retarded by addition of aluminum cations (Al/Si=0.01) and to some less extent by 
addition of magnesium cations. This difference is understood in terms of the valency 
of the cations. lnvestigation of the influence of different concentrations of aluminum 
cations revealed that increasing aluminum concentrations cause the observed inhibi
tion with respect to aggregate growth to diminish. Fast reaction between aluminum 
cations and silicate oligomers cause the silica particles to get charge stabilised. On 
the other hand, aggregation is slow due to the charges of the primary particles. The 
structure of the aggregates is such that according to a model of screened aggregation 
low dimensionalities are observed. However, in case the concentration of aluminum 
is increased, formation of homogeneous alumino-silicates causes the charge stabili
sation to decrease. The aggregation kinetics resemble kinetics in solutions with no 
aluminum cations added. 

Addition of tetramethyl ammonium cations results in an increase in aggregation 
ra te, which can be attributed to the breaking of the local structure of water molecules 
surrounding the silicate particles. The activation energy of reaction between two 
primary particles is decreased. 

To prevent the framework of silica particles to collapse upon drying, silica gels 
have to be aged. Up to now, ageing of aqueous silica gels is considered to be an 
Ostwald dissolution process of silicate units at surfaces with small radius of curva
ture (small particles) and subsequent depo.sition at surfaces with large or negative 
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radius of curvature (large particles and necks bet ween particles respectively ). Here 
we show that dissolution occurs at peripherial positions in the aggregates, where the 
density in silica is low compared to the more dense core of the aggregates. Subse
quent deposition of the monomeric species in the core of the aggregates causes the 
difference in density between the core (high) and the peripherals (low) to increase, 
resulting in a decrease in fractal dimensionality. The mean size of the scattering par
ticles also increases. Ageing of aqueous silica gels is accelerated by high pH-values, 
high temperatures and presence of fluorine anions. The rate of dissolution of mono
meric silicate anions is rate determining in the ageing processes of aggregates formed 
by reaction limited cluster-cluster aggregation. Interestingly, ageing of aggregates 
fonned by reaction limited aggregation gives a decrease in fractal dimensionality 
with an increase in primary particle size. Ageing of aggregates formed by diffusion 
limited duster-cluster aggregation results in an increase of fractal dimensionality at 
constant primary particle size. The time-scales on which both transformations take 
place are very different. Ageing of aggregates grown by diffusion limited aggregation 
is fast compared with ageing of reaction limited aggregates. Both transformations 
correspond with a decrease in systern entropy and potential energy. 

8.1. REFERENCES 

[l] R.K. Her, The chemistry of Silica, John Wiley & Sons Ine" New York, 1979. 
[2) C.J . .Brinker and G.W. Scherer, Sol-Gel Science, Academie Press, 1990. 
[3) L.L. Hench and J.K. West, Chern. Rev., 90 (1990) 33. 
[4] P. Meakin, Phase Transitions, 12 (1988) 336. 
[5] J.E. Martin and A.J. Hurd, J. Appl. Cryst" 20 (1987) 61. 
(6) P.W. Schmidt, in The Fractal Approach to heterogeneous Chemistry, edt. D. 

Avnir, John Wiley & Soos Ltd., New York, 1989. 



Summary 127 

Summary 

In heterogeneous catalysis silica gels are commonly applied as supporting mate
rial for catalytically active metals, metal oxides or metal sulfides. Silica. gels should 
meet the structural demands of a specific catalytic application. 

This thesis describes the molecular aspects of silica gel formation from aqueous 
silicate solutions. Spectroscopie techniques were applied to be able to investigate 
oligomerisation and aggregation processes in situ. The atomie environment of silicon 
atoms was probed by silicon-29 nuclear magnetic resonance spectroscopy, whereas 
structural properties of the primary silica particles and aggregates of primary par
tides were probed by small angle scattering of X-rays. 

Chapter 2 describes the application of fractal theory in aggregation processes. A 
review is given concerning fractal dimensionality, types of fractal aggregation and 
small angle scattering in combination with fractal structures. It is concluded that 
aggregation processes taking place in aqueous silicate solutions can be descrihed 
by a reaction lirnited or diffusion limited duster-cluster aggregation process. The 
combination of SAXS, fractality and simulation is prornising. 

Chapter 3 deals with the rate of dissolution of amorphous silica gel in aqueous 
alkaline solutions. Silicon-29 nuclear magnetic resonance spectroscopy was applied 
to study the dissolution process. The rate of silica gel dissolution shows an opti
mum for potassium hydroxide solutions. Hydration shells of the alkali metal cations 
promote the dissolution process, by increasing the transport of hydroxyl anions to
wards the surface silanol groups. Hydration spheres of lithium cations show strong 
interaction with the centra! cation and retard the transport whereas cesium ca.tions 
are barely hydrated and thus. transport is slow as well. Weak interaction between 
potassium ca.tions and the hydration shell facilitates transport of hydroxyl anions. 
Cation specific interactions between silicate oligomers and alkali metal ca.tion in
duce different compositions of the alkali metal silicate solutions as a. function of 
alkali metal hydroxide. Solutions containing potassium cations give rise to more 
polymerised silica.te species compared with the other alkali metal ca.tions studied. 

Polycondensation reactions of monomeric silicic acid are described in chapter 4. 
As a consequence of silica gel dissolution a gradual increase in monomeric silicic 
acid is achieved resulting in oligomerisation of the monomeric anion. Formation of 
silica.te oligomers at high pH-values (pH>l2) proceeds via cyclic trimeric silica.te an
ions, which at these high pH-values are energetically more favourable than the linear 
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trimeric silica.te anions. Dissolution of a.morphous silica gel initially is inhibited by 
a.dsorption of hydrophobic tetra.methyl ammonium cations on the silica gel surfa.ce. 
The dissolution ra.te increases from the moment tha.t oligomeric silica.te anions are 
present in the solution. Intera.ctions between the organic cation and specific silica.te 
oligomers in solution (double three-membered ring and double four-membered ring) 
cause desorption of the TMA-cations from the silica surface. As a result the sur
fa.ce can be attacked by hydroxyl anions and the dissolution rate increases. In the 
formation of double four-membered ring-oligomers the double three-membered ring 
silica.te acts as the main intermedia.te. In their turn, double three-membered ring 
oligomers are formed through combination of two cyclic trimers. 

In chapter 5 two different a.ggregation processes are discussed. The aggregation 
processes differ in type of rate determining step: chemical reaction limitation or 
diffusion limited. It is shown that both types can occur during silica gel formation. 
Diffusion limited duster-cluster aggregation is observed if the reaction mixture is 
low in silica. concentration and the precursor solution contains oligomeric silica.te 
anions, which are seen as aggregation kemels for fast reaction. Reaction limited 
cluster-cluster aggregation is observed in case no aggregation kemels are present 
in the polymerisation mixture. Re-organisations of aggregates formed by diffusion 
limited cluster-duster aggregation occur on a short time scale. An increase in fractal 
dimensionality is observed as a consequence of the re-organisations. The primary 
particles remain of molecular size. 

The influence of cations on aggregation phenomena in aqueous silica.te solutions 
is described in chapter 6. Since at the low pH-va.lues applied in this study, ionîsa
tion is of minor importance, effects of monovalent alkali metal cations are negligibly 
small. Addition of polyvalent cations (magnesium and aluminum) on the other hand 
show profound effects on aggregation kinetics. Minor concentrations of aluminum 
retard the growth of aggregates. The fractal dimensionality in these systems is 
initially very low as is explained by a screened aggregation model. Adsorption of 
aluminum on the surface of the small primary partides induces charge stabilisa
tion of the aggregating particles. Higher amounts of aluminum increase the rate of 
aggregation since homogeneous amorphous alumino-silicates are formed and act as 
primary particles in the aggregation process. 

The molecular aspects of ageing of aqueous silica gel are described in chapter 7. 
Ageing of aqueous silica aggregates is a process of migration of dissolved monomeric 
silica.te species. Dissolution of the low density parts of silica aggregates (peripheral 
silica.te particles of aggregates) and re-deposition in high density parts of the ag
gregates ( core) cause an increase in si ze of the primary partides and a decrease in 
fractal dimensionality. The decrease in dimensionality arises from the fact that the 
difference in density between core and periphery increases. 
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Samenvatting 

In de heterogene katalyse worden silica gelen veelal toegepast als dragermateriaal 
voor de katalytisch actieve metalen, metaaloxiden of metaalsulfiden. Silica gelen 
moeten daarom aan de structuureisen voldoen die door de specifieke katalytische 
toepassing wordt opgelegd. 

Dit proefschrift behandelt de moleculaire aspecten die van belang zijn bij de 
bereiding van silica gel uit waterige silikaat oplossingen. Spectroscopische tech
nieken werden toegepast om zowel oligomerisatie- als aggregatieprocessen in situ te 
bestuderen. De locale, atomaire omgeving van silicium atomen werd bestudeerd met 
behulp van silicium-29 kernspinresonantie spectroscopie, terwijl eigenschappen met 
betrekking tot de structuur van primaire deeltjes en aggregaten van deze deeltjes on
derzocht werden met behulp van een verstrooiingstechniek, te weten de verstrooiing 
van röntgenstraling bij zeer kleine hoeken (SAXS). 

Hoofdstuk 2 behandelt de toepassing van de fractaal theorie in de beschrijv
ing van aggregatieprocessen. Een overzicht betreffende fractale dimensie, soorten 
aggregatieprocessen die leiden tot fractale structuren en de integratie van de frac
taal theorie in de SAXS-verstrooiingstechniek wordt in dit hoofdstuk geboden. Als 
voornaamste conclusie van dit hoofdstuk kan worden gezien dat aggregatieprocessen 
die zich afspelen in waterige silikaatoplossingen kunnen worden beschreven met een 
reactie gelimiteerd danwel een diffusie gelimiteerd mechanisme betreffende de com
binatie van primaire deeltjes tot dusters en van clusters onderling. De combinatie 
van SAXS, fractaal theorie en simulatie van aggregatieprocessen is veel belovend. 

Hoofdstuk 3 handelt over de oplossnelheid van amorfe silica gelen in waterig, al
kalisch milieu. Silicium-29 kernspinresonantie spectroscopie werd toegepast om het 
oplosproces te bestuderen. Het oplossen van silica gel blijkt qua snelheid optimaal 
te verlopen in het geval dat kaliumhydroxide wordt gebruikt als base. De water
mantel van de alkalimetaalkationen promoteert het oplosproces door het transport 
van hydroxylanionen naar oppervlakte silanolgroepen te versnellen. De watermantel 
van lithiumionen vertonen een sterke interactie met het centrale kation en vertra
gen het transport terwijl cesiumionen nauwelijks gehydrateerd zijn en dus ook een 
traag transport bewerkstelligen. De zwakke interactie tussen kaliumionen en de 
watermolekulen in de watermantel vergemakkelijkt het transport van hydroxylanio
nen naar het oppervlak. Interacties tussen silikaatoligomeren en alkalimetaalionen 
veroorzaken een verschil in samenstelling van de waterige silikaatoplossingen als 
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functie van het a.lkalimeta.a.lka.tion. Oplossingen die ka.liumionen bevatten geven 
aanleiding tot hoger gepolymeriseerde silika.a.tdeeltjes dan oplossingen bereid uit de 
andere a.lkalimetaalhydroxiden. 

Polycondensa.tie reacties van monomeer kiezelzuur worden in hoofdstuk 4 be
schreven. Als gevolg van het oplossen van amorf silica. gel in alkalisch milieu wordt 
een geleidelijke verhoging in concentratie van het monomere kiezelzuur verkregen 
hetgeen uiteindelijk resulteert in een oligomerisa.tie van het monomere keizelzuur. 
De vorming va.n silikaat oligomeren bij hoge pH-waarde (pH>12) verloopt via. de 
cyclische structuur van het silika.a.t trimeer. Deze zijn bij deze hoge pH-waarden 
energetisch gunstiger dan de lineaire trimeren. 
Het oplossen van amorf silica gel wordt initieel belemmerd door de adsorptie van hy
drofobe tetramethyla.mmonium (TMA) kationen aan het silica gel oppervlak. Vanaf 
het moment dat oligomere silika.ationen aanwezig zijn in de oplossing neemt de 
oplossnelheid toe. Interacties tussen het organische kation en specifieke silika.at 
oligomeren in oplossing (dubbele drieringen en dubbele vierringen) leiden tot de de
sorptie van TMA-kationen van het silica gel oppervlak. Als gevolg daarvan kan het 
oppervlak weer worden aangevallen door hydroxylanionen en neemt de oplossnelheid 
toe. Dubbele drieringen zijn de voornaamste tussenproducten voor de vorming van 
dubbele vierringen. Op hun beurt worden dubbele drieringen voornamelijk gevormd 
door combinatie van twee cyclische trimeren. 

In hoofdstuk 5 worden twee verschillende aggregatieprocessen bediscussieerd. 
Het mechanisme va.n deze twee processen verschilt in het type van de snelheidsbepa
lende stap: chemische reactie-limitering of diffusie-limitering. Hier wordt aange
toond dat beide type a.ggregatieprocessen op kunnen treden tijdens de vorming van 
silica. gelen. Diffusie gelimiteerde duster-cluster aggregatie wordt gevonden indien 
het reactiemengsel bij lage silica concentratie oligomere silika.a.t anionen bevat. Deze 
oligomeren worden gezien als de kernen voor snelle aggregatie. Reactie gelimiteerde 
cluster-cluster aggregatie wordt waargenomen indien geen reactiekernen aanwezig 
zijn in het reactiemengsel. Aggregaten gevormd volgens het diffusie gelimiteerde 
a.ggrega.tiemodel vertonen op korte tijdschaal re-organisaties. Als een gevolg van 
deze re-organisaties wordt een verhoging van de fractale dimensie waargenomen. De 
afmetingen va.n de primaire deeltjes blijven in de orde van moleculen. 

De invloed van kationen op aggregatie verschijnselen in waterige silikaatoplossin
gen wordt beschreven in hoofdstuk 6. Aangezien ionisatie van silikaatdeeltjes bij de 
pH gebruikt in deze studie, van ondergeschikt belang is, is de invloed van een
waardige kationen verwaarloosbaar klein. Toevoeging van meerwaardige kationen 
daarentegen (magnesium en aluminium) vertonen een aanzienlijke invloed op de 
aggregatiekinetiek. Lage concentraties van aluminium vertragen de groei van ag
gregaten. Initieel is de fractale dimensie van deze systemen erg laag, hetgeen be
schreven kan worden met een model voor afgeschermde aggregatie. Adsorptie van 
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aluminium aan het oppervlak van de primaire deeltjes veroorzaakt een ladingsstabi
lisatie van de aggregerende deeltjes. Grotere hoeveelheden aluminium versnellen het 
aggregatieproces aangezien meer homogene, amorfe alumino-silikaat deeltjes worden 
gevormd die als primaire deeltjes in het aggregatieproces dienen. 

De moleculaire aspecten van het verouderen van waterige silica. gelen worden 
beschreven in hoofdstuk 7. Veroudering van waterige silica. aggregaten is een proces 
dat berust op migratie van opgelost monomeer kiezelzuur. Het oplossen geschiedt 
op die plaatsen in het aggregaat waar de dichtheid het laagst is (aan de uiteinden 
van de aggregaten) terwijl het kiezelzuur neerslaat op plaatsen waar de dichtheid 
hoger is (in de kern van het aggregaat). De grootte van de primaire deeltjes neemt 
hierdoor gemiddeld gezien toe, terwijl het dichtheidsverloop binnen de aggregaten 
groter wordt hetgeen zich uit in een verlaging van de fractale dimensie. 
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Nawoord 

Nu mijn proefschrift bijna naar de drukker kan, neem ik gebruik van de moge
lijkheid om allen die mij hebben bijgestaan bij het onderzoek en alles wat daarmee 
samen hangt, nogmaals te danken. 

Allereerst wil ik mijn ouders danken voor de morele steun die zij mij tijdens mijn 
studie en het promotieonderzoek hebben gegeven. Verder de rest van de familie 
die altijd klaar heeft gestaan om even te luisteren en belangstellend te vragen naar 
gebeurtenissen op de werkplek. Tenslotte wil ik natuurlijk Anja bedanken voor haar 
geduld en medeleven vooral tijdens de laatste fase van mijn promotie. 

Natuurlijk zou het proefschrift niet zijn geworden zoals het nu is als ik niet de 
mogelijkheid zou hebben gehad om (dagelijks) over problemen en resultaten te dis
cussiëren die al dan niet betrekking hadden op het werk. Theo, ik heb jou ervaren 
als een zeer plezierig collega, waarmee een goede discussie op elk moment van de 
dag kan worden gevoerd; ja, zelfs gedurende de lange nachten in Daresbury heb jij 
geen gesprek geschuwd. Jan en Leo, jullie heb.ben mij het "spinnen" geleerd, en zal 
het daarom ook niet zo snel meer afleren. Jullie inbreng in het onderzoek is van on
schatbare waarde geweest. Cees, jouw hulp en vaardigheden in de preparatieve silica 
chemie hebben niet op de laatste plaats bijgedragen tot de resultaten beschreven in 
dit proefschrift. Cees als kamergenoot, heb jij mij moeten accepteren en alle "site
effects" moeten tolereren. Han, als afstudeerder heb je een waardevolle bijdrage 
geleverd aan de totstandkoming van dit proefschrift. Alle practikanten in het kader 
van hun S2a of P3 practicum of HLO-stage blijf ik zeer erkentelijk. Andries, jouw 
hulp in de (computer) grafische presentatie van de aggregatie modellen bleek onont
beerlijk te zijn. Het nationale SON HF-NMR centrum te Nijmegen wil ik graag be
danken voor de mogelijkheid die ze hebben geboden om NMR-metingen te verrichten 
bij variabele temperatuur. SAXS measurements were performed at the Synchrotron 
Radiation Source of Daresbury Laboratories in terms of the SERC/NWO-agreement. 
At this moment 1 would like to greatfully acknowledge the use of beamtime and the 
assistance during experiments. Wim Brass, thank you very much for your guidance. 

Vaak was het nodig om even op andere gedachten te komen en om mijn stoom 
af te blazen. Hierin vervulden de diverse gezellige koffieclubjes binnen de vakgroep 
een belangrijke rol. Arthur, Diek, Erik, Hans, Herman, Joop, Kristine, Leo, Loes, 
Marius, Wim, Wim, Tijs, Tonek en Ad, Bert, Dick, Fariny, Frans en Jan hartelijk 
bedankt. 

Het onderzoek beschreven in dit proefschrift vindt zijn oorsprong in het proef
project Katalyse van de door Economische Zaken gedeeltelijk gefinancierde Inno
vatiegerichte Onderzoeks Programma's. 
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1. De discontinuiteit in het verloop van het specifieke oppervlak va.n amorfe 
alumino-silikaten als functie va.n de Si/ Al verhouding duidt eerder op het op 
grote schaal aanwezig zijn va.n micro-poriën da.nop aanwezigheid va.n ingesloten 
holtes, daa.r geen ingesloten water wordt waargenomen. 

S.L. Hietala, J.L. Goldon, D.M. Smith, C.J. Brinker, 
J. Am. Cer. Soc. 72 (1989) 2354. 

2. Aggregatie leidt tot vergroting va.n structurele eenheden hetgeen gepaard gaat 
met een vergroting van de gyratie-straal. De door Winter e.a. gerapporteerde 
constante waarde voor de gyratie straal kan worden toegeschreven aa.n het feit 
dat in de Guinier analyse de structuurfactor wordt verwaarloosd. 

R. Winter, D.-W. Hua, P. Thiyagarajan and J. Jonas, 
J. Non-Cryst. Solids 108 (1989) 137. 

3. De door Moini e.a. waargenomen maxima in de SANS-verstrooiingscurves van 
silica solen mogen niet worden toegeschreven aan de aanwezigheid va.n grotere 
deeltjes die als gevolg van groeiprocessen (veroudering) gevormd zijn uit kleinere 
soldeeltjes. Analyse va.n de SANS-curves op ba.sis van structuurfactoren zal 
inzicht geven in de ruimtelijke ordening van de afzonderlijke silica sol deeltjes, 
hetgeen wordt teruggevonden in de gerapporteerde maxima. 

A. Moini, T.J. Pinnavaia, P. Thiyagaraja.n and J.W. White, 
J. Appl. Cryst. 21 (1988) 840. 

4. De bewering van Carlton e.a. dat re-activering van door coke gede-activeerde 
ZSM-5 katalysatoren met behulp van zuurstof leidt tot een betere oxidatie va.n de 
alifatische residuën dan reactivering met behulp van een ozon/zuurstof-mengsel, 
is dubieus aangezien spinzijbanden in de NMR-spectra zijn behandeld en toege
kend als waren het onafhankelijke resonanties. 

L. Carlton, R.G. Copperthwaite, G.J. Hutchings a.nd E.C. Reynhardt, 
J. Chem. Soc" Chem. Commun., (1986) 1008. 
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5. Zogenaamde oppervlakte-fractale structuren worden gekarakteriseerd door frac

tale dimensies groter dan 2 en kleiner dan 3. De fractale dimensie van geag
gregeerd bloed plasma ('D= 1. 7 4-1.95) mag daarom niet met het oppervlak worden 
gecorreleerd doch moet aan het dichtheidsverloop binnen de aggregaten worden 
gerelateerd. 

R. Blinc, 0. Jarh, A. Zidansek and A. Blinc, 
Z. Naturforsch. 44a (1989) 163. 

6. Re-organisaties van silikaatstructuren die via diffusie gelimiteerde duster-cluster 
aggregatie (dimensie 'D=l.75) zijn gevormd, zullen leiden tot een toename in 
fractale dimensie ('D=2.25). Daarbij zal de hogere dimensie eerst bij kleine 
correlatie-afstanden en dus bij grote verstrooiingsvectoren worden aangenomen. 
De door Martin e.a. gerapporteerde toename van de fractale dimensie bij kleine 
verstrooiingsvectoren tot 'D=2.5 moet daarom worden toegeschreven aan een 
foutieve analyse van de verstrooiingscurve als gevolg van een te kort fractaal 
gebied. 

J.E. Martin, J.P. Wilcoxon, D. Schaefer and J. Odinek, 
Phys. Rev. A 41 (1990) 4379. 

7. Kristallisatie van waterige silikaat oplossingen die tetraedrische tetrameren ( QD 
bevatten, kan leiden tot nieuwe zeolieten die interessante eigenschappen bezitten 
met betrekking tot de grootte van de poriën. 

A.J.M. de Man, Personal Communication. 

8. Vaak wordt ten onrechte verondersteld dat wanordelijk gedrag tot ongewenste re
sultaten moet leiden. De praktijk en de natuur leren echter het tegenovergestelde, 
getuige het wanordelijk, fractaal verloop van de hartslag van een gezond indi
vidu, de ontwikkelingen in het "Oostblok" en de toestand van de schrijftafel van 
een promovendus tijdens het laatste stadium van zijn promotie-onderzoek. 

9. Vrijwilligerswerk blijft een noodzakelijk kwaad. 
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10. Indien de in de volksmond bekend staande "alternatieve" energiebronnen zoals 
windenergie, op grote schaal worden toegepast, zullen anti-groeperingen 
gewapend met kreten als "horizonvervuiling", als paddestoelen uit verzuurde 
grond schieten. 


