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1 
General Introduetion and Scope 

Introduetion 

The characterization and understanding of amorphous gel phases and gel transformations 

on both molecular and sub-coHoidal scale is of interest because it can lead to a purposive 

research for new materials produced according to sol-gel synthesis. Up to now, high quality 

and very diverse silica products are produced mainly via chemistry that is not well 

understood. Also molecular sieves or zeolites are prepared with little rational design. For the 

development of improved processes, the gel transformations occuring on a molecular level 

will have to be understood and controlled. This may help to perform synthesis by a priori 

design, a better option for the future. 

Silicas 

Silicas are materials with a wide diversity in properties due to the large choice of possible 

preparation routes and are used in many industrial applications as filter agents, filling 

materials, abrasive products and as catalyst carriers in heterogeneous catalysis [1]. The silica 

souree for the preparation can bewater glass (alkali silica solution) or a silicon alkoxide like 

TMOS or TEOS. A large advantage of silicon alkoxides compared to waterglassis that both 

a hydrolysis and a condensation step are needed to obtain a silica structure, offering many 

possible ways to influence the growth process and resulting in a large variety in products. 

Furthermore, the purity of the silicon alkoxide precursors is higher compared to water glass. 

In the growth processes of silicas prepared from water glass only a condensation step is 

involved. Water glassis however a much cheaper silica source, being the main reason for its 

usage in industry, where silicon alkoxide has no immediate advantage. 

This thesis concerns silica chemistry based on the use of water glass. The gelation 

reactions can be initiated by lowering the pH of water glass by acidification. This route has 

the advantage that the rate of reaction is low, due to the absence of reactive negatively 

charged oxygen groups at these low pH values, providing a possibility of studying the gel 

transformations dynamically and in situ. Also tenuous, porous aggregates are formed, 

avoiding very dense agglomerates obtained at high reaction pH. 
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The reactions occuring after reaching the desired reaction pH can be subdivided as follows 
[1]: 

1) Silica monomers and oligomers present in the water glass will start to grow, forming 

larger (primary) particles. This process is especially enhanced at high reaction pH. 

2) These primary particles may then react with each other and form denseclusters ornne 

open aggregates, depending mainly on pH and concentration. 

3) Above a threshold concentration, these clusters may combine and form a percolating 

network (gel) throughout the reaction vessel. 
4) Restructuring processes (aging) start directly after the formation of the first bond between 

the silica primary particles, but will beoome dominant after the cluster growth processes 
are finished, independent of gelation phenomena. 

The term aging [2] is a collective term for a number of possible reorganisation processes 

occuring in the clusters of amorphous silica gels. Aging oomprises the redissolution and 

migration of silica particles from convex to concave surfaces and syneresis, a process 

descrihing the exclusion of water from the gels due to a crosslinking of branches from 
neighbouring clusters. Duringaging processes the silica structure will bereinforeed providing 

strength necessary to withstand the forces applied on these structures during drying processes 

[3]. Also the growth of pores and the development of mesoporosity start during aggregation 

and may be conserved better during drying, after aging processes have occurred. 
The clusters formed may exhibit mass fractal properties [4]. The mass of the cluster scales 

with the radius of the cluster as a power-law according to: M - RDf, with M the mass of the 

cluster, R the radius of the cluster and Dr the mass fractal dimension. The concept of the 

fractal dimeosion is very useful for studying aggregation and aging processes and provides 
a structural parameter for the description of the amorphous gel phase. 

Zeolites 

Zeolites, crystalline silica-alumina matenals with a well-defined microporous pore 

structure, find widespread application in diverse areas [5]. The pore selectivity of zeolites 

combined with possibilities for active sites and a high thermal stability provides an extremely 

useful catalyst for heterogeneous catalysis, but is also applied in ion-exchange, separations 

and recently even as molecular sensor [6]. Zeolites may be crystallized from amorphous 

precursor gels and the above described aging processes for silica gels play an important role 

during zeolite synthesis as well. Some interesting results have been publisbed in this area, but 
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knowledge concerning gel transformations before crystallization and the formation of 

nucleation sites is stilllimited. 

Analysis 

The characterization of amorphous silica (alumina) gels is difficult. If the wet phase is to 

be characterised, no sample preparation steps, changing the chemistry and texture of the wet 

gels, should be invoked. Drying may cause irreversible damage to the systems, due to the 

huge capillary forces applied on the pore walls of the gels resulting in a collapse of the 

structure present. For a large number of characterization techniques, drying is a prerequisite. 

Techniques as electron microscopy (SEM, TEM), solid state NMR, fysisorption, 

chemisorption and porosimetry, all need the removal of the pore fluid before analysis and 

cannot be used to investigate wet gels. These techniques are however very useful for 

determining the structure of the final dried or crystallised product. 
29Si-NMR, 1H relaxation NMR, Raman spectroscopy and especially small angle scattering 

are examples of techniques allowing to monitor structure development in amorphous wet gels 

in situ, without alleration of the structure before analysis. 

In this thesis mainly small angle scattering and 1H-NMR have been applied to study the 

gel transformations both on a molecular and (sub)colloidal scale (1-lOOnm). Thecombination 

SAXS-WAXS bas also been used recently, to study gel transformations in the amorphous 

precursor zeolite (SAXS) linked with the crystallinity (WAXS), for the elucidation of the 

mechanism of zeolite formation. 

Small angle scattering 

Smal! angle X-ray (SAXS) and neutron (SANS) scattering [7,8] can discern between 

matter (silica) and surroundings (water) and information can be obtained concerning primary 

partiele size, correlations hetween primary particles organised in a cluster and the cluster size. 

Aggregates exhibit under certain experimental conditions mass fractal behaviour, indicating 

that the mass in the cluster scales with the radius of the cluster according to a power-law. The 

mass fractal dirneusion depends on the structure factor descrihing the correlations between the 

primary particles organised in the cluster and is therefore a structural parameter. The fractal 

dimension can be extracted from the scattering spectrum. 

In situ monitoring of the fractal dimension may provide information on a sub-coHoidal 

scale concerning aggregation and aging processes in the wet silica gels or zeolite precursor 

reaction mixtures. Small angle scattering is, due to the non-invasive and in situ character, 
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ideally suited for the characterization of wet gels on a sub-colloidal scale. Furthermore, high 

intensity synchrotron radiation provides possibilities for performing dynamic and time 

resolved experiments. 

Relaxation 1H-NMR 

Relaxation 1H-NMR [9] was used because of the non-invasive and therefore non

destructive character during analysis of the wet gel. Relaxation 1H-NMR is based on the 

difference of relaxation times between water molecules present in the bulk and water 

molecules in the proximity of the silica surface. The protons of water molecules will have 

a net magnetization when placed in a magnetic field. After introduetion of a short 

radiograpbic signal these protons will be excited and relax by transferring their energy to the 

surroundings. Protons of water molecules present in the proximity of the silica surface will 

be able to relax faster compared to protons in bulk water because their energy can be 

transferred onto the silica lattice. The observed relaxation time, an average of bulk and 

surface water, may provide in situ information about structure development in amorphous 

silica gels. 

Further teehuignes 

Besides 1H-NMR and small angle scattering, also other techniques have been used to 

characterize the final products. Fysisorption of N2, better known as, though incorrectly, as 

the BET metbod has also been applied . for the characterization of the dried silica gels or 

xerogels. The texture of the xerogel can be described with the following textural parameters 

obtained from BET: specific surface area, specific pore volume and pore size distribution. 

The link between structure of the wet gels and the xerogels is however not straightforward. 
29Si-NMR [10] provides information on a molecular scale, but due to the low natura! 

abundancies of 29Si, the concentration of the systems studied must be fairly high. Solid state 
29Si-MASNMR doeshowever not suffer from this limitation and can therefore be used to 

study xerogels. Solid state MASNMR may provide useful information on a molecular scale, 

complementary to the colloidal scale information obtained with relaxation NMR and small 

angle scattering. 

The interaction of X-rays with crystalline species can provide information about the 

atomie structure of the sample. The advantage of W AXS combined with SAXS at a 

&ynchrotron souree is that crystalline phases on an atomie scale (YV AXS) can be monitored 

simultaneously with amorphous phases on a sub-coHoidal scale (SAXS). The high intensity 
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of the synchrotron radiation further provides the possibility of performing the experiments in 

situ, dynamically and time resolved on the wet gel. For standard X-ray diffraction samples 

need to be dried, larger quantities are necessary and the accumulation times are longer (factor 

6 for 28=60°). 

Innovation-oriented Research Programme (IOP) 

A sentence often found in the acknowledgement of a paper of a pH D-student supervised 

by a IOP-comittee is: financial support was provided by the Dutch Department of Economie 

affairs as part of the IOP-catalysis programme. The function of the IOP is however extended 

above the provision of financial support. 

The main objective of the IOP is to act as a communicative bridge between research 

performed at research facilities as universities and the industrial research. In industry the 

researchoftenis focussed on business research c.q. support of existing production lines and 

development of new products for which already a market exists. University research is more 

focussed on fundamental research using model experimental systems or techniques not 

commonly used in industry. The function of the IOP is to act as a bridge between industry 

and universîty thus decreasing the gap between the two kinds of research. 

The main characterization technique used for the characterization of wet gels and gel 

transformations in the research described in this thesis is smal! angle X-ray (SAXS) and 

neutron scattering (SANS). The samples studied are precursor gels of silicas and zeolites, 

materialsof major importance for industrial heterogeneons catalysis. The gel transformations 

occur on a sub-coHoidal scale in a wet phase therefore requiring a technique that can study 

these transformations on the appropriate scale. 29Si-NMR is a suitable technique to study wet 

gels, but does only provide information on a molecular scale. Therefore is was agreed that 

the smal! angle scattering technique not commonly available in industry would be used to 

describe gel transformations occuring on a (sub)colloidal scale in industrial precursor gels. 

Scope of Thesis 

A priori design of suited catalysts or catalyst supports is difficult due to the limited 

knowledge available about processes occurring on a molecular scale during synthesis of these 

materials. Up to now, silicas and zeolites have been produced mainly according to trial and 

error synthesis. In this thesis transformations occurring in silica gels and zeolite precursor 

reaction mixtures have been studied to obtain insight of the processes occurring on a 

molecular and sub-coHoidal scale. 
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The main techniques used for the characterization of the wet samples in situ were Small 

Angle X-ray and Neutron Scattering (SAXS and SANS), SAXS combined with W AXS (Wide 

angle X-ray scattering) and 1H relaxation NMR. Further techniques used for the 

characterization of dried products were 29Si-MASNMR, fysisorption of N2 (BET) and XRD 

for the characterization of crystallinity. 

Chapter 2 gives a brief introduetion to the basics of silica and zeolite chemistry and 

discusses fractal aspects in combination with small angle scattering. This chapter introduces 

the reader to some basics used throughout the thesis. 

In chapter 3, 1H relaxation NMR and SAXS are combined tostudyin situ transformatlans 

accuring in silica gels on a molecular (NMR) and sub-colloidal scale (SAXS). The influence 

of catalytic quantities of fluorine and pH on structure development in the silica gels is 

monitored. The results obtained with the in situ techniques are supported by fysisorption (N2) 

experiments. 

Porous dried silica xerogels, aged in the wet gel phase under various conditions (addition 

of catalytic amounts of fluorine and high temperature) are studied in chapter 4 with smalt 

angle neutron scattering. Especially concerning the pore geometry of the xerogels, SANS is 

a powerfut technique, due to the possibility of contrast variation by introducing a H20/D20 

mixture into the pores. 

In chapter 5 the structure development in silica gels under influence of quaternary 

ammonium ions, frequently used as templating agentsin zeolite synthesis, is investigated. The 

in situ results obtained with SAXS are combined with 29Si-MASNMR results and showed 

good agreement. 

Chapter 6 describes a SANS study and a combined SAXS-W AXS study of a high silica 

concentration synthesis of silicalite. The experiments were designed such that in situ, 

hydrothermal and time resolved measurements were possible. By combination of small angle 

and wide angle scattering, transformations of the amorphous phase and crystallinity can be 

monitored simultaneously. 

The synthesis of silicalite from a clear (no gel phase), low silica concentration reaction 

mixture is discussed in chapter 7. Contrary to the silicalite synthesis mixture described in 

chapter 6, homogeneons nucleation was expected to occur. 

Finally, an evaluation of the main results and obtained insights on transformatlans 

occuring in silica gels and zeolite precursors is presenled in chapter 8. 
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2 
Silica Chemistry, Fractals and Small Angle Scattering 

Introduetion 

In this thesis silica solutions, silica gels and zeolite precursor reaction mixtures are 

investigated. All these samples are amorphous but may crystallise depending on conditions 

used during further treatment and of course depending on the composition [1]. The 

investigation of these systems is not straightforward and requires a not-standard technique for 

analysis. Techniques requiring drying before analysis are not suited because during drying 

irreversible changes may occur to the structure present in the wet phase [2]. For example 

techniques like electron microscopy, porosimetry and adsorption techniques are very useful 

for the analysis of the final product, but may however notprovide information relevant to the 

structure present in the wet gel phase. Techniques used in this research for the analysis of wet 

gels are small angle X-ray scattering [3,4], possibly combined with wide angle X-ray 

scattering, small angle neutron scattering [5] and 1H relaxation NMR [6]. An introduetion to 

the characteristics of the samples and small angle X-ray scattering will be outlined in the 

following paragraphs. 

Silica Gels 

SiHca gels may be prepared with many different properties, thus providing materials 

which may be and are used in many industrial applications [7]. They are used for example 

as filter agents (high specific surface area), drying agent (hydrophilic and high specific 

surface area), filling agent (high specific surface area and unexpensive) and in heterogeneous 

catalysis as a catalyst support (high specific surface area and high thermal stability). 

In industry silica gels are often prepared by adding acid and water glass (an alkali silica 

solution) to water, creating a reaction medium with a constant pH, but with increasing silica 

concentration. The reaction pH is chosen to be high because of the high rate of reaction, but 

is lower than the pH of water glass. 

The gels studied in this research were prepared by adding water glass to hydrochloric acid 

thus avoiding the very high reaction pH and high reaction rates, offering the possibility to 

study the gel transformations in situ (pH =4 ). 
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By this metbod the silica monomers and oligomers are introduced to a very low pH 

system with low reaction rates. The pH will increase upon addition of the water glass to the 

hydrochloric acid, passing the isoelectric point (pH=2) [7], where the reaction rate is 

rninimal. Further addition of water glass will lead to a pH higher than the isoelectric point 

resulting in the presence of negative charges on the silica particles. These negative particles 

are the reactive entities in the system and may react according to the following 

condensation/hydrolyses equilibrium reaction [7]: 

W- Si o- + HO - Si - W .. W- Si - 0 -Si - W + on- (1) 

where the OH· is converted into H20 when the reaction solution is still acidic. W indicates 

three other groups attached to the four coordinated silica whether oxygen bonded to another 

silicon atom (siloxane bridge), a hydroxyl group or a negatively charged oxygen atom. 

The reaction pH often used for our samples is pH=4. Lower pH will result in very low 

reaction rates due to the absence of sufficient negative charges while higher pH will result 

in very rapid coagulation of the silica resulting in very dense, structureless coagulates [1]. 

In acidified water glass the following different reaction steps may be discemed: 

1) partiele growth 

2) aggregation 

3) gelation 

4) aging 

Steps 1 ,2 and 4 are mass transformations successively dominant in the reaction mixture. 

When gelation occurs a percolating network is formed throughout the reaction vessel but will 

be observed only above a eertaio silica concentration. The micro-scale characteristics of the 

aggregates building the gel will notchange upon gelation [8]. The individual steps mentioned 

bere will now be described in the following sections. 

First the monomers and oligomers present in the reaction medium will start to combine 

according to the condensation reaction described in reaction (1), resulting in a mixture of 

monomers, oligomers and small polymers. The mechanism of the condensation or 

combination reaction is expected to proceed as follows: 
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Figure 1: Condensation reaction 

according to the SNJmechanism [7]. 

According to lier [7] a nucleophilic attack of the negatively charged oxygen atom on the 

slightly positive charged silicon atom of another partiele results in the formation of a siloxaan 

bridge and the exclusion of a OH"-group. Partiele growth is especially favoured at high 

reaction pH leading to an Ostwald transformation process and larger sphere-like particles. 

As soon as particles are formed, also partiele-partiele bonds may be formed according to (1) 

and form open aggregates (figure 2) which may exhibit fractal properties. Fractal aspects are 

discussed later in this chapter. 

.. ~ ,.. ••• ••• . . . . ____,. .. --
••• 

(a) (b) (c) 

Figure 2: Aggregation of single 

particles (a) into (b)andsubsequent 

aging (c). 

The structure of the formed aggregates is dependent on reaction parameters used during 

preparation of the silicagel [1], which influence the rate of combination. Diffusion rates are 

inversely proportional to the size of the diffusing particles or aggregates. There are two 

limiting cases of aggregation namely reaction limited [9] and diffusion limited [1 0,11] cluster

cluster aggregation. In case of diffusion limited aggregation, reaction between particles will 

occur upon collision resulting in open, tenuous structures. When reaction is limiting particles 

will collide more often before reaction occurs and the primary particles are therefore able to 

penetrate deeper into the already existing aggregates, resulting in more compact, denser 

aggregates. 
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Aggregation continues until all primary particles have been incorporated in aggregates or, 

if the concentration is sufftcient, when a percolating network is formed throughout the entire 

reaction vessel. Gelation is characterised by the fact that the viscosity increases rapidly from 

the viscosity of the liquid to the viscosity of a solid [12]. In practice gelation can be discerned 

when the meniscus of the material shows nodeformation on twisting the container. Upon 

movement of the container, the gel will not flow but stay rigid. 

Particles that arenopart of the aggregates or network are still diffusing freely through 

the liquid and continue to condensate on this gel backbone, cpanging the properties of the gel. 

This is a form of aging (figure 2) which may result in a substantial growth of the branches 

of the network long after aggregation and gelation [ 13, 14]. 

Another form of aging may be crosslinking processes, where adjacent hydroxyl groups 

or hydroxyl groups from adjacent gel branches will polymerize into siloxane bonds. During 

this process the gel may contract and a shrinkage of the gel will take place under expulsion 

of reaction liquid from the pores. This form of aging is called syneresis [15]. 

Coarsening or ripening [7] is a third form of aging where dissolution and reprecipitation 

of silica particles occur, driven by differences in solubility between surfaces with different 

radii of curvature. Redissolution will occur from surfaces with positive curvature and will 

precipitate in regions with a negative curvature, causing growth of necks between aggregated 

particles, increasing the strength and stiffness of the entire gel. 

Aging results in a reinforcement of the structure, originated during aggregation (and 

gelation). The average pore radius of the gel will increase by these reorganisation reactions 

aJ)d the specific surface area will decrease due to the transport of material to energetic more 

favourable positions. If the gels are not aged, the pores present are very likely to collapse 

during drying due to the minimal strength of the backbone. Aging of gels, prepared as 

described above, is a prerequisite for obtaining mesoporous materials. 

Zeolites 

Zeolites are crystalline silica-alumina materials with a very well defined microporous 

structure [16]. Silicon and alumina atoms are bounded tetragonally in the crystalline structure 

via oxygen bridges to other silicon or aluminum atoms. If aluminum atoms are present in the 

zeolite structure a charge deficiency will be present and non-lattice cations are needed for 

charge compensation. Acid sites can be introduced into the voids of the zeolite by exchanging 

these charge compensating cations by hydrogen ions. Furthermore it is possible to exchange 

framework silicon or aluminum atoms by other metal atoms thus introducing the possibility 

for redox active sites. Combination of all these properties may offer a size selective, 
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bicatalytic and also high thermal stabie catalyst. 

Zeolites are prepared by mixing appropriate ratios of amorphous silica and alumina 

precursors, forming an amorphous precursor gel. This gel is heated (hydrothermally) and 

after eertaio reaction times a crystalline zeolite will form. Figure 3 shows the crystallinity 

during a zeolite synthesis as a function of time. 

crystallinity 
(%) 

crystallization 

\ 100% 

0 """"==~----___,.. 

I 
in duetion 

peri ad 

time 

Figure 3: Crystallinity as ajimction 

of time during zeolite synthesis. 

Typical is the existence of an induction period, before crystallinity is observed. Crystallization 

does not start directly upon heating the reaction mixture. This indicates that one or more gel 

transformations will have to occur, forming a phase from which nucleation and subsequent 

crystallization can occur. Every phase formed will have a lower energy than the preceding 

phase. Also the crystalline zeolite may be considered to be a (stable) intermediale in this 

overall process [ 17]. 

The reactions occurring during the phase transitions in the induction period are 

condensation and hydrolysis reactions similar to the reactions described in the paragraph about 

silicagel chemistry. The aging reactions, being of crucial importance for the development of 

structure in silica gels, also play a very important role during the induction period of the 

synthesis of zeolites. We need to keep in mind however that the pH used in standard zeolite 

synthesis, is much higher than the pH applied during silica gel preparation. 

The mechanisms of zeolite formation are very complex due to the plethora of reactions, 

equilibria and solubility variations that occur throughout the reaction mixture during the 

synthesis. The reaction mixture will be in a random state from which it will evolve into some 

microscopie order (nucleation sites) and then to a final state where the long range order 

typical for zeolite crystals is present [17]. 

Two mechanisms are proposed for zeolite formation, the solution mediated transport 

mechanism and the solid phase transition mechanism [18]. The first involves the diffusion of 

silica or silica and alumina toa site where nucleation occurs. Crystal growth will take place 

by diffusion of reactive species to those nucleation sites [19]. The solid phase transport 

mechanism suggests that the gel formed after mixing the reactants will transform into a phase 
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in which nucleation and subsequent crystallization will occur, without participitation of the 

liquid phase [20]. There is experimental evidence for both mechanisms, but it was also shown 

that ZSM-5 can be synthesized according to either mechanism and that the route is dependent 

on the souree of silica used [21] or on reaction conditions [22]. 

A very useful technique for the identification of phases and phase transitions occurring 

during the induction period may be small angle scattering of X-rays (SAXS) or neutrons 

(SANS), possibly combined with wide angle X-ray scattering (SAXS-WAXS). SAXS-WAXS 

was recently implemented on beamline 8.2 of the synchrotron radiation souree at Daresbury 

Laboratory [23] and offers the possibility of monitoring gel transformations (SAXS) 

simultaneously with crystallinity (W AXS). Furthermore, due to the high intensity of the 

synchrotron incident beam and the development of a high pressure in situ reaction cel, these 

experiments can be performed in situ and dynamically under hydrothermal conditions. 

Fractals 

The aggregates formed during silica gel preparation often tend to exhibit fractal properties 

[24]. A large number of computer growth models producing fractal structures have been 

publisbed lately [25] and many of the models are a variation of six basic models which can 

be differentiated by two main factors: transport or diffusion [10, 11] and reaction or sticking 

[9] probability. In tigure 4 a survey of these six basicmodelsis presented. 

Clusters approach each other by Brownian motion in the diffusion limited regime. Because 

of the diffusive nature of the transport, few particles ever penetrate into the interior and most 

growth takes place at the tips of the cluster. In ballistic growth the trajeetori es of the particles 

are linear and large compared to the size of the growing clusters. As a result, the monomers 

are more likely to penetrate into the interior of a cluster than in diffusion limited growth, 

resulting in more compact structures having a larger fractal dimension. In the case of reaction 

limited growth, not transport but the sticking probability between particles is important. 

Numerous contacts are required before a bond is succesfully formed, permitting monoroers 

to penetrate deeper into the interlor of the growing clusters, resulting in compact aggregates. 

Mass fractal structures are characterized by a mass gradient in the cluster according to: 

M - RDt with M the mass of the cluster, R the radius of the cluster and Dr the mass fractal 

dimension [27]. This relation represents self similarity what in this physical systems means 

that the cluster is geometrically self similar when viewed on length scales between Rg, the 

radius of gyration of the cluster and Ro, the radius of gyration of the primary building unit. 

Systems with Euclidean, non-fractal dimensions like a rod, a disc and a sphere-like structure 

have mass fractal dimensions of respectively Dr = 1, 2 and 3, consistent with the common 
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characterization of these objects. Por mass fractal objects the fractal dimension Dr is a non

integer and varies between 1 and 2 in two-dimensional space and between 1 and 3 in three

dimensional space. 
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Figure 4: Models of kinetic growth. The milSS fractal dimensions of the three dimensional 
simulations are shown but for clearity reasons the two-dimensional clusters are shown. 
Simulations performed by P. Meakin [26}. 
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The fractal dimension can be envisioned according to the following general formula 

derived from M - R0 r: 

(2) 

In each iteration step, when increasing the radius of the object from R; to R;+t• the mass of 

the object will increase as well from Mi to Mi+t· This is illustrated with the calculation of the 
fractal dimeosion of some common objects and a fractal structure in two-dimensional space 

(figure 5). 

Rod: 

Plane: 

Fractal object: 

M increases with a factor 2 if R increases with a factor 2 
M - Rlog211cg2 - R1 

M increases with a factor 4 if R increases with a factor 2 
M - Rtog411og2 - R2 

M increases with a factor 5 if R increases with a factor 3 
M - Rtogsllog3 - R t.46s 

The same approach [28] can often be foliowed when dealing with other objects in three

dimensional space, providing a description of the structure of clusters present in silica gels 

(figure 6a). When zooming in on smaller length scales, the information about the cluster is 

lostand the size of the primary building units is resolved (figure 6b). 

(a) (b} (c) 

Figure 6: The structure of a mass fractal object on several length scales. 

When zooming in even further, the surface topology of the primary building particles may 

be probed (figure 6c) and another fractal concept can be applied. The surface roughness may 
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bedescribed similar to the mass fractal structure according to [27]: 

(3) 

The variabie a can be considered as being a ruler to measure the surface of the rough 

particle. If this ruler is large a lot of small cavities will not be notleed and the resulting 

surface area is small. When the length of the ruler decreases, more and more surface 

irregularities will be found, contributing to an exponentlal increase in surface area. The 

power-law exponent of the relation between lengthof the ruler and the corresponding surface 

is termed the surface fractal dimeosion (DJ. 

For D, = 2, the particles have a smooth surface coinciding with the common view that a 

surface is a two-dimensional object. When the surface roughness increases, D, can vary 

between 2 and 3. The surface fractal dimension will approach three for an exceedingly rough 

surface that also may bedescribed as a structure with a homogeneous distribution of mass and 

voids. The surface area will then be proportional to the mass: D, ~ 3 [28]. 

Small Angle Scattering 

In this section some principles of small angle scattering will be outlined [3,4]. When an 

incident beam is proceeding through a sample it willinteract with the species present (figure 

7). The scattering of X-rays will be influenced by electrons, neutrons by nuclei and light by 

the refractive index of the irradiated sample. 

incoming 
beam 

quadrant or 
SAXS detector 

beam stop 

Figure 7: Schematic set-up of a smal/ angle scattering experiment. The beamstop is needed 

toproteet the detector for the high intensity ofthe incoming beam. A quadrant detector is used 

because the intensity of the scattered radiation decreases exponentially with the scattering 

angle. 
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The scattering theory is independent of the radiation used (X-rays, neutrons or light) aud 

will be outlined below. 

Figure 8: Scattering by two point 
eentres 0 and P. 

In tigure 8 the difference in optical path between scattering from point P aud some 

arbitrary reference scattering point 0 is illustrated [4]. This difference is specified by a vector 

r aud is equal to: r • (s. - s) (bold type indicates vectors). The phase q> = 21t/À r • (So- s) 

= Q • r. It can be seen that (s. - s) lies perpendicular to the scattered beam aud the 

magnitude is 2sin(9), e being half the scattering augle. The vector Q has the samedirection 

as (s. - s) aud magnitude: Q = 21t/À sin(29). The incoherent or Campton scattering 

( scattering due to electron trausitions in the irradiated material) can be neglected in scattering 

at small augles. 

When the elementary particles are uniform, a good approximation for the scattered 

intensity I(Q) [29] may be written as the product of the form factor P(Q) [3,30] aud the 

structure factor S(Q) [31]: 

I(Q) = !!_ P(Q) S(Q) 
V 

where N/V is the number density of particles or individual scatterers in the sample. 

(4) 

The form factor is descrihing the relation between scattering aud the geometry of the 

primary building units aud the structure factor is related to the contributions of the structural 

organisation (mass distribution) of these primary particles aud is independent of the presence 

ofbonds between these primary particles. Information about the geometry of primary particles 

can be found at large scattering augles (large Q, small R) aud information consirlering the 

spatial arraugements of these primary particles is present at small scattering augles (small Q, 

large R). 

For a monodisperse system of spherical aud homogeneaus particles of size Ro aud density 

p for the particles aud Po for the surrounding medium, the form factor cau be described by: 
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(5) 

Scattering is caused by a difference in scattering density (p-p0) and occurs therefore only from 

the borders between the particles and surrounding medium. The internal structure of 

homogeneous particles can not be resolved. 

The expression for P(Q) at small scattering angles (Q~ « 1) compared to the redprocal 

value of the size of the primary particles (~) can be approximated by: 

Q2~ 
P(Q) ~ y-l(p-po)2 (1--5-) (6) 

Por monodisperse particles with a radius of gyration Rg (Rg2= 3/5 Ro2
) this relation results 

in the well known Guinier approximation: 

(7) 

With the help of this relation the size of particles may be easily obtained when log intensity 

is plotted as a function of Q2
• This relation should provide a straight line for monodisperse 

particles and from the slope of this plot (Guinier plot) Rg may be extracted. 

At large scattering angles or large Q (QRo » 1) P(Q) decreases as Q4
: 

P(Q) = 2y2(p-po)2_1_ 
2 (QRo)4 

(8) 

(!I) 

with S the total surface of the non-fractal particles. 

The structure factor introduced in formula (4) describes the spatial arrangement of the 

primary scattering particles. The scattering theory relates S(Q) via a Pourier transform with 

the pair correlation function g(R), describing the chance to find another partiele within a 

distance R from a certain particle. Por an isotropie system in three dimensions the following 

relation can be derived: 
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(10) 

<I> = NIV is equal to the number density of scattering particles. One expects a crossover at 

Q - 1/Ro from a region where I(Q) depends essentially on S(Q) (small Q, P(Q) = 1) to a 

region where I(Q) depends on P(Q) (large Q, g(R)=l). 

Scattering of a Fractal Object 

The number of particles N(R) within a sphere of radiusris given by: 

R 

N(R) = + fg(R)4nR 2 dR 
0 

The fractal dimeosion (Dr) is defined by: 

N(R) = (-!i-/1 

Ro 

Differentlation of this equation leads to: 

dN(R) 

Combination of (12) and (14) leads to: 

(11) 

(12) 

(13) 

(14) 

(15) 

The structure factor S(Q) is obtained from the Fourier transform of the correlation function 

g(R) minus 1, with -1 introduced to account for the limiting value of g(R) at large distances 

and introducing a cutt-off function in case of a fractal object [32] with cut-off size ~: 

D RDrt -R 
cflfg(R)-1] = .....1 (-) exp(-) 

4n ~~ ~ 
(16) 

Combination of equation ( 1 0) and equation ( 16) leads to an expression for the structure factor: 
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D ~ . 
S(Q) - 1 + _1_ J RDr' exp(-R) sm(QR)dR 

~~ o ~ QR 
(17) 

This Fourier transform can now be evaluated as described in reference 32: 

(18) 

with r-(x) the gamma function. The scattered intensity of a fractal object is given by equation 

(4) where P(Q) and S(Q) are respectively described in equation (5) and (17). 

At large scattering angles (large Q, QRo ,, 1) S(Q) "" 1 and therefore I(Q) "" P(Q). At 

small scattering angles (small Q, QRo« 1) but large compared totheinverse finite overall size 

of the system (Q ,, 1!1;), P(Q) "" 1 and I(Q) "" S(Q) and S(Q) has the limiting value: 

1 (D -1)1t 
lim S(Q) - 1 + --D r(D -1) sin[-/-) ~ (QRa)-01 
~·~ (QRa)Df I I 2 

(19) 

This result is very often used to determine the fractal dimension of a scattering object from 

the scattering spectrum. One has to be very careful in using this equation because it may only 

be applied in the region Qs ,, 1 and QRo « 1. The application of equation (19) outside these 

limits may be the cause of serious errors in the determination of the mass fractal dimension. 

Equation (18) should be used in those cases. 

Scattering from Surface Fractals 

The roughness present on a surface can be described according to the definition of the 

fractal dimension D, as shown in formula 3. As R approaches zero, the number n of cubes 

with edge R needed to make a layer covering the complete surface of a rough partiele or 

pore, can be expressedas [34]: 

(20) 

with N0 a constant characteristic of the fractal boundaries. The fractal surface surrounding 

a three-dimensional volume is equal to: 

s = N R(2-D~ 
0 

(21) 

For a smooth surface N0 is equal to the total surface area S seperating the two phases in the 
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sample. Surfaces usually exhibit fractal properties on length scales smaller than the diameters 

of the mass fractal gel branches described in a preceding section. Therefore, the structure 

factor S(Q) can be set equal to its large Q-limit of 1. 

For a porous sample in which solid material with uniform electron density occupies a 

fraction c of sample volume V and the pores take up a fraction ( 1-c) of the sample volume, 

the •cattered intensity can be written as (two phase approximation [3]): 

(22) 

This expression yields the power-law scattering characteristics of the small R structure of the 

scatterer. Bale and Schmidt [34] showed that for small R: 

N R3-Dr 

g(R) "' 1--=--0 --
4c(l-c)V 

(23) 

An approximation for the scattered intensity for small R (large Q) can then be expressed as 

[34]: 

(24) 

In this equation the short range atomie structure is neglected, so it does not apply when Q is 

large enougb to resolve the structure on atomie dimensions. 

Comparison of equation 19 and 24 shows, that the power-Iaw scattering exponents for 

rnass-fractal and surface fractal scattering are- Dr and- (6-D.) respectively. Since Dr < 3 

and 2 < D. < 3 the power law exponent is less than 3 for mass fractals whereas for surface 

fractals 3 < (6-D.) < 4. The magnitude of the power law exponent thus shows immediately 

if the scatterer is a mass fractal or a surface fractal object. 

Por a smooth partiele (D.=2) equation (24) reduces totheresult of equation (9): 

l(Q) - 21r(p-p~SQ_. - P(Q) (25) 

If the particles exhibit polydispersity the form factor will be smeared out resulting in a 

straight line in a log-log representation of the scattering signal. The independent ripples of 

relation (24) will not be resolved. Also for monodisperse particles at very large Q (QRo,. 1) 

the independent riples will not be observed anymore. 

Tbe relation between the scattering spectrum from an object with both mass fractal and 

surface fractal properties on different length scales is summarised in figure 9. 
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Figure 9: Schematic representation of an aggregate with mass fractal as well as sulface 

fractal properties on different length scales and the corresponding scattering spectrum. 

When looking at a length scale larger than the largest aggregate (figure 9a) only an 

incoherent scattering signalor super-cluster structure will be observed. Zooming in to the size 

of the clusters (figure 9b) results in a cross-over from this scattering signal. From the value 

of Q at the cross-over point, the size of the clusterscan be obtained. At smaller length scales, 

the structure factor descrihing the spatial arrangement of the primary building particles inside 

the cluster is resolved (figure 9c), resulting in a power-law behaviour in the scattering curve 

from which the structure factor or the mass fractal dimeosion can be obtained. At even 

smaller length scales a cross-over from this power-law is observed from which the size of the 

primary building particles can be obtained (figure 9d). When zoomingin even further to sizes 

smaller than the size of the primary particles again a deercase in scattering intensity is 

observed (figure 9e). The average value of the form factor of the primary particles is now 

resolved resulting in a second power-law behaviour in the scattering spectrum. From this the 

surface fractal dimension, descrihing the surface roughness of the primary particles, can be 

obtained. As mentioned before, no atomie structure can be resolved with small angle X-ray 

scattering. 
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3 
Gel Transformations in Silicas 

A combined NMR and SAXS study 1 

Introduetion 

Silica gels and powders exhibit a large diversity in structural properties, making this 

amorphous material useful for many dornestic and industrial applications. The structural 

properties of silica are of major importance in heterogeneous catalysis. 

In the preparation of porous silica, the reaction conditions during gelation and aging 

are important. In order to study the influence of temperature, pH, concentrations or 

actdition of cations or templates during the growth and aging of the aggregates, only few 

techniques may be used that preserve the ramified and fragile structure during analysis. 

Therefore, methods requiring the removal of pore fluids prior to analysis can often not be 

used (physisorption, mercury porosimetry, transmission electron microscopy) and in situ 

spectroscopie techniques e.g. SAXS (Small Angle X-ray Scattering) [1], 29Si-NMR [2,3] 

and 1H-NMR have to be applied. Very informative is the use of NMR spin-lattice 

relaxation experiments to study pore fluids, as recently demonstrated by several 

investigators [4]. Advantages of this technique include the possibilities for in situ 

measurements on reacting systems, the analysis of wet solids [5] and, especially, the study 

of gels with a low concentration of silica where water is in rapid exchange between the 

bulk and the surface layer. 

The present study describes systems with approximately 4 wt% solid in water. As far 

as we are aware, this is the first case of measurements of this kind on systems with such a 

low solid content. Spin-spin relaxation (T2) was used rather than spin-lattice relaxation (T1) 

because of the higher sensitivity of spin-spin relaxation at low silica concentrations [6]. 

Due to the restricted movements and hence increased correlation times of the water 

molecules near to the silica-water interface, protons of water, included in a porous solid 

have a larger relaxation time than water in the bulk. This increase is caused by hydrogen 

Publisbed as: W.H. Dokter, H.F. van Garderen, T.P.M. Beelen, J.W. de Haan, L.J.M. van de Ven en 
R.A. van Santen, Coll. & Surf. A, 72 (1993) 165-171 
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bonding to the silica surface. Diffusion of the individual water molecules between the 

surface and the bulk water is fast compared to relaxation. With the two fraction, fast 

exchange model [7], a relation between the observed relaxation time, the relaxation time 

of the surface and bulk phases and the respective volume of fluid in each phase may be 

formulated: 

T1 = spin-lattice relaxation time 

T 2 = spin-spin relaxation time 

T ib = relaxation time of the bound water phase 

T if relaxation time of the free water phase 

i=1,2 

Tl = fraction of water molecules in the silica water surface phase 

A decrease of the relaxation time T; (increase in relaxation rate) can be interpreled as 

an increase of the number of water molecules restricted in their movements due to the 

proximity of the silica structure, assuming that correlation times of individual water 

molecules are not severely influenced by the thickness of the boundary layer. 

When alkaline silica solutions (water glass) are acidified, polycondensation reactions 

will occur between the dissolved oligomeric species, resulting in (sub)colloidal particles. 

At pH values above the iso-electric point of silica (i.e.p. = 2.3 [8]) the silica particles 

bear negative charges due to ionization of surface silanol groups; stabilization caused by 

these surface charges is negligible due to the presence of alkali metal cations, increasing 

the screening of surface charges, reducing the electrostatle repulsion and facilitating 

aggregation between the negatively charged silica particles [9]. Subsequently, aggregates, 

networks or dense sediments are formed depending on the conditions applied during 

preparation [8,10]. At pH 2-6 the silica particles in the aggregates may be arranged with a 

power law dependent density and are fractal objects exposing a non-integer or broken 

dimensionality with a non-euclidian behaviour [11]. 

Recently, fractal objects have attracted much attention [11]. Computer simulations [12] 

provided much information concerning aggregation processes of primary particles and the 

role of the relative rate of diffusion and reaction herein. In a first approximation, there are 

two limiting cases concerning aggregation of particles into ramified fractal clusters. Bither 

diffusion [13, 14] or reaction [15] can be limiting, resulting in diffusion limited cluster

cluster aggregation with fractal dimension DoLCCA = 1. 75 and reaction limited cluster

cluster aggregation with fractal dimeosion DRLccA = 2.1, respectively. Both processes are 

accompanied and foliowed by rearrangements (aging), slow relative to aggregation and 
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ultimately resulting in structures with fractal dimensionalities that are higher than those 

obtained from fractal structures that did not undergo any rearrangements [12, 16]. 

Transformations of a gel during drying are strongly influenced by the structure of the 

aggregates. During drying large forces are being applied on the aggregates in the gels, due 

to the high capillary stress and to the resistance of the fluid to flow in the very smal! pores 

of the gel [17]. This can result in the collapse of the tenuous networks of fractal 

aggregates, destroying the structure initially formed by aggregation of silica particles. 

During aging, the fragile aggregates in the gel can be strenghtened, for instanee by 

treating the wet network thermally [8] to preserve this structure during drying. The 

solubility of silica will increase upon heating, causing a net migration of silica from the 

more soluble convex surfaces to the less soluble concave surfaces. This means that the 

dissolved silica will tend to condense in the necks between the particles and a 

reinforcement of the interpartiele connections within the aggregate will result [8,17], 

characterised by a change in fractal dimension. 

Similar gel transformations are also to be expected in the precursor gels during zeolite 

synthesis. A good understanding of the underlying mechanisms of these transformation 

processes is of major importance for zeolite synthesis, since very smal! variations in 

reaction conditions are known to yield completely different products [18]. Of particular 

interest is the presence of OH· in the reaction mixture, determining the solubility of the 

reactants. With increasing pH and increasing concentration of dissolved reactants, the rate 

of crystal growth is enhanced [19,20]. However, replacement of OH- by F' also succeeded 

in the preparation of some zeolites [21,22]. This reptacement has several advantages in 

zeolite preparation e.g. the absence of alkaline cations (HF), highly crystalline materials 

and working under milder conditions. 

In this study we report on the aggregation and subsequent aging processes in low 

concentration silica solutions and gels. By measuring the T2 of water in the liquids and 

subsequently formed gels it is possible to monitor the development of structure and 

differences in structure occuring in various systems. The influence of both pH and 

actdition of p-is described. In view of the higher reported sensitivities of T; measurements 

at lower NMR-field frequencies and the low amount of surface water in the present 

systems, spin-echo measurements of the Hahn type were performed at 20 MHz. 

Experimental Section 

Aqueous alkali silica (water glass) was prepared by dissolving silica (aerosil 380, 

Degussa AG) and potassium hydroxide (Merck p.a.) in the appropriate ratio in distilled 
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water. Gels were prepared by addition of water glass to a solution of hydrochloric acid in 

PE containers under vigorous stirring at room temperature until the desired pH was 

reached. In cases the effect of fluorine was to be investigated, potassium fluoride was 

added to the hydrochloric acid before addition of the aqueous alkali silica solution. All 

gels contained the same silica concentration after preparation. Gelation was detected when 

no meniscus deformation was observed by twisting of the container. 

The spin-spin relaxation times have been determined by the Carr-Purcell-Meiboom-Gill 

90"- [(180°)x- echo]n sequence at a frequency of 20 Mhz using a Bruker Minispec pclOO 

at a field strengthof 0.47 Tesla. The operation temperature was 40°C in order to prevent 

temperature changes due to external influences. All samples were stored at 400C. The 

magnetization decay curve was analysed using a mono-exponentlal fit. Multi-exponential 

fitting yielded no perceivable improvement in the quality of the fit. 

Physisorption measurements were performed on a Carlo Erba Strumentazione 

Sorptomatic 1900 using liquid nitrogen as sorbens. Before drying the gels were frozen at-

35°C for at least 3 hours. The samples were freeze dried using a Labconco Lab-top freeze 

dryer operating at 900 Pa and -75°C condensor temperature for 24 hours. Prior to the 

physisorption experiments the samples were outgassed for 16 hours at 180°C. 

SAXS (Small Angle X -ray Scattering) experiments were performed at the Synchrotron 

Radiation Souree at Daresbury Laboratories, United Kingdom, using beamline NCD 8.2. 

The Q-range covered in the experiments was 0.2-3.0 nm·1
• Typical acquisition times are 5 

minutesof X-ray exposure. Accurate and reprodoeibie results are obtained by digitation of 

the scattered intensities up to 400 data points per measured spectrum. Corrections for 

background scattering and solvent were performed using the procedure introduced by 

Vonk [23]. Fractal dimensions (Dr) are extracted from the slope of log-log representations 

of the scattering spectra (I(Q) - Q-~. 

Results and Discussion 

Figure 1 shows spin-spin relaxation times (T J for a silica system as a function of 

reaction time. The smalt increase in T2 initially observed was caused by the warming up 

of the sample in the minispec after preparation at room temperature. 

After 20 minutes of reaction the decrease of T2 is indicating the formation of a silica 

surface, interacting with water molecules. This surface formation is due to the 

polymerisation of silica monomers and oligomers present in the waterglass after 

acidification and the subsequent aggregation of the formed particles into clusters with 

fractal properties. This decrease of T2 is due to the restricted motion of water molecules in 
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the proximity of the larger silica particles compared to water molecules bonded to 

monoroers and oligomers. The water molecules are forming hydrogen bonds at the surface 

of the silica particles. 
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Figure 1: Spin-spin relaxation behaviour as a function of reaction time for a silica system. 

Cs;02 = 0. 73 M, pH = 4, T = 4(J'C, Q F!Si = 0. The drawn line is a guide for the eye, 

nota fit. 

When the minimum value of T2 is reached the beginning of gelation is observed (no 

meniscus deformation), contrary to SAXS and 29Si-NMR, where no significant signals 

related with the transition from the liquid to the gel state were observed [24,25]. Besides 

turbidity or viscosity measurements, spin-spin relaxation might be an alternative and very 

effective way to detect the crossover from the fluid to the gel phase. 

After gelation aging processes will become dominant. Due to silica dissolution from 

soluble surfaces (convex) and redeposition of this material in the crevices and necks 

(concave surfaces) the specific surface area deercases [26] but not the average correlation 

time of the interacting water molecules. Because the number of water molecules 

interacting with the silica surface will decrease, an increase of T2 as a function of reaction 

time is observed during aging. 

The catalytic influence of fluorine on the rate of partiele growth, aggregation, gelation 

and aging is attributed to the acceleration of the condensation reaction [27 ,28]. Adding 

fluorine to our systems gives a qualitatively similar development of T2 as observed for the 

non-fluorinated sample (figure 2). Moreover, the initial drop and the minimum of the T2 
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both occur after shorter reaction times and the increase of T2 during aging (after the 

minimum) is faster compared to the non-fluorinated sample . 
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Figure 2: Spin-spin relaxation behaviour as a function of reaction time for different 

jluorine to silica ratios. CSi02 = 0. 73 M, pH = 4, T = 4(J'C, o.- F/Si = 0, 11: F/Si = 
0.01, 0: F/Si = 0.03, o: F/Si = O.I. The drawn lines are a guidefor the eye, nota .fit . 
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Figure 3: Gelation time and aging rate (from T~ as a function of the jluorine to silica 

ratio. CSi02 = 0. 73 M, pH = 4, 11: aggregation, o.- aging. 
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Apart from the faster gelation due to fluorine, Winter et al. [29] reported for a silica 

system at pH=6.4 that at the gelation point, 70 % of the silica was incorporated in the gel 

whereas only 40 % was incorporated when fluorine was added to the precursor solution. 

At this or lower pH all fluoride ions are located on the silica structure in contrast with the 

situation at higher pH [30]. The presence of catalytic quantities of fluorine on the silica 

oligomers is assumed to lead to the formation of more diffuse and strongly anisotropic 

aggregates, resulting in faster gelation [31]. In agreement with this hypothesis we 

observed smaller T2 values in case fluorine is added to the system due to the rapid growth 

of anisotropic aggregates. When these clusters achieve small inter-cluster distauces cages 

will be formed with a relatively large silica surface influence on water molecules. Due to 

the anisotropy and the more tenuous character of the aggregates water molecules will be 

influenced more efficiently and the water structure will be distorred more compared to the 

non-fluorinated system. At higher fluorine concentrations, the fluorine ions are bonded on 

many sites on the aggregates resulting in a fast growth of isotropie aggregates and larger 

gelation times [31]. 

Also retarding effects have been observed after addition of fluorine [30,32] as shown 

in figure 3, although condensation and hydralysis reactions are assumed to be also 

accelerated at higher fluorine concentrations. This retardation of aggregation and gelation 

indicates a more random (isotropic) distribution of fluorine atoms on the silica structure 

resulting in more active, but also more dense and less elongated aggregates and thus more 

similar to the system without fluorine. 

After the system passed the gelation point (T2 minimum value) aging is the dominant 

process (figure 1) and we can observe the accelerating influence of the fluorine ions. 

However, the fastest aging rate is observed for the system with the lowest fluorine silica 

ratio (F/Si=O.Ol). Clearly, the different mechanisms for the aggregation and the aging 

process require different optima! fluorine concentrations. 

At higher pH (pH = 5-6) a different kind of behaviour is observed. Increasing the pH 

to pH = 5 results in larger elementary particles, corresponding to a smaller silica surface 

areas and resulting in a smaller rate of aggregation and aging, though gelation occurs 

already after 0.27 hours of reaction (figure 4). At pH = 6 gelation occurs within seconds 

and results in a T2 curve with a very noisy pattern. 

As can be seen from the results obtained by in situ spin-spin relaxation measurements 

of reacting silica systems, the influence of F is different from the influence of OH-. 

Although both are expected to accelerate the condensation reaction, the structure of the 

aggregates formed are different (elongated and dense respectively), probably due to the 

size of the elementary particles. This result can be of importance when preparing zeolites 
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according to the 'fluorine route'. When using F instead ·of OH· different synthesis gels 

will be formed which can give rise to different products. 
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Figure 4: pH dependenee of the course of the spin-spin relaxation behaviour as a junction 

of reaction time. C8102 = 0. 73 M, pH = 4, F/Si = 0, A: pH = 4, o.- pH = 5, 0: pH = 

6. The drawn lines are a guidefor the eye, nota fit. 
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Figure 5: SAXS spectra of a silica system aged with jluorine (Cswz =0. 73 M, pH = 4, 

F/Si = 0.01) at various times. 
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The aging processes have also been foliowed by SAXS and physisorption (BET). With 

SAXS it is possible to study in situ partiele growth and aggregation without disturbing the 

structure. lnformation is obtained about the average values of structural parameters. In 

figure 5 the spectra are shown for an aging silica system catalysed by fluorine. The 

straight lines in the log-log plots of the spectra are covering a Q-range of more than a 

decade and are representative for fractal growth. After 32 minutes of reaction, before 

gelation, a fractal dimeosion of 1. 7 is observed (figure 5) indicating the presence of 

ramified and elongated silica aggregates [14]. After the crossover to gelation and aging 

higher dimensionalities (Dr=2.0) are observed (figure 5). When gelation occurs, silica 

particles that are no part of the gel structure are still diffusing freely through the system. 

Deposition of these particles on the gel backbone after gelation will result in an increase 

of the fractal dimension. After 41 hours both a Porod area (scattering slope -4) and a 

small decrease of the fractal dimeosion is observed. This corresponds to a growth of the 

average primary partiele radius and a higher density gradient (decreasing Dr) respectively, 

caused by hydrolysis of silica particles at the peripheries of the aggregates foliowed by a 

migration and condensation on the backbones of the aggregates. During this process both 

larger 'elementary' particles in the center and a higher density gradient from the center to 

the periphery of the aggregates are created. 
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Figure 6: Specijic surface area (BET) as a function of aging time. Cs;02 0. 73 M, pH = 

4, F!Si = 0.01, A: pH = 5, 0. pH = 6. The drawn lines are a guide for the eye, not a 

fit. 
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The deve1opment of structure in the silica systems was also indicated by physisorption 

measurements that indicate an increase, foliowed by a decrease of the specific surface area 

(figure 6). Without or with only short aging times the structures formed are not able to 

resist the large capillary forces put upon them during drying and a collapse will take place 

resulting in small specific surface areas and micro-porosity. The same features are 

observed in case fluorine was added to the systems. After longer aging times the silica 

structures are reinforeed and will be able to preserve their structure during drying, causing 

the specific area to increase. The observed decrease is due to prolonged aging causing a 

reinforcement of the backbone and resulting both in a development of wider pores and a 

smaller specific surface area. 

Conciosion 

In this study 1H-NMR and Small Angle X-ray Scattering were combined to study 

transformations occurring in colloidal silica systems. This combination of techniques 

proves to be very useful, because processes on a molecular scale (monitored by 1H-NMR) 

cou1d be re1ated with processes on a colloidal scale (examined by SAXS). The aggregation 

and aging processes taking place in various silica systems could clearly be distinguished 

and interpreted. 
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4 
Aging and Pore Formation in Silica Xerogels 1 

Introduetion 

Amorphous oxidic silica gels exhibit a large diversity in structural properties, making 

these materials useful for many different applications. 1t can be used as filling material, 

filter material and supporting agent in heterogeneous catalysis, owing to its high possible 

specific surface area and high stabilîty. 

With sol-gel processing it is possible to obtain a large variety in matcrials [1] starting 

from alkoxy silicate systems or water glass (alkaline silica solution). Understanding of the 

underlying molecular mechanism is still very limited, but required [2] since small 

variations in preparation conditions or in precursor solution can result in different 

structural properties of the final material. 

The present study describes systems prepared from water glass. When water glass is 

acidified, polycondensation reactions can occur between dissolved oligomeric silica 

species, resulting in (sub)colloidal particles. Subsequently, aggregates, networks or dense 

sediments are formed depending on the conditions applied during synthesis [3]. At pH 2-6 

the silica particles in the aggregates may be arranged with a power-law-dependent density 

and are fractal objects exposing a non-integer or broken dimensionality with a non

Euclidian behaviour [4]. 

Computer simulations [5] have provided much information on the aggregation 

processes of primary particles into fractal objects and the role of diffusion and reaction 

herein, resulting in fractal dimensions between 1.75 and 3.0 [6-9]. These processes are 

accompanied and followed by rearrangements (aging) which are slow relative to 

aggregation, ultimately resulting in structures with fractal dimensionalities that are higher 

than those obtained from fractal structures that did not undergo any rearrangements [6, 10]. 

A wide variety of chemical and physical changes are observed after gelation of the 

reaction mixture. An increase of the connectivity of the gel network can occur or an 

expulsion of the solvent (syneresis) or an increase of the pore size and deercase of specific 

Publisbed as: W.H. Dokter, T.P.M. Beelen, H.F. van Garderen and R.A. van Santen, Symp. 
Proc. COPS III, May 1993 (Studies in Surface Science and Catalysis), Elsevier, 1994. 
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surface area (coarsening) [11]. All these processes (aging) are resulting in a reinforeed 

silica network and are strongly effecting the behaviour of the gels during subsequent 

processing like drying. 

To avoid the occurrence of capillary stresses during drying other non-evaporative drying 

methods have been developed. Hypercritical drying [12,13] eliminates capillary pressure 

entir~ly like freezedrying [14], the technique used for drying the samples that are 

investigated in this study. The drying processes are of great importance because in most of 

the applications of the silica structures the dried version of the matérial is used. Besides 

characterisation of the wet gels also characterisation of the final dried product is of great 

importance for in dustry. 

A large number of methods exist to characterise porous bodies but most of these 

methods are of little use due to their destructive interaction with the gels [3, 15] or the 

length scale they can enlighten. With smalt angle scattering (SANS, SAXS) it is possible 

to obtain nano-structural information about the sealing of the mass in the amorphous 

aggregates (fractal dimension) and partiele sizes (aggregate size and building particles size) 

for both the wet gels and as is the case here, for dried silica bodies [16, 17]. Also, with 

dried matenals the concept of contrast variation can be used to obtain additional 

information about the structure of the investigated silica materials. 

The characteristics of the scattering pattem can be related to different structural 

features on different length scales as shown in tigure 1. Three distinct regions are 

distinguished in the log intensity versus log Q curve (Q=21tO .. *sin(29)), with À being the 

wavelength and 29 the scattering angle). At smalt Q-values (figure la) the intensity is 

constant because at these large length scales no resolution of inhomogeneities in the 

sample is possible. In the intermediale area (figure Ie) a power-law decrease of the 

intensity is observed according to I - qDr [18], with Dr being the fractal dimension as 

mentioned above. The power-law behaviour at large scattering veetors (figure le) 

according to I - Qns-6
, can be attributed to the surface structure of the building particles 

[19]. D. is the surface fractal dimension and for smooth surfaces D,=2, teading to the 

well-known Porod relation (I - Q4 )[20]. When the surface is irregular, D, may range 

between 2 and 3, corresponding with power-law exponents smaller than 4. This has been 

observed for very small colloidal particles [21, 22] and porous surfaces [23]. 

In this study we report on a combined smalt angle neutron scattering and physisorption 

(BET) study to characterise dried silica gels after aging in the wet gel state using the 

complementary character of both techniques. 
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Figure 1: Schematic representation of an aggregate with mass fractal (c) as welf as 

surface fractal (e) properties on differetU length scales and the corresponding scattering 

spectrum. 

Experimental Section 

Aqueous alkali silica (water glass) was prepared by dissolving silica (Aerosil 380, 

Degussa AG) and potassium hydroxide (Merck p.a.) in the appropriate ratio in distilled 

water. Gels were prepared by the addition of water glass to a solution of hydrochloric acid 

in polyethylene containers under vigorous stirring at room temperature until the desired 

pH (4) was reached. A number of gels was heated to 80°C directly after the desired pH 

was reached and aged for various times at this temperature. To investigate the effect of 

fluorine, potassium fluoride was added to the hydrochloric acid before addition of the 

aqueous alkali silica solution and aged for various times at room temperature. All gels 

contained the same silica concentration after preparation (4 wt%). 

Before drying, the gels were frozen at -35°C for at least 4 hours. The samples were 

subsequently freezedried using a Labconco Labtop freeze dryer operatingat 900 Pa and at 

-75°C condenser temperature for 24 hours. 

The SANS experiments were performed at the Rutherford Appleton Laboratory, ISIS 

facility, Abingdon, U.K. Pulsed neutrons with wavelengtbs in the region between 2.2-10 

A were used in the LOQ diffractometer and were recorded on a 64 cm diameter position 

sensitive detector at 4.3 m from the sample. Scattering veetors between 0.005 and 0.23 A 
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were obtained, providing information on distance scales from roughly 20 to 1000 A in a 

single measurement. Wavelength dependent corrections for sample transmission and 

detector efficiency have been included in the data reduction procedure to obtain a 

composite cross section in absolute units. In cases where contrast varlation was used, the 

dried silica samples were impregnated with a H20/D20 mixture (63 vol% 0 20) to obtain 

matching conditions. After impregnation the samples were partially dried. 

Physisorption measurements were performed on a Carlo Erba Strumentazione 

Sorptomatic 1900 using liquid nitrogen as sorbate. Prior to the physisorption experiments 

the samples were outgassed for 16 hours at 180"C. 

Results and Discussion 

A typical scattering spectrum of silica powder after aging at 80°C for 56 minutes in the 

wet gel phase before drying is shown in tigure 2: 
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Figure 2: Smal/ angle neutron scattering spectrum of dried gel after aging at 8(J'C in the 
wet gel state for 56 min. 

Two different scattering regions can clearly be distinguished. A straight line 

(approximately one decade) in the log I(Q) versus log Q_curve is observed, indicative for 

a fractal region with a rather low fractal dimeosion of 1.4. In wet gels only 4 wt% of the 

total volume is occupied by solid phase, contrary to the xerogels which consist of a 

network of air-filled channels in a solid matrix [24] with an apparent density larger than 
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unity. Babinet's principle states that in case of a two phase system, scattering from both 

regions must be symmetrical c.q. resulting from the surface of the silica structure or from 

the walls of the pores. The low fractal dimension observed may therefore be caused by 

scattering of neutrons by pores and thus at these length scales the scattering spectrum 

provides information about the pore structure present in dried silica particles. 

If scattering results from aggregates of solid material present in solution, the mass 

scales with the radius of these aggregates according to: M - RDr, conesponding with 

ramified and fractal aggregates according to the second diagram of figure la. If scattering 

is caused by the pores, one can substitute the mass in the equation above by the volume of 

the pores causing the scattering, replacing the silica aggregate by an 'aggregate' composed 

of interconnected pores. However, pores might not be interconnected. For this case a 

schematic representation of the development of the number of pores as a function of the 

partiele radius for three different fractal dimensions is shown in figure 3. For clarity 

reasoos a two-dimensional plot is presented. It is obvious that at low fractal dimensions 

(Dr - 1) a high pore-density gradient, from the centre to the periphery, is observed. When 

Dr - 1.5 a lower density gradient is observed, while at Dr - 2 the number of pores is 

increasing linearly with the radius preceding to the periphery of the particle. In the three 

dimensional space all fractal dimensions between 1 and 3 resulting from pore scattering 

indicate a structure with a decreasing volume of pores from the core to the outer parts of 

the particle. 
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An increase in intensity at small scattering veetors (large length scale) is observed as 

well (figure 2). Probably, this deviation from the power-law behaviour is resulting from 

scattering structure at larger length scales compared to the size of the porous particles and 

might be indicative for cavities in the structure built from the particulate porous particles 

discussed above. The outer parts of the aggregates present in the wet gel phase are very 

brittie and will collapse during subsequent processing as indicated by the considerable 

shrinkage of the wet gels after freeze-drying. However, the range of scattering veetors is 

too small to obtain significant quantitative information related with the structure from this 
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part of the scattering curve. 

Summarising, the right part of the scattering spectrum (high Q) provides information 

about the intra-partiele porous structure, while from the left part of the scattering spectrum 

information can be obtained about the inter-partiele porous structure of the dried silica 

xerogel. 

After prolongedaging in the wet gel state (1505, 2094, 3240 min.) both an increase in 

intensity and a deflection of the straight line at high Q-vectors can be observed (figure 4). 

Although an accurate measurement of the slope is difficult due to the short length of the 

region, probably we are dealing with the crossover to the Porod region of the pores. This 

crossover shifts to smaller Q-vectors as a function of aging, indicative for the growth of 

the pores. The radii of the pores (radius = '1t/Q) as a function of time is shown in figure 

5. After 56 minutes aging no crossover was observed in the scattering curve. Therefore, 

for the pore radius plotted in figure 5 the high Q limit of the scattering curve is chosen 

indicating the maximum possible value of the pore radius at that moment. Clearly the 

pores are growing during aging due to a reorganisation of the silica in the wet gel phase. 

Moreover, the increase in intensity of the scattered spectrum is indicative for an increase 

of the scattering surface of the pores. 

The slope of the scattering curve after prolonged aging is rather difficult to determine 

accurately owing to the short power-law dependency observed. Significant is that for all 

samples the slopes are small ( -1.5) and thus indicative for a porous partiele with 

increasing density of silica from the core to the peripheries of the partieles. 
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Figure 4: Small angle neutron scattering spectra of the dried gel aged at 8(J'C in the wet 

gel statefor various times (.4 56 min., o 1505 min., o 2094min., 0 3240 min.) 
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Figure 5: Pore size detennined 

from smal/ angle scattering 

spectra as a function of aging 

for the gel aged at 8(J'C in the 

wet gel state. 

The size of the porous particles increases as a function of aging time as can be 

determined from the limit of the power-law dependency at small Q-vectors and is 

illustrated in figure 6. During aging the outer parts of the aggregates are reinforeed as 

well as the kemels. Less collapse will occur when the materials are dried after prolonged 

aging, resulting in an increase of the porous kemel as a function of time, as observed in 

wet gels also [25,26]. 
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Figure 6: Partiele radius as a 

function of aging for the dried 

gelsagedat 8(fC (0) and under 

addition of jluorine (0) in the 

wet gel state. 

In case the gels in the wet phase have been aged at room temperature with catalytic 

additions of fluorine, simHar scattering curves are observed (figure 7). Three distinct 

regions of different scattering modes are observed, indicating the presence of pores of 

47 A already after 125 min. aging. 

However, at prolonged aging times (1563, 2943 min.) a different scattering spectrum 

is obtained. Contrary toaging at 80°C, the slope of the scattering curve at intermediate Q

values is decreasing after prolonged aging, indicative for an increase of the pore-density 

gradient of the silica body as a function of aging. 
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Figure 7: Smal/ angle neutron scattering spectra of dried gel of the jluorine catalysed wet 

gel at various times (A 125 min., o 1563 min., <> 2943 min.). 

At low Q-values, now a decrease of the intensity as a function of aging is observed 

resulting from the growth of the porous kernels combined with the development of a less 

open structure. When the peripheries of the aggregates have not been reinforeed 

sufficiently during the aging process, collapse of these outer parts will occur upon drying 

of the wet silica gel, resulting in a porous body with relatively large cavities between the 

separate particles. During prolonged aging the outer parts of the aggregates get reinforeed 

more resulting in less collapse during the subsequent drying process and in smaller cavities 

between the porous kernels. 

A decrease of intensity is also observed at large Q-values during prolonged aging, due 

to a reorganization of silica. Owing to the transport of silica particles from areas with a 

positive curvature to areas with a negative curvature smoothing of pores will take place 

[3]. The steeper decay at high Q-values after prolonged aging might be explained by this 

reorganisation process. 

The size of the porous kernel aged in the wet gel phase under the addition of fluorine, 

is compared in tigure 6 with the results from the gel aged at 80°C. Both gels show an 

increase of the radius of the porous kernel as a function of time, owing to the 

reinforcement of the peripheries of the aggregates during aging. The aggregates of the 

fluorine catalysed gels seem to be growing faster but the ultimate partiele size reached is 

comparable with the partiele size reached for the gel aged at 80°C. This might be 
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explained by the formation of elongated particles in the case fluorine was added to 

reaction solution as was already observed with SAXS [26], resulting in a very fast 

increase of the radius of gyration. The ultimate partiele size reached is depending on the 

concentration of silica present in the gel, being the same for all gels monitored in this 

study. 
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Figure 8: Smalt angle scattering spectra of the dried gel impregnated with a HPIDP 

mixture aged at 8(J'C for 1505 min. in the wet gel state. 

Although the silica bodies are reinforeed during the drying process, impregnation with 

water is still causing distortions (swelling), mak:ing comparisons between dry and 

impregnated systems very difticult. Nevertheless, impregnation with a H20/D20 mixture 

with the same coherent scattering length as the silica body (63 vol% D20), is effectively 

cancelling the scattering of the fractal pores as shown in tigure 8. The straight line in this 

tigure is indicative for a rough fractal surface with D,=6-3.3=2.7 (surface fractal 

dimension) [23]. After impregnation and partial drying the swollen surface of the porous 

liquid tilled particles has an interface with both liquid and air present. 

The partiele sizes obtained with these contrast variation experiments are not coinciding 

with the particles sizes obtained from the scattering spectra from the dried materials. This 

might be due to the distortion of the structure by the impregnated liquid or to partial 

emptying of the pores during drying. 

The development of structure in the silica as a function of time has also been studied 

with nitrogen physisorption. Both the radii determined from SANS and physisorption are 

shown in tigure 9 as a function of aging for both investigated gels. The radius of gyration 
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determined from SANS was converted to the radius of the sphere according to 

r=5/3*R/, with r the spherical radius and Rg the radius of gyration [27]. 
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Figure 9: Pore radii determined 

both with physisorption ( o ,.mtT) 

as well as small angle scattering 

(0 ,.w<S) as a function of aging 

for both dried gels. Open 

symbols for gels aged at 8(J'C, 

closed symbols for jluorine 

catalysed gels. 

The gels aged at 80°C showed reasonable agreement between the pore sizes obtained 

from scattering data and pore sizes obtained from physisorption experiment. The 

deviations may be explained by assuming the presence of non-interconnected pores 

according to figure 3. Clearly the deviations are much bigger in the fluorine catalysed 

system. Apart from the presence of isolated pores, this bad conformity between the radii 

determined can probably be assigned to the presence of slit-like pores in the structure as 

can be deducted from the adsorption/desorption hysteresis curve (figure 10) according to 

the classification of de Boer (type B) [28]. With physisorption the determined radius 

equals the distance between the walls of the slit. However, with small angle scattering the 

radius of gyration of the slit is determined, with contributions of both the distance between 

the walls of the slit and depth of the slit. This radius of gyration should be larger than the 

radius determined with smalt angle scattering as shown in figure 9. 

Conciosion 

Small angle neutron scattering results show that in the silica system both the porous 

kemel and the pores present in the kernel are growing during aging. Aging at 80°C or 

aging under addition of fluorine results in different pore structures but the sarne ultimate 

porous kernel size is reached. Owing to slit like and isolated pores obtained in the fluorine 

aged sample, the physisorption and SANS results did not coincide while the 800C aged 

gels showed reasonable agreement between both techniques. Contrast variation 

experiments confirmed scattering by the pores, although the structure of the porous silica 

was distorted by wetting. 
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Figure JO: Adsorptionldesorption hysteresis curves (a) for the gel aged at 8CYC (2888 

min.) and (b) the jluorine catalysed gel (2943 min.). 
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Introduetion 

5 
The Effect of Quaternary Ammonium Ions on 

Growth Processes in Silica Gels 

The constitution of silica gels is of major interest for industry as they are used as a souree 

for many industrial materials [la], e.g. filler agent, support material in heterogeneous 

catalysis or precursor material for the preparation of crystalline zeolites. Zeolites are 

crystalline silica or silica/alumina materials [2] with a well defined micro-porous structure and 

can be used as a support material (redox reactions) or as catalyst (acid properties). 

In the field of synthesis of zeolites, especially organic bases find wide application in 

controlling the structure of zeolites [3]. This controlling effect is believed to be due to a 

templating effect during zeolite crystallization, or to the influence they perform on the gel 

(solution) chemistry of the precursor reaction mixtures [4]. The organic ions might be 

responsible for the stabilization of a particulate silicate anion or for the formation of specific 

silicate oligomers that will not be formed in absence of the organic ion. These silica species 

may then act as nuclei for crystallization of the zeolite. 

The quaternary ammonium ions play a very important role as structure directing species 

in this field, especially when high siliceous zeolites are concerned [4]. Extensive research has 

been performed on the effect of the TAA-ions (tetra-alkylammonium) on the distribution of 

silicate anions in alkaline solutions (water glass) [8,9, 12, 13, 14]. Much attention was paid to 

solutions containing the TMA-ion (tetra-methylammonium) because under some conditions 

these solutions contain primarily thedouble four-membered anion ( cubic octameric) [9, 10, 11]. 

For the formation of high siliceous zeolites however, TPA (tetra-propylammonium) and TBA 

(tetra-butylammonium) are structure directing species commonly used for the synthesis of 

ZSM-5 [5,6] and ZSM-11 [7] respectively. The (double) five ring, found repetalive in the 

crystalline structure of ZSM-5, is also found in solutions containing TPA-ions [8]. 

To obtain information about structure present in amorphous silica systems small angle 

scattering is a very suitable technique [15], especially for information concerning the wet gel 

phase, because no drying prior to analysis is needed [16]. During drying important changes 

can take place caused by capillary forces and the information obtained from such techniques 
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is not relevant to the wet gel phase. 29Si NMR is also a non-destruclive and suitable technique 

to study wet gel phases but can only give information on a molecular scale [17]. With smalt 

angle scattering information can be obtained on a length scale from 1 nm up to hundreds nm. 

Fractals have recently attracted much attention [ 18] both experimentally and in simulations 

[19] and provide a way of descrihing structure in amorphous systems. In a wide range of 

experimental systems the mass of the fractal aggregates M is related to its radius R according 

to: M - R·Dr, Dr being the mass fractal dimension. Two limiting cases of cluster growth can 

be discemed namely DLCCA (diffusion limited cluster-cluster aggregation [21,22]) and 

RLCCA (reaction limited cluster-cluster aggregation [23]). In the first case every ooilision 

between diffusing clusters results in the formation of a bond while in the latter case a large 

number of collisionsis needed before a bond will be formed (smaller 'sticking' probability). 

In case of RLCCA denser structures are formed due to the higher interpenetration possibility 

of the colliding clusters. Structures formed according to DLCCA (Dr= 1. 75) or RLCCA 

(Dr=2.1) exhibit however both a very ramified structure because their fractal dimeosion is 

wen below 3, the fractal dimension for uniform (Eucledian) structures. 

The results of the small angle scattering experiments performed on amorphous silica gels 

can easily be interpreted by means of the fractal interpretation. For mass fractal aggregates 

the angle dependent intensity, as obtained with smalt angle scattering will obey a power law 

relation given by: I(Q) - o-nr, with Q = 21t I À* sin (20) and Dr the fmctal dimension [20]. 

The equation wilt only apply to self similar length scales and will be limited by the radius of 

the building particles at low length scales (high Q) and by the overall size of the aggregates 

at high length scales (low Q). The mdii of gyration of the building particles and aggregates 

may be determined from the limits of fractal behaviour according to: R =1t/Q. 

As described above, the attention of investigators bas especially been focussed on the 

influence of TAA-ions on the distribution of silicate anions in solution. Also some preliminary 

studies have been performed on structure development in zeolite precursor systems under 

influenceofTPA-ions (silicaliteand ZSM-5) [24,25]. In this paper a description wilt be given 

of the influence of quatemary ammonium ions (methyl, ethyl, propyl and butyl) on structure 

development in amorphous silica gels studied with in situ smalt angle X-ray scattering. Two 

systems with different silica/T AA ion ratios are studied. The pH was kept low to be able to 

study the gel transformations occuring in the systems. In the first system, the silica to TAA 

ion ratio was similar to the ratios used in zeolite synthesis. In the second system, the silica 

concentration was increased, but the silica to TAA was increased also (less TAA) to avoid 

instantaneous phase separation. 
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Experimental Section 

Low silica/TAA=2 ratio 

Aerosil 380 was dissolved in a TAAOH aqueous solution. The waterglass contained 

already the T AA ions before it was added to the hydrochloric acid to form the precursor gel 

system. Gels were prepared by the actdition of water-glass toa solution of hydrochloric acid 

in poiyethyiene containers under vigorous stirring at room temperature until the desired pH 

was reached. The silica to TAA molar ratio was equal to silica/TAA=2. The silica 

concentration in the precursor gel was 0.28 mol/I and the reaction pH was 4.0±0.1. This pH 

was the optima! value for observation with regard to the obtained reaction rate. Gelation was 

detected when no meniscus deformation was observed on twisting the container. 

High silica/TAA = 10 ratio 

In the second system aqueous alkali silica solutions (water glass) were prepared by 

dissolving aerosil 380 (Degussa AG) and sodium hydroxide (Merck p.a.) in the appropriate 

molar ratio (Si02/NaOH = 3/2) in distilled water. The tetra alkyl ammonium i ons (T AA) were 

added to the hydrochloric acid solution as the bromide salt before actdition of the water-glass 

to the hydrochloric acid. The silica to T AA molar ratio in the precursor gel solutions was 

Si/TAA 10; addition of more TAA-ions resulted in a coagulation of the silica. The silica 

concentration was 0. 7 mol/I and the pH was 4.0±0.1. 

Small angle X-ray scattering 

Small angle X-ray experiments were performed at the synchrotron radiation souree at 

Daresbury Laboratories, United Kingdom, using beam line NCD 8.2. The Q-range covered 

in the experiments was 0.08-3.16 nm-1
• Typkal aquisition times were 5 minutesof X-ray 

exposure. Accurate and reprodoeibie results were obtained by digitization of the scattered 

intensities up to 400 data points per measured spectrum. Corrections for background 

scattering and solvent were performed using the procedure introduced by Vonk [26]. 

29Si-MASNMR 
29Si-MASNMR experiments were performed on a Bruker MSL-400 instrument operating 

at 9.4 T at room temperature. Magie angle spinning (MAS) was applied to average any 

chemica! shift anisotropy arising in the solids (freeze dried). The spinning frequency was 

2500Hz and 3 p.s Bloch pulses were applied. The sample was allowed to relax for 120 s and 

typically 500 free induction decays (FID) were recorded for one sample. A Gaussian line 

broadening of 100 Hz was applied. 
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Results and Discussion 

Important parameters for structure development in silica gels which are investigated in this 

study, are the silica to TAA-ion ratio and silica concentration. As mentioned in the 

introduetion and experimental section, two different Si/TAA systems have been studied and 

will be discussed here. 

Low silica/TAA=2 ratio, [SiOJ=0.28 mol/I, Na/Si=O 

During reaction, power-law behaviour is observed initially over the entire available Q

window of the SAXS spectrum, indicative for structures with a size larger than 50 nm (figure 

1). The increase of noise at larger Q-values is due to the low intensity of the scattering signal 

at large scattering angles. The fractal dimensions found initially (Dr=2.85) do not coincide 

in any way with the fractal dimensions expected for DLCCA (Dr=l.8) [21,22] or RLCCA 

(Dr=2.1) [23] usually formed for silica aggregation processes, but resembie values found for 

reaction limited partiele-cluster aggregation (PCA) with Dr=3 [27]. A rnass-fractal dimeosion 

Dr=3 is indicative fora structure witb a homogeneous distribution of mass and voids. The 

structures may still be branched, but with branches proceeding equally in all directions [28]. 
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Figure 1: SAXS spectra of TAA gels qfter short reaction times (<JO min.) showing the very 

high initial mass-fractal dimensions. (a) TMA gel, D1=2.8 (b) TEA gel, Dr2.8 (c) TPA gel, 

Dr2.8 (d) TBA gel, Dr2. 7 
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When similar systems are prepared with sodium or potassium hydroxide and an identical 

silica concentration, fractal dimensions between 1.8 and 2.2 are reported [29] and gelation 

will occur within a few days. The TAA systems however do not gelate but show a 

precipitation of large silica structures (2-3 mm) after long aging times (5 months). The 

absence of gelation and the high initial fractal dimension indicate that initially flocculation 

occurs, where the silica particles are linked together by bridges of the flocculating agent, the 

TAA ions [lb]. Due to the weak van der Waals honds between the particles and the 

flocculant, the structure remains open and voluminous, corresponding to Dt=3. 
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Figure 2: SAXS spectra ofTAA gels after 300minutes reaction. (a) TMA gel, D;=2.6 (b) TEA 

gel, D;=2. 7 (c) TPA gel, D1=2.3 (d) TBA gel, D1=1.9 

After rapid flocculation the systems reorganise as can be seen in the SAXS spectra in 

tigure 2 and more clearly from the development of the fractal dimeosion as a function of time 

shown in tigure 3. All samples show a decreasein fractal dimeosion with prolongedaging 

and seem to reach a constant value after approximately 300 minutes. 

Groenen et al. have proposed an electrostatic explanation for the formation of specitic 

oligomeric species as a function of the charge density of the alkali cation [30]. The cation 

with the highest charge density, i.e. the smallest cation, favours the formation of silica 

oligomers via condensation with a higher mean charge per oxygen atom. The cation with the 

highest charge density optimizes electrostatic attraction and shielding of the negative charge 

on the silica atoms. So, the most compact silica structures are formed in the presence of 

cations with lowest charge density (TBA). Furthermore, the solvation of the TAA ionsin the 
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water medium is decreasing as a function of the alkyl chain length, thus decreasing the 

possibility of condensation reacrions and the formation of covalent siloxane bridges. The 

charge density and solvation are counterpart effects for the formation of silica structures when 

considered as a function of alkyl chain length of the T AA i ons. 

The silica structures initially formed have a high local concentration due to the 

flocculating effect of the TAA ions. It is observed (figure 3) that directly after the initial 

coagulation reorganisations to less homogeneous, more branched aggregates start to occur. 

The most branched structures are observed fortheTBA-silica system (Dr= 1.9), while the 

TEA-silica system only shows a slight rearrangement (Dr=2. 7). This might be explained 

using the electrostatic model proposed by Groenen et al. [30]. 

With increasing length of the alkyl chain, the charge density decreases and the formation 

of compact, covalently bonded silica structures will be favoured. The solvation however, 

decreases with increasing alkyl chain length and the possibility for the formation of covalent 

bonds (condensation) between the clustered particles will decrease. These opposing effects 

may explain the minor reorganisation observed for the TEA silica. It can be concluded also 

that the effect of decreasing solvation of the T AA ions with increasing alkyl chain length is 

larger than the increasing bond formation of the silica (lowest charge density) due to the 

charge density of the T AA i ons. 
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Figure 3: Mass-froctal dimension as ajunetion oftimefor the various TAA gels. (a) TMA gel 
(b) TEA gel (c) TPA gel (d) TBA gel 
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29Si-MASNMR was performed on freezedried samples, withdrawn from the reaction 

mixture after 360 minutes reaction, after reaching the reorganised silica phase (constant 

fractal dimension). The results are shown in table 1. 

Table 1: 29Si-MASNMR results offreezedried TAAgels ajier 360 minutes reaction in the wet 

gel phase. The x in the notation Q' indicates the number of siloxane bridges of the silicon 

at om. 

Tetra Alkyl Ammonium Ion Q'IQ3+Qz+Q' 

Methyl 1.1 

Ethyl 1.5 

Propyl 1.3 

Butyl 1.1 

Although the formed aggregates were very dense, no exceptionally large Q'IQ1+Q2 +Q3 

values have been found after the reorganisation process, indicative for the absence of a high 

amount of crosslinking. The NMR results show again an 'optimal' value for the TEA-silica 

system, in agreement with the reorganisation observed with SAXS for the various T AA ions 

and the proposed mechanism. The Q4/Q3+Q2+Q1 for the TMA gel is however lower than 

expected, due toa collapse of the structure during freezedrying. 

High silica/TAA:;;;JO ratio, [Si01]=0.7 moUI, Na/Si=2/3 

The gels discussed in this part of the paper were prepared from water glass based on silica 

and sodium hydroxide. The (small amount of) TAAions were added to the hydrochloric acid 

before acidification of the water glass. The resulting silica present in the reaction mixtures 

discussed here was effectively a factor 2.5 higher than in the systems discussed in the 

previous part. 

The SAXS spectra recorded aftershort reaction times (4-26min) show a clear distinction 

from power-law behaviour at smalt Q (large r) and information about the fractal dimeosion 

of the aggregates and the size of these aggregates (from the point of deviation) can be 

obtained (figure 4,5,6 and 7). It is obvious that systems with high Si/TAA ratio (and sodium 

present) react more slowly than the systems with low Si/TAA ratio, discussed in the previous 

part of the paper. The clusters formed in the Si/TAA=2 system grow rapidly due to the 

coagulating effect of the T AA ions. The growth in the Si/T AA= 10 system is however 
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governed by the silica particles and sodium ions and is therefore slower and may be compared 

with similar systems without T AA ions. 

From the increase in intensity seen at low Q-values and the increase of the length of the 

fractal part (power law) as a function of time it can be concluded that the aggregates are 

growing as a function of time. The growth rates however differ markedly for the various 

T AA i ons as illustrated in figure 8 where the SAXS spectra for the various silica systems are 

shown after 17 minutes reaction. The TBA gel contains the largest aggregates, compared with 

the other gels, where no size differences are visible. 

Due to prolonged growth after 50 minutes reaction, the spectra reveal only information 

about the mass gradient of the aggregates (fractal dimension) as illustrated in figure 9 where 

the spectra recorded after 300 minutes are shown. The size of the aggregates is too large to 

be observed within the available SAXS window. 

A steep increase of the fractal dimension is observed as a function of time, starting from 

very low values close to unity (figure 10). After approximately 30 minutesof reaction, the 

fractal dimension reaches a constant level with Dr = 2.05 for the TMA and TEA gel and 

D,=2.25 for the TPA and TBA gel. 
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Figure 8: SAXS spectra of TAA 

gels after short reaction times 

(approximately 17 minutes). 
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(c) TPA gel, D1=1.9 

(d) TBA gel, D1=1.8 
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Figure 9: SAXS spectra of TAA 

gels after long reaction times 
(approximately 300 minutes) . 

(a) TMA gel, D_r=2.05 

(b) TEA gel, D_r=2.05 

(c) TPA gel, D_r=2.25 

(d) TBA gel, D1=2.25 

The smalt fractal dimensions initially found might be caused by the presence of small 

oligomeric and polymerie silica ionsin the reaction solution after only a few minutes reacting. 

The silica units present in the water-glass (without TAA-ions) are monomers and smalt 

oligomers [31]. These small ions will then react and combine with monomers and other ions 

present in solution and build bigger clusters with more side branches resulting in an increase 

of the fractal dimeosion and the radius of gyration. The development of the fractal dimeosion 

and radius of gyration for the T AA gels is similar to a gel with only sodium cations present 

[29]. The assymptotic value found for the fractal dimeosion of this gel was 2.15, in between 

the values found for the T AA gels. 

From literature it is known that T AA ions have a profound influence on the formation of 

silicate species in aqueous alkali silicate solutions [8,9, 12,13, 14]. In gels with TMA present 

both the formation of the double four ring silicate anion is favoured while with TEA present 

the formation of double four ring and double three ring silicate anions is preferred, due to the 

decreased charge density of the TAA ions. TPA and TBA gels do not form double ring 

silicate anions under ambient oonditions but only smalt oligomers, because the decrease of 

solvation of these cations inhibits the formation of silica honds. Sodium ions are better 

solvated, but due to their high charge density also no large silica oligomers are built. 
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Figure 10: Mass-fractal dimension as a fonction of time for the various TAA gels. (.11) TMA 

gel (11) TEA gel ( •) TPA gel (0) TBA gel 

Although the prominent role of the basicity was discerned [30], the presence of the above 

described silicate anions as a function of T AA ion has only been investigated in alkaline 

silicate solutions, while the experiments described bere were performed at pH=4. The 

differences in fractal dimensions found here might indicate that also at low pH eertaio silicate 

anion structures are favoured under influence of eertaio TAA ions. 

The T AA gels studied bere were prepared by adding the T AA ions to hydrochloric acid 

before addition of water glass and therefore the T AA ions cannot have influenced the 

distribution of the silicate anions in the water glass. But as can be seen in tigure 10 under 

influence of the presence of the different T AA i ons different structures are build (different 

'end' fractal dimension). 

Under influence ofTPA and TBA the highest fractal dimensions (Dr = 2.25) are obtained 

while with TMA and TEA lower fractal dimensions are observed (Dr = 2.05). This might 

be due to the formation of differently sized primary building units in the precursor reaction 

mixture after mixing of the reaction fluids. lf the primary particles are monomers or small 

oligomers they will have the minimum diffusion restrictions. lf particles become larger 

(double ring structures), diffusion will be slower and the reaction will proceed more 

according to a diffusion limited cluster-cluster aggregation resulting in lower fractal 

dimensions as observed for the TMA and TEA gel. 
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Table 2: 29Si-MASNMR results offreezedried TAAgels after 360 minutes reaction in the wet 

gel phase. The x in the notation (Z indicates the number of siloxane bridges of the silicon 

at om. 

Tetra Alkyl Ammonium Ion Q'/Q'+Q2+Ql 

Methyl 1.0 

Ethyl 0.93 

Propyl 1.61 

Butyl 1.48 

29Si-MASNMR spectra were recorded from freezedried samples of the reaction gel after 

reacting for approximately 360 minutes, after the asymptotic value of the fractal dimension 

was obtained (table 2). The TPA and TBA gels show a higher degree of crosslinking than the 

TMA and TEA gels, in agreement with the results obtained with SAXS. The highest fractal 

dimensions are found for the TP A and TBA gels, indicating that the aggregate structures are 

more branched than the aggregate structures of the TMA and TEA gels and therefore contain 

more Q' silica atoms ('core') than Q', Q2 and Q1 ('branch' and 'end' atoms). As expected, 

in high silica/T AA systems densification effects depending on the size of cations are smaller 

as compared to low silica/TAA systems (table 1). 

Conciosion 

The T AA ions show a profound influence on growth processes occuring in silica gels, also 

when added in minor quantities. Very high fractal dimensions are found for the low Si to 

TAA ratio gels (Dr=2.85) initially, but the gels reorganise rapidly in more open structures 

depending on the T AA ion present. The systems with high Si toT AA ratios (and higher silica 

concentration) showed similar aggregation behaviour to gels to which no TAA ions were 

added, with the final structure dependent on the TAA ion added. 
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Introduetion 

6 
Gel Transformations and Crystallinity in 

Silicalite Precursors 

An in situ SANS1 & SAXS-WAXS2 study 

Zeolites are crystalline silica or silica/alumina matenals with a well defined porous 

structure. Owing to their microporons character and uniform pore dimensions, selective 

adsorption of molecules is possible, leading to excellent shape selective catalytic reactions [l]. 

Zeolites also have many other applications such as in catalytic crack:ing in the petroleum 

industry and as highly selective ion exchangers. 

Silicalite [2,3] is a microporons crystalline silica, isostructural with the frameworkof the 

aluminosilicate material zeolite ZSM-5. Due to its structure it is of partienlar interest in 

catalytic applications because of its shape selective properties. Silicalite is obtained by 

hydrothermal crystallization [4] from an alkaline silica reaction mixture where 

tetrapropylammonium ions are added as a templating agent. The optima! silicalite framework 

is free of aluminum atoms, but owing to impurities present in the starting materials, 

aluminum atoms are incorporated in the framework along with an associated cation [5]. 

Usually, the amount of these hydrophilic impurities is small, silicalite being a hydrophobic, 

organophilic sorbent. 

The most important factors in zeolite synthesis are the chemica! composition of the 

reaction mixture and the reaction conditions. In order to be able to define a synthesis route, 

satisfying both the economical and environmental expectations, it is of major importance to 

understand the influence of these factors on the transformations occurring during the synthesis 

of zeolites. Understanding of the crystallization mechanisms of the zeolites [e.g. 4] has 

improved recently. However, the transformations taking place during the so-called induction 

Publisbed as: W.H. Dokter, T.P.M. Beelen, H.F. van Garderen, C.P.J. Rummens, R.A. van Santen 
and J.D.F. Ramsay, Coll. & Surf. A., 85 (1994) 89-95 

W.H. Dokter, T.P.M. Beelen, H.F. van Garderen, R.A. van Santen, W. Bras, G.E. Derbyshire and 
G.F. Mant, J. Appl. Cryst., 1994 
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or aging period before crystallization [6, 7] are still poorly understood, although of critical 

importance to the nature of the final product. 

Until now, two possible mechanisms for the formation of zeolite crystals from the 

amorphous precursor gels have been proposed [8]. According to the first, the amorphous gel 

phase reorganizes until a certain gel state has developed, where nucleation occurs being 

foliowed by crystallization in this gel, without participation of the liquid phase. According to 

the second mechanism, the amorphous gel is partially dissolved by mineralizing agents during 

the pre-nucleation stage [9]. From the species present in solution, nuclei will form and initiate 

the crystal growth, possibly influenced by a templating or cation directing agent. 

To study the processes preceding the crystallization of the zeolite, in situ and non-invasive 

techniques are desired, preferentially providing information about 'structure' present in a 

amorphous mixture. Techniques like adsorption, mercury porosimetry and TEM/SEM require 

the removal of pore fluid before analysis [1 0], possibl y changing the structure irreversibly and 

do therefore not provide appropriate information about the structure present in the wet 

precursor phase. 

Nuelear Magnetic Resonance [6,11], Raman spectroscopy [7] and Smalt Angle Scattering 

(X-rays and neutrons) [12,13] can be used to study the precursor gels without altering the 

structure. Small Angle Neutron and X-ray scattering (respectively SANS and SAXS) provide 

the advantage that in situ measurements under hydrothermal conditions can be performed in 

special environment cells, developed both for SANS and SAXS (see exp. sect.). 

Recently the application of smalt angle scattering techniques has led to considerable 

advances in the determination of the structure and mechanisms of formation of oxide gels 

[14]. Forthermore the theoretical analysis of partiele aggregate formation based on the 

concept ofthe fractal dimeosion [15] has been very useful. Computer simulations [16,17, 18] 

have provided much information about fractal clusters and the role of the relative rate of 

reaction and diffusion intheir formation. Experimental fractal aggregates have the property 

of statistical self-similarity, which means that the structure is similar on every length scale 

greater than the individual particles or smaller than the size of the aggregate. 

With small angle scattering techniques it is possible to obtain experimental information 

about the density gradients and therefore partiele and aggregate sizes and structures [19,20]. 

Por mass fractal aggregates the angle dependent intensity I(Q) will obey a power law relation 

given by [21]: 

(1) 

with Q = 21t/À *sin (29) and Dr being the fractal dimension. Equation (1) will only apply 

to self similarity length scales and will be limited by the diameter size of the constructing 



Gel Transformations and Crystallinity in Silicalite Precursors 67 

particles at high Q-values and by the overall size of the aggregate at low Q-values. 

On a length scale of the order of the primary partiele size (high Q), the power law may 

become dominated by surface fractal structure. If a scattering sample is composed of two 

phases, like water and silica particles or aggregates, separated by an interfacial area S/V, the 

following relation is valid [22]: 

/(Q) _ S Q -{6-D) _ .§__ Q-u 
V V 

(2) 

The surface fractal dimension, D., is equal to 2 fora smooth interface, resulting in the well

known Porod law relation [23]: 

(3) 

In some cases however, where the surface is irregular, D, may range between 2 and 3, 

corresponding with negative power law exponents a, smaller than 4. This has been observed 

for very small colloidal particles [24] and porous surfaces [25]. IfD, increases, the roughness 

of the surface will increase. When D, ~ 3 and Df ~ 3, then a homogeneous distribution of 

mass and voids (possibly filled) throughout the sample is obtained [26]. 

Gel transformadons occuring during the induction period can be monitored with SAXS 

while crystallinity can be monitored with WAXS. Combination of both these techniques 

provides a very powerfut tooi for the investigation of the transformations in the gel phase 

(leading to or not leading to crystalline zeolîte materials) and the crystallinity of the zeolite 

simultaneously. 

X-ray diffraction experiments performed with conventional equipment suffer from the 

problem that the data collection times are relatively long even when a rotating anode 

generator in combination with position sensitive detector are used. This is a bindrance when 

samples have to be stuclied in which the time scale of a single diffraction experiment is not 

compatible with the time scale of the evolution of the sample, as for the silicalite synthesis 

described bere. Furthermore, problems occur concerning sample change proceeding from the 

wet environment of the reaction cell to the dry and ambient environment of the diffraction 

apparatus. By using a synchrotron radiation beamline these problems can easily be overcome. 

Moreover, due to the intrinsic low divergence and high collimation of synchrotron radiation 

it is possible to conduct simultaneous SAXS and W AXS experiments on a suitably adapted 

beamline. 

We have used in situ small angle neutron scattering at the Rutherford Appleton Laboratory 

(Abingdon, U.K.) and a recently developed instrument for combined SAXS-WAXS 
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experiments at the Synchrotron Radialion Souree (Daresbury U .K.) on the synthesis of 

silicalite under hydrothermal conditions. A new SAXS-W AXS sample cell was construcled 

that enabled us to control the pressure and temperature of the sample. In this paper the results 

of the synthesis of silicalite under hydrothermal conditions studied with the above described 

SAXS-WAXS equipment are presenled and discussed. 

In, this chapter we report on an in situ SANS study and an in situ, time resolved SAXS

W AXS study of gel transformatloos occuring in a silicalite reaction mixture under 

hydrothermal conditions. 

Experimental Section 

Materials 

Zeolite precursor mixtures were prepared using Cab-0-Sil or Aerosil 380 (Degussa AG) 

as a silica source. Appropriate amounts of sodiumhydroxide (Merck p.a.) and D20 (de

mineralized) were added as well as the template tetrapropylammonium bromide (Aldrich

Chemie 98%), in the following molar ratio's: Si02/TPA=6.25, SiOzfNaOH=12.8 and 

D20/Si02 =13.8 [27]. (D20 was used because 2H bas a negligible incoherent scattering 

contribution compared to 1H). The sodium hydroxide and tetrapropylammonium bromide was 

dissolved in D20. Then the silica was added and stirred until a smooth slurry was obtained. 

Finally the remaining water was dosed and the stirring was continued until the reaction 

mixture had a uniform consistency. 

Small Angle Neutron Scattering 

The SANS experiments were performed at the Rutherford Appleton Laboratory, ISIS 

facility, Abingdon, U.K. Pulsed neutrons with wavelengtbs in the region 2.2-10 A were used 

in the LOQ diffractometer and were recorded on a 64 cm diameter position sensitive detector 

at 4.3 m from the sample. Scattering veetors between 0.005 and 0.23 A-1 were obtained, 

providing information on distance scales from roughly 20 to 1000 A in a single measurement. 

Wavelength dependent corrections for sample transmission and detector efficiency have been 

included in the data rednetion procedure to obtain a composite cross section in absolute units. 

Corrections have been made for the incoherent scattering of the hydrogen atoms of the 

template molecule. The reaction mixtures were contained in a zircalloy cell, which was 

specially designed and constructed at the Rutherford Appleton Laboratory, for operation up 

to 493 K at a pressure of 10 atm. This cell had a circular shape and was fitled with zircalloy 

windows (diameter 20 mm and thickness 3 mm);The sample path length was 3 mm. The cell 

was fitled with healing elements with a thermocouple close to the sample zone. The reaction 
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mixtures were introduced into the cell directly after preparation. After alignment of the cell 

in the neutron beam the in situ data collection was started and foliowed kinetically during the 

heating of the cell at different preset temperatures. The cell stayed positioned in the neutron 

beam during the course of the experiment which typically lasted several hours for each 

temperature. The reaction was carried out under non-stirred conditions at temperatures 

ranging from 130°C to 190°C. 

Small and Wide Angle X-ray Scattering 

The SAXS-WAXS experiments were performed on beamline 8.2 of the SRS (SERC 

Daresbury Laboratory, Warrington, U .K.) In this section the experimental set-up with respect 

to the SAXS-WAXS experiments will bedescribed (figure 1). The lengthof the vacuum 

chamber is 3.5 m. The covered Q-range with SAXSis 0.01 < Q < .175 k' and the Q-range 

covered with WAXS is 0.8 < Q < 3.4 k'. The wavelength À of the X-rays is 1.5 A and 

13./·.JÀ < 4.10-3
• More details concerning camera geometry and data collection were presented 

by W. Bras et al. elsewhere [28]. 

When performing hydrothermal experiments at elevated temperatures care has to be taken 

that no water is lost from the sample due to cellleakage. Therefore a sealed sample chamber 

was constructed which could be both temperature and pressure controlled. The actual brass 

reaction cell was placed in this chamber and was temperature controlled with the help of a 

resistance heater and a PID controller. The sample chamber was pressurised with dry nitrogen 

to the vapour pressure of water at the relevant temperature. In this way the mica windows 

of the sealed reaction cell are not subject to a pressure differential and consequently the water 

does not evaporate from the sample. The pressurised chamber and reaction cell were 

constructed such that the X-ray path length was minimised in order to reduce absorption and 

background scatter. The sample chamber was separated from the camera vacuum by a 125 

micron Kapton window. 

incoming 
beam 

pressurised 
chamber 

I nel or WAXS detector 

quadrant or 

SAXS detector 

0 

beam stop 

Figure 1: Schematic 

representation of the 

experimental SAXS

WAXS set up 
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The temperature during the experiment was carefully increased to reaction temperature 

in approximately 20 minutes to 190"C. The temperature was monitored using a thermocouple 

which was placed near the sample. Off-line tests showed that the temperature could be 

controlled with an accuracy of± 5"C. During the heating of the reaction cell the pressure 

in the chamber surrounding the cell was carefully, simultaneously increased to 3 atm N2 at 

the final reaction temperature. 

The SAXS pattern is detected with a standard Daresbury quadrant detector [29] located 

at 3.5 m from the sample position. Before the SAXS exit window a beamstop is mounted to 

prevent the direct beam from hitting the SAXS detector. The quadrant detector has an 

advantage over linear detectors in that the active area increases radially. This improves the 

signal to noise ratio at larger scattering angles where the scattered intensity is lowest. The 

spatial resolution of the SAXS detector is 400 JLm and it can handle up to 300000 counts s·1
• 

The W AXS detector is a curved knife-edge INEL detector [30] with a spatial resolution of 

50 14m and can handle up to 100000 counts s·1
• It can cover 120° of are at a radius of 0.2 m, 

but only 90" of are is used in these experiments. 

When determining the slope of the scattering curve two possible sourees of error may be 

distinguished. The first is the natural noise being present in the data, which is however small 

compared to the error introduced during background subtraction. To correct for the 

background signal, the procedure introduced by Vonk [31] was used. 

The Q-axis of the SAXS pattern was calibrated with an oriented specimen of wet rat tail 

collagen. A fully crystallised specimen of zeolite A (NaA, Proeter and Gamble) was used to 

calibrate the Q-axis of the W AXS pattern. The incident intensity was recorded by a parallel 

plate ionisation detector. Appropriate attenuators were used in order not to exceed the data 

rates that both detectors can handle. The experimental data were corrected for background 

scattering, sample thickness and transmission and detector sensitivity. 

X-ray diffraction 

The XRD spectra were recorded on a Philips PW 7200 diffractometer using Cu-Ka 

radiation. Measurements were made between 5° - 35° with a scan rate of 2° min·1
• 

Results and Discussion 

SmaU angle neutron scattering study 

In figure 2a-d small angle neutron scattering spectra are shown of the precursor reaction 

mixtures during the synthesis of silicalite. The slope <X of the straight region (high Q-values) 

of the log-log plots of the intensity versus Q range between 3 and 4. These values indicate 



Gel Transjormations and Crystallinity in Silicalite Precursors 71 

"' c 
(J) 

2 

-1 

-2 ~----~------~----~ 

-2.50 -2.00 -1.50 -1.00 

2 

ë 0 
0> 
0 

-1 

-2 L_ ____ _..L ______ ~----~'-'-'' 

-2.50 -2.00 -1.50 -1.00 

.E 
~ 

.~ 
"' c: 
(J) 

I 
2 '-

ë 0 
01 
0 

-1 

\ 
\ 

~ 
' 

(d) 

"" \ 
'\' 
\' 
.\" 

(c) 

-2 '------------'-

E 
~ 

.~ 
"' c 
(J) 

-2.50 

2 

ë 0 
01 
0 

-1 

-2.00 

(b,c,d) 

(a) 

-1.50 -1.00 

-2 -- ..................... >. _____ ........L., ____ .....: ...... ~ 

-2.50 -2.00 -1.50 -1 .00 

log a {Á-1) 

Figure 2: Smal/ angle neutron scattering spectra during silicalite synthesis at: (1) 130 oe, 
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a surface fractal structure with D, (surface fractal dimension; a. D, - 6) in the range 

between 2 and 3. From the decreasein the slope at low Q (Q < 0.02 A-1
) it is possible to 

estimate the size ofthe elementary units inthestarting gel (at t=O) by: d = 21t/Q = 28 nm. 

To obtain information about inter-partiele orientations and details of mass fractal structure for 

scales > 100 nm would require measurements at lower Q than accessible bere. 

This surface fractal dimeosion is unexpectedly high, because previous SANS experiments 

have shown that dilute Aerosil (Aerosil130, 200, 380) dispersions have a power law exponent 

close to -4, and a mass fractal dimeosion between 1.6 and 2.0 [24], implying fractal 

aggregates with a relatively open structure. Clearly, the silica souree added is reorganised 

directly after mixing with the other reaction components. This is probably due to the high 

concentration of silica present in the reaction mixture [32,33] and the strong coagulating 

effect of the tetrapropylammonium and sodium ions. It results in the observed surface fractal 

dimension. 

There are three important changes that are observed and illustrated by the reaction 

performed at l50"C (figure 2b). First we note the displacement and eventual disappearance 

as a function of reaction time of the lower Q cut off over which surface fractal behaviour is 

observed; this indicates a growth in the size of elementary units. Secondly in the surface 

fractal range, a displacement of the scattering curves occurs progressively to lower I(Q) at 

a fixed value of Q; this indicates a decrease in the surface area of the scattering units (I(Q) 

- (SIV) * Q~. Thirdly the slope in the mass fractal range decreases, implying less surface 

roughness (figure 3). 
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Figure 3: Surfacefractal dimension as ajunetion of time during silicalite synthesis peiformed 
at various temperatures (a) J3(J'C (b) J5(J'C (c) J7(J'C (d) JWC. 



Gel Transformations and Crystallinity in Silicalite Precursors 73 

Although the same features were observed at other temperatures studied ( 130, 170, 190•C) 

as shown in tigure 2a-d, the rate of change was markedly different. This is illustrated by 

SANS results for the 4 temperatures at approximately equal times during the course of the 

reaction. There is an abrupt change in the power-law behaviour which takes place much more 

rapidly at higher temperatures as illustrated in tigure 3, where the surface fractal dimension 

(D. = a. + 6) is plottedas a function of reaction time. It can be seen that during the course 

of reaction D, decreases, indicating the development of smoother surfaces owing to the 

deposition of silica on the surface of the particles. For the reaction at no•c a completely 

smooth surface (D, 2) was obtained at intermediale reaction time (- 50 min.). Thesesame 

features might be present at other temperatures as well but cannot be distinguished due to the 

higher rate of reaction from 150°C onwards. 
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Figure 4: lnterfacial area (* Id2 m-2
} as a fitnetion of time during silicalite synthesis 

perfonned at various temperatures (..1 = J3(J'C, o = J5(J'C, <> = J7(J'C, 0 JWC). The 

drawn lines are a visual guide, not a fit. 

The rate of change can be more clearly observed from the development of the interfacial 

area as a function of time as shown for the other temperatures in tigure 4. A similar evolution 

as the surface fractal dimeosion is also observed bere. Thus the reaction performed at 130•c 

shows a different behaviour to that performed at ISo•c. The initial decrease of the interfacial 

area and smoothing of the surface of the particles observed at all temperatures can be ascribed 

to a process of Ostwald ripening where growth of particles occurs by addition of silica 

through the dissolution of other smaller particles. The subsequent increase of the interfacial 
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area (decrease partiele size, only observed at 130"C) and continued smoothing process might 

be due to a reorganisation tak:ing place on partiele surfaces at the onset of reaction. The 

observed growth of the particles after this reorganisation process together with roughening 

of the surface, is indicative for growth by addition of material coming from other particles 

(Ostwald ripening). These initial features at 130"C might also occur at higher temperatures 

(a smalt inflection at 150"C) but probably cannot be detected because the rate of reaction at 

l50"C and above is much greater. 
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Figure 5: XRD spectra of a silicalite synthesis peiformed at 15fJ'C at various times. The 

spectra have been shifted for clarification. 
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Crystallization starts justafter the constant values forD, and interfacial area are attained, 

as is illustrated by the XRD results for the reaction performed at 150"C shown in figure 5. 

Partiele growth (shift scattering curve) does however occur before and after this constant level 

forD, has been reached. This indicates that crystallization kernels are presentand growing 

(increasing crystallinity) while the particles are still growing. This suggests that crystallization 

starts in or on the growing amorphous gel partiel es. However, small angle neutron scattering 

cannot discriminare between amorphous and crystalline phase of the particles. The scattering 

length density of the crystals is approximately the same as that of the amorphous material as 

was concluded from an experiment performed with the contrast matched H20/D20 (59 vol% 

DP) in which the samespectra were obtained both before and after crystallization. But the 

coincidence of the observed growth of the elementary particles after 2 hours of reaction and 

the growth of crystalline zeolite kernels is a strong argument for this hypothesis. This implies 

an induction period at 150"C of about 90 minutes, as determined by the constant value of the 

surface fractal dimension of approximatel y 2. 2 and the constant value of the interfacial area. 

The data in figure 3 indicate that the highest surface fractal dimension or greatest surface 

roughness is observed, when the reaction is performed at the lowest temperature (130"C). At 

higher temperatures smoother surfaces are obtained which may be formed by a reorganisation 

process already taking place during growth of the particles. As expected, at the higher 

temperatures the particles have the highest growth rate as shown in figure 6 where the finally 

obtained values (after crystallisation) for the interfacial area are plotted as a function of 

temperature. A minimum value is obtained when the reaction is performed at 150"C. With 

decreasing temperature the number of nuclei formed will be smaller, resulting in bigger 

particles and thus a smaller interfacial area. At l30"C the reaction might beoome the limiting 

factor resulting in smaller particles. 

Smalland wide angle X-ray scattering study 

In figure 7 the SAXS spectra (a), (b) and a three-dimensional plot of the WAXS spectra 

(c) of the synthesis of silicalite are shown as a function of time. For clarity reasons not all 

SAXS spectra have been shown. The slopes a, calculated with a least-squares fit from the 

log-log plots from the SAXS spectra in the range -0.7 < log Q < -1.6 k 1, are ranging 

between -3.4 and -4. Refering to equations 1-3, it is obvious that the amorphous precursor 

system exhibits surface-fractal behaviour (2<D.<2.6). The power-law behaviour of the 

scattering extends over approximately one decade. Contrary to the SANS experiments, no 

radius of gyration of amorphous zeolite particles could be derived from the SAXS spectra. 

For experimental reasons the accessible Q-range is not exactly the same in the two different 
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experiments. The value found for the surface fractal dimension for the starting reaction 

mixture, D. = 6 + a: = 2.7, is within the experimental error, equal to the value previously 

found with SANS (2.6). This value is indicative fora very rough surface structure. 
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Figure 7 a,b: Smal/ angle x-ray scattering spectra during silicalite synthesis peiformed at 
J9(JOC at various times: (a) 0 min. (b) JO min. (c) 20 min. (d) 32 min. (e) 41 min. (f) 48 min. 

(g) 54 min. (h) 61 min. (i) 106 min. (j) 156 min. (k) 206 min. (l) 256 min. The spectra have 

been shifted venically for clarification. The intensity is expressed in arbitrary units (a. u.). 
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Figure 7 c: Three dimensional representation of the WAXS spectra as a fimction of time 

during silicalite synthesis peiformed at J9(JOC between 0 and 256 minutes reaction. The 

intensity is expressed in arbitrary units. 

The SANS experiments performed at elevated temperatures showed a displacement of the 

scattering pattem to smaller Q-values and a decrease of the surface fractal dimension from 

2.7 to 2.25 (at 130, 150, 170 and 190°C}. The radius of gyration partiele size of the 

unreacted precursor mixture was approximately 14 nm and increased as a function of reaction 

time. At higher temperatures (170, 190°C} these particles grow rapidly but at lower 

temperatures larger sizes are obtained. Particles grow and are smoothed by addition of 

amorphous material from the amorphous bulk. Growth is observed both before as well as 

after crystallization is started indicating that the crystallization starts in or on the growing 

amorphous gel particles. 

The decrease of the surface fractal dimension is also observed in the SAXS pattem 

obtained at 190°C. The values of the surface fractal dimension as found with SAXS are 

smaller than the values found in the SANS experiment. No significant displacement in the 

SAXS spectra as a function of time was observed, when the spectra are plotted in one figure 

(spectra in figure ?a and 7b have been shifted vertically for clarification). After approximately 

50 minutes reaction no changes in surface roughness are observed while the amount of 
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crystallinity is increasing. This implies that the electron scattering density of the reorganised, 

amorphous particles is equal to the electron scattering density of the zeolite crystals. 

The WAXS spectra shown in tigure 7 (d) indicate no signs of crystallinity after short 

reaction times. The bump observed at approximately 29 = 26 o is due to amorphous scattering 

from water present in the reaction mixture. Crystalli:zation of silicalite starts after 54 minutes 

of reaction as can be observed in the WAXS spectra ( tigure 7) where a peak at 29 = 23.r 
starts to grow. This is known to be the most intense peak in the diffraction pattem of silicalite 

[34]. Unfortunately two other very intensepeaks in the XRD-pattern of silicalite (29 = 7.9 

and 8.9) can not be observed due to the small data gap between the two detectors. The peaks 

grow gradually and after 256 minutes the maximum crystallinity is reached. After prolonged 

reaction times the intensity of the diffraction peaks and the SAXS signal decreased due to 

sedimentation of the zeolite crystals in the reaction eetl. 
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Figure 7 d: Three dimensional representation of a number of relevant WAXS spectra in order 
to demonstrate clearly the onset of crystallization (see figure 3 c). The spectra have been 
shifted for clarijication. The intensity is expressed in arbitrary units. 

In tigure 8 the diffraction spectra of the tinal product, measured both with the SAXS

W AXS set-up (W AXS) and with a standard diffraction apparatus (XRD), are compared. The 

peaks of the XRD spectrum are better resolved than the peaks obtained by WAXS, due to the 

limited number of data points (maximum 512) available on the Inel-WAXS detector. The 

W AXS-spectrum shown was recorded in 5 minutes while the XRD spectrum was obtained in 

30 minutes over the same angular range. The signal to noise ratio in the W AXS spectra is 

sufficient after 1 minute of data collection, but the accumulation time was set to 5 minutes 
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to obtain an adequate signal to noise ratio for the SAXS spectrum. The difference in intensity 

of the W AXS versus XRD diffraction peaks are due to the above described limited number 

of data points in the W AXS spectrum causing peaks close in scattering angle to coincide. 
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SAXS-WAXS set up. The top curve is the diffraction spectrum produced with the standard 

apparatus. The bottorn curve is the diffraction spectrum produced with the SAXS-WAXS 

equipment. 
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synthesis of silicalite at J9(JOC as a function of time. 
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The crystallinity percentage is determined from the intensity of the three most intense 

peaks of the final product divided by the intensity of the same three peaks in the preceding 

samples. In figure 9 the progress of crystallinity is plotted together with the progress of the 

surface fractal dimeosion as a function of time. The crystallinity determined from the W AXS 

spectra was normalised with the help of the XRD spectrum. The crystallinity was found to 

be approximately 85% for the final product. 

lt can be seen that the crystallization starts after the surface roughness of the zeolite 

particles has become constant as a function of time ( surface fractal dimension constant, see 

figure 9). This implies the need fora reorganisation of the amorphous gel phase before 

crystallization can take place or a reorganisation in the precursor phase during which 

crystallization nuclei are formed. In the latter case, however, these nuclei are too small to be 

observed by WAXS. 

Conciosion 

Smalt angle scattering of neutrons or X-rays proves to be an excellent in situ technique 

to monitor gel transformations in amorphous zeolite precursor reaction mixtures. Combination 

with W AXS leads to a powerful technique for elucidation of the zeolite reaction mechanism. 

The results obtained with SANS are confirmed by the SAXS results. The amorphous gel 

structure is surface fractal in the monitored size region during the induction period and 

subsequent crystallization period. A reorganisation of the gel phase is needed before 

crystallization can occur. It is concluded that crystallization starts in or on the growing 

amorphous gel particles. 
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7 
Homogeneons versus Heterogeneons Zeolite Nucleation 

Introduetion 

Zeolites are crystalline silica-alumina materials of major importance for many industrial 

applications [1]. This is due to the combination of several physico-chemical properties in one 

material. Zeolites are constructed from T04 tetrahedra (T-tetrahydral atom; Si or Al) and 

exhibita well defined microporous structure. Pure silicate materials do not contain framework 

charges since silicon is tetravalent. With the introduetion of aluminum to the framework 

however, charge balancing cations are needed. Due tothese charge balancing cations zeolites 

exhibit excellent ion-exchange properties and, when changing the cations for hydrogen, acid 

catalytic sites. The presence of these acid sites combined with the high thermal stability of 

the zeolites, make these materials very suited as catalyst in catalytic cracking. Furthermore, 

active redox sites may be introduced into the zeolite by exchanging a framework T atom for 

an appropriate metal atom. 

The zeolite properties described so far in this paragraph, have been exploited extensively 

in industrial applications, but are no longer of interest only for those working in separations, 

ion exhange and catalysis. Lately the zeolites are used as a molecular sensor, recognising 

molecules with large precisions, due to the microscopie structure of these materials. Although 

already a broad spectrum of zeolite structures exist, new properties and structures are still 

desired. Expecially crystalline materials with larger pore sizes would be very useful in 

hydracarbon transformation reactions. Recently ordered mesaporous materials were developed 

at Mobil [2,3], with a very important role for the structure directing molecules. 

Up to now, new types of zeolites have been developed according to trial and error 

synthesis. At the moment there exist some general rules for the synthesis of a certain type of 

zeolites, but the mechanistic understanding of zeolite synthesis is still not known. The 

mechanism of zeolite formation is very complex due to the large number of chemical 

reactions occurring inside the zeolite precursor synthesis mixture, making it very difficult to 

study the synthesis in situ [4]. 

Two possible zeolite mechanisms have been proposed [5], the hydrogel transformation 

mechanism and the solution mediated transport mechanism. In the first the solid hydrogel is 

expected to reorganise into a phase where nucleation and subsequent crystallization may 
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occur, without participation of the liquid phase. The reaction medium is a gel slurry and 

beterogeneaus nucleation is expected to occur. The solution mediated transport mechanism 

involves the diffusion of active species in the liquid to the nucleation sites. Crystals may grow 

by addition of active species or by combination of nuclei. The reaction medium is usually a 

clear solution where homogeneous nucleation is expected to occur. 

For studying the zeolite precursor mixtures, NMR [6,7] and Raman [8] spectroscopy 

provided very useful information on a molecular scale. The small species observed with these 

techniques may however be arranged in some micro-ordered structure independent of the 

zeolite mechanism. Burkett et al. [9] have provided evidence with NMR for the existence of 

preorganised organic-inorganic composite structures in the synthesis of ZSM-5. These results 

indicate that the changes accuring on a length scale larger than accesible with NMR and 

Raman spectroscopy should be monitored, for understanding gel transformations, and 

nucleation and crystallization processes. 

With small angle scattering techniques it is possible to obtain experimental information 

about the density gradients and therefore partiele and aggregate sizes and structures [10, 11] 

on a length scale of 1 to 50 nm. For mass fractal aggregates the angle dependent intensity 

I(Q) will obey a power law relation given by [12]: 

(1) 

with Q = 21ti'À * sin (28) and D, being the fractal dimension. Equation (1) will only apply 

to self similarity length scales and will be limited by the diameter size of the constructing 

particles at high Q-values and by the overall size of the aggregate at low Q-values. 

On a length scale of the order of the primary partiele size (high Q), the power law may 

beoome dominated by surface fractal structure. If a scattering sample is composed of two 

phases, like water and silica particles or aggregates, separated by an interfacial area SIV, the 

following relation is valid [13]: 

J(Q) _ _! Q-{6-D~ _ _! Q-« 
V V 

(2) 

The surface fractal dimension, D., is equal to 2 fora smooth interface, resulting in the well

known Porod law relation [14]: 

l(Q) - ! Q-4 
V 

(3) 

In some cases however, where the surface is irregular, D. may range between 2 and 3, 

corresponding with negative power law exponents ex., smaller than 4. This has been observed 
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for very small colloidal particles [15] and porous surfaces [16]. IfD, increases, the roughness 

of the surface will increase. When D, ---7 3 a homogeneous distribution of mass and voids 

(possibly filled) throughout the sample is obtained [17]. 

In the case of ZSM-5 or silicalite synthesis there is considerable evidence to support the 

hypothesis that crystallization occurs by transformation of the precursor gel [18, 19]. On the 

other hand it has also been demonstrated that the zeolite can be directly formed from the 

liquid phase, without the presence of a gelphase [20]. In chapter 6 a SAXS-WAXS study of 

the gel morphology changes that occur during silicalite formation in a high silica 

concentration synthesis mixture is reported. In this chapter the results of an analogous 

experiment are reported, but now with a silicalite synthesis mixture in which the silicalite 

crystallites nucleate in the absence of a separate gel phase, but directly from the liquid phase. 

Experimental Section 

Smalland wide angle X-ray scattering 

The combined smalland wide angle X-ray scattering experiments were performed using 

beamline NCD 8.2 at the synchrotron radiation souree at the Daresbury Laboratories, United 

Kingdom. Details concerning camera geometry and data collection were presented extensively 

elsewhere [21]. The spatial resolution of the SAXS quadrant detector [22] is 400 #Lm and it 

can handle up to 300000 coumts s·1• The W AXS detector is a curved knife-edge INEL 

detector [23] with a spatial resolution of 50 #Lm and can handle up to 100000 counts s·1
• The 

Q-ranges covered with both detectors are 0.01 < Q < .175 k 1 and 0.8 < Q < 3.4 k 1 for 

the SAXS and WAXS detector respectively. The SAXS data were corrected for background 

scattering and solvent using the procedure introduced by Vonk [24]. Fractal dimensions were 

determined from the partsof the scattering curves where power-law behaviour was observed 

and partiele or aggregate sizes were determined from the point of deviation from this power

law behaviour. The scattering slope «is related to the mass fractal dimeosion as - « = Dr 

and to the surface fractal dimeosion as « = (D,- 6). 

Matenals 

The synthesis silicalite reaction mixture [25] was prepared from silicic acid powder 

(Baker, 10,2 wt% water), NaOH pellets (Merck, >99wt%) and tetrapropyl ammonium 

(Fluka 20 wt%) in the following molar ratios: SiOiTPA=4.1, Si02/Na0H=ll.5, 

H20/Si02 = 11. NaOH was added to the TPAOH solution with gentie mixing. Then the silicic 

acid was added to the solution and stirred until a homogeneous dispersion was obtained. This 

solution wasthen heated for approximately 10 minutes to obtain a clear synthesis precursor 
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mixture and was corrected for water loss during heating. This synthesis mixture remains 

usually clear during reaction until crystallization, detectable with standard X-ray diffraction 

[25], occurs. The reaction temperature was 120°C ± 5°C 

Results and Discussion 

It appears that also in the homogeneous system cluster aggregation occurs before 

crystallization. SAXS curves and corresponding aggregate structures (schematic) are shown 

in figure 1 and figure 2 respectively. As figure la and 2b show, the aggregate morphology 

(Dr=2.2), observed after 5 minutes reaction, is typical for aggregates, formed according to 

reaction limited cluster-cluster aggregation [26]. The low rate of reaction is due to the effect 

of the structure directing TPA ions {27]. 
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The size, d=2•Rg (=2-radius of gyration) of the reaction limited aggregate formed is 

approximately 6.4 nm. These aggregates are built from primary particles with a radius 

smaller than 1.6 nm, the upper Q-limit of the available SAXS range. These primary particles 

may be hydrated tetrapropylammonium-silicate clusters. Burkett and Davis [9] have provided 

evidence for the existence of pre-organised organic-inorganic composite structures in the 

synthesis of ZSM-5. Short range intermol ecular interactions exist between the protons ofTP A 

and silicon atoms of the zeolite precursor phase before development of the long range order 
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indicative of the ZSM-5 structure [9]. 

The observed clusters start to densify (figure lb & 2c) as a function of time into denser 

mass fractal aggregates and subsequently into surface fractal aggregates until after 35 minutes 

reaction at 120°C a Porod slope (slope = 4) is observed indicative fora homogeneons dense 

structure with a smooth surface. The size of this structure is only very slightly increasing (to 

7.2 nm) with time c.q. not decreasing upon densification, indicative for the transport of 

additional primary particles (TPA/silicate cluster) or silica particles from solution to the 

cluster. The size of these secondary particles is approximately equal to 20 silicalite unit cells. 
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Figure 2: Mechanism of micro-structural random packing, subsequent ordering and 

crystallization. (a) shows the silicate/TPA clusters in solution, (b) primary fractal aggregates 

formed from the silicate!TPA clusters (6. 4 nm, ft gure 1 a), (c) densification of these primary 

fractal aggregates (figure lb), (d) combination ofthe densified aggregates into a secondary 

fractal structure and crystallization (figure Je) and (e) densification of the secondary 

aggregates and crystal growth (figure ld). 
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After this densitication, the 7.2 nm clusters aggregate again into a new fractal aggregate 

(tigure lc & 2d). At the samemoment crystallinity is observed with WAXS. In tigure 3 the 

W AXS curves are plotted and in tigure 4 a survey curve is shown with the scattering slope 

at large Q (small particles), at small Q (large particles or clusters) and the percentage 

crystallinity as determined with W AXS. From this we may conclude that crystallization starts 

as soon as the denseclusters of 7.2 nm have been formed and aggregation into the larger 

aggregate starts. Growth of zeolite particles occurs by transformation of the aggregated 

clusters that form the new fractal structure (tigure lc). Crystallization occurs again via 

surface fractal aggregates to a completely smooth structure (tigure ld & 2e). They grow 

rapidly to a size larger than the upper size limit (low Q-limit) of the available SAXS range 

(d > 52 nm). 
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Figure 3: WAXS spectra of clear silicalite synthesis mixtures to demonstrate crystallization 
between 50 and 125 minutes of reaction. 

Crystal growth occurs by combination of the densitied primary aggregates into the 

secondary aggregates, indicative for growth by combination of already growing nuclei. These 

results are in agreement with the results obtained by Twomey et al. [28] who deduced from 

size distributions of crystals obtained from light scattering experiments that nucleation is a 

continuous process and that further growth of nuclei occurs by agglomeration of nuclei that 

are already growing. 
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One interesting feature of the results presented is that also in the homogenrous system a 

precursor aggregate is formed before crystallization, indicative fora gel transformation orgel 

reorganisation mechanism of zeolite crystallization even in a clear silicalite solution. This is 

in contrast to the direct homogenrous crystallization. 

For a silicalite synthesis performed with much higher silica concentrations [Chapter 6] it 

was concluded that crystallisation proceeded also according to a gel transformation 

mechanism. No mass fractality was observed during these experiments. The very high silica 

concentration leads to very compact amorphous surface fractal precursor particles with an 

initial partiele size of 28 nm. Crystallization however, starts only after the surface fractal 

amorphous particles have been transformed into smooth particles with D,=2. An analogous 

feature was observed in this study. The mass fractal aggregate had to transform into smooth, 

homogenrous dense structures before crystallization starts. From this we may conclude that 

homogenrous and heterogenrous crystallization both need an intermediale gel phase before 

nucleation and crystallization can occur. 
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Figure 4: Combination curve of crystallinity (from WAXS) and micro-stroeture (from SAXS). 

The scattering slopes obtained with SAXS are divided in the scattering slope at (o) high Q 

(small r) and the scattering slope at (•) small Q (large r) to clearly demonstrate the 

consistenee between the micro-stroeture and crystallization (0). 

In the gel phase nucleation and crystallization occurs more slowly than in the 

homogenrous phase, because the gel formed will first have to dissolve before a new phase 

is formed from which crystallization can occur. This dissolution step is not required in the 
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homogeneous phase, where the mass transport and subsequent formation of the primary and 

secondary clusters seems to be the rate determining step. Instant crystallization may be 

achieved when preparing the precursors in such a way that directly the desired gel phase for 

nucleation is obtained. 

Conçlusion 

Homogeneous silicalite nucleation is preceded by the formation of intermediategel phases. 

A primary and secondary rnass-fractal aggregate is formed and the primary particles in the 

secondary aggregates may contain approxirnately 20 zeolite unit cells. Crystallization occurs 

also by transformation reactions within the aggregates. 
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8 
Summary and Concluding Remarks 

The chemistry of silica gel formation and zeolite nucleation, of importance to the 

development of new silica and zeolite materials, is little understood due to the limited 

knowledge of the underlying molecular principles. The objectives of this research are the 

development of techniques for in situ characterisation of wet gel fase transformations as well 

as their application to the characterisation. In this thesis many aspects are described of the 

physical chemistry of gel transformations occuring on a molecular and (sub)colloidal scale 

(l 100 nm) during synthesis of silicas and zeolites. 

The combination of 1H relaxation NMR and SAXS (Small Angle X-ray Scattering) proved 

to be very useful (chapter 3), because processes on a molecular scale (monitored with 1H

NMR) could be related to processes on a colloidal scale (examined by SAXS). With 1H-NMR 

aggregation, gelation and aging could clearly be distinguished and interpreted. Addition of 

catalytic quantities of fluorine to silica gels resulted in a considerable increase in rate of 

aggregation, gelation and aging due to acceleration of the condensation reaction. Different 

optima] fluorine concentrations were found for gelation and aging. Increase of pH results in 

structures with a smaller surface (higher T2) due to increased primary partiele growth before 

aggregation. SAXS results indicated that elongated aggregates are formed in the fluorine 

systems (Dr= 1. 7), explaining the rapid gelation. Both a Porod area (I(Q) - Q4
) and a higher 

density gradient were observed after prolonged aging, corresponding to a growth of the 

average primary partiele size by hydrolysis and recondensation of silica particles on 

energetically more favourable sites. 

Small angle neutron scattering results show that in silica xerogels (chapter 4) both the 

porous kernel and the pores present in the kernel are growing during aging. Aging at 80"C 

or aging under addition of fluorine results in different pore structures but the same ultimate 

porous kernel size is reached. Owing to slit like and isolated pores obtained in the fluorine 

aged sample, the physisorption and SANS results did not coincide while the 80"C aged gels 

showed reasonable agreement using both techniques. Contrast variation experiments confirmed 

scattering by the pores, although the structure of the porous silica was distorted by wetting. 

Tetra-alkylammonium ions show a profound influence on growth processes occuring in 

silica gels (chapter 5). Very high fractal dimensions are found for low Si to TAA ratio gels 

(Dr=2.85) which reorganise rapidly in more open structures depending on the lengthof the 
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alkyl chain ofthe TAA ion present. Silica gels with high Si to TAA ratios (and higher silica 

concentration) showed similar aggregation behaviour to gels when no T AA ions were added. 

The final structure however, was dependent on the TAA ion added. 

Small angle scattering of neutrons or X-rays proves to be an excellent in situ metbod to 

monitor gel transformations in amorphous zeolite precursor reaction mixtures. Combination 

with W AXS leadstoa powerfut technique for elucidation of the zeolite reaction mechanism. 

The results of a high silica concentration silicalite synthesis (Chapter 6) obtained with SANS 

are confirmed by SAXS-WAXS results. The initial amorphous gel particles are surface 

fractal, but grow and reorganise into smooth particles during the induction period. This 

reorganisation of the amorphous gel structure is needed before crystallisation can occur. 

During crystallisation gel particles are still growing, indicating that crystallization starts in or 

on the growing amorphous gel particles. 

The combination SAXS-WAXS was also used to monitor silicalite synthesis from clear 

reaction solutions (chapter 7), where homogeneous nucleation was expected to occur. It is 

shown that nucleation in a clear synthesis mixture is also preceeded by the formation of 

nanometer-scale intermediategel phases. A primary rnass-fractal aggregate is formed, which 

densifies during prolonged reaction. The densified particles may contain approximately 20 

zeolite unit cells. After densification, a secondary mass fractal aggregate is formed from the 

densified particles and at the samemoment crystallization is observed. Nucleation starts on 

the densified primary particles, similar to heterogeneous nucleation (chapter 6), and crystal 

growth occurs by consumption of the amorphous parts the densified particles and combination 

of nuclei. It can be concluded that also for homogeneous silicalite nucleation an intermediate 

gel phase is formed which reorganises before nucleation and subsequent crystallisation can 

occur. 

In conclusion, during the project two analytical techniques, 1H relaxation NMR and 

SAXS, have proven to be very suitable for in situ characterisation of wet gel phases and gel 

transformations. Furthermore, the combination of SAXS and W AXS led to new insights 

concerning zeolite mechanisms. The knowledge concerning growth processes occuring in 

precursors of silicas and zeolites has increased considerably, advancing towards a priori 

design of silicas, zeolites and related materials. 



Samenvatting 

De basisprincipes van de moleculaire silica chemie, van belang voor de ontwikkeling van 

nieuwe silica materialen en zeolieten, zijn nog niet geheel bekend. In dit proefschrift zijn de 

resultaten beschreven van het onderzoek naar de fysische chemie van geltransformaties in 

silica en zeoliet precursors zowel op moleculaire als (sub)colloidale schaal (1-100 nm). Voor 

de karakterisatie van deze gelen en de processen die daarin verlopen, zijn in-situ, niet 

destructieve analysemethoden toegepast, daar bijvoorbeeld drogen van de amorfe monsters 

vaak resulteert in een onherstelbare beschadiging van de structuur zoals deze in de natte 

gelfase aanwezig is. De ontwikkeling van dergelijke technieken en de daadwerkelijke analyse 

en interpretatie vormden de doelstelling van het in dit proefschrift beschreven onderzoek. 

De combinatie van proton relaxatie NMR en kleinehoekverstrooiing van röntgenstraling 

(SAXS) bleek zeer geschikt (hoofdstuk 3) voor het bestuderen van geltransformaties op zowel 

moleculaire als (sub)colloidale schaal. Met proton relaxatie NMR bleek het mogelijk om 

aggregatie van primaire deeltes, gelering en veroudering gescheiden waar te nemen en te 

interpreteren. Fluor gekatalyseerde silicagelen bleken een versnelde aggregatie, gelering en 

veroudering te vertonen door een toename van de condensatiesnelheid van de silica deeltjes. 

Optimale, maar verschillende fluor concentraties werden gevonden voor enerzijds de gelering 

en anderzijds de verouderingsreacties. Verhoging van de pH resulteerde in aggregaten met 

een kleiner oppervlak (hogere T2), hetgeen verklaard kon worden met de vorming van grotere 

primaire deelges voorafgaande aan aggregatie. De versnelde gelering die bij fluor 

gekatalyseerde gelen gevonden werd kon verklaard worden met de vorming van anisotrope 

aggregaten (Dr= 1. 7). Na verdergaande veroudering werd Porod verstrooiing waargenomen, 

wat duidt op een groei van de primaire deeltjes ten gevolge van hydrolyse en recondensatie 

van silicadeeltes op energetisch gunstigere posities. 

Neutronen verstrooiing aan silica xerogelen (hoofdstuk 4) toonde aan dat zowel de poriën 

als de kernen van de poreuze silica groeiden tijdens veroudering. Veroudering bij verhoogde 

temperatuur (80 oq of onder invloed van fluor bleek langdurige veroudering te resulteren 

in dezelfde grootte van de poreuze kern, hoewel de gevormde poriestructuur in de kern 

verschillend was. Vanwege de vorming van slitvormige en geïsoleerde poriën in de fluor 

gekatalyseerde silica gelen bleken de resultaten van de verstrooiings- en 

fysisorptieëxperimenten verschillend te zijn, terwijl voor de bij 80 oe verouderde gelen 

daarentegen een goede overeenkomst gevonden werd. Ondanks verstoring van de poreuze 



silicastructuur tijdens herbevochtiging, kon tijdens verstrooiingsexperimenten van neutronen 

met behulp van contrastvariatie worden aangetoond dat de verstrooiing veroorzaakt wordt 

door de poriën en niet door de silicadeeltjes. 

Tetra-alkylammoniumionen (TAA-ionen) bleken een duidelijke invloed te hebben op de 

aggregatie processen in silica gelen (hoofdstuk 5). Hoge initiële fractale dimensies (0,=2.85) 
werden waargenomen bij gelen met een lage silica/T AA verhouding, waarna deze gelen 

reorganiseerden tot meer open structuren, afhankelijk van de lengte van de alkylketen. Silica 

gelen met lage silica!T AA verhoudingen reageerden vergelijkbaar met gelen waaraan geen 

TAA-ionen waren toegevoegd, alhoewel duidelijke verschillen als functie van 

alkylketenlengte werden waargenomen. 

Neutronen- en röntgenverstrooiing bleken ook zeer geschikt te zijn voor het in situ volgen 

van gel transformaties in amorfe precursors van zeolieten. Combinatie met in situ 

röntgendiffractie verschafte een techniek om geltransformaties in de amorfe precursors te 

volgen simultaan met de eventuele vorming van zeolietkristallen. De resultaten van 

röntgenverstrooiing tijdens een heterogene zeoliet synthese (vanuit de gelfase) bleken overeen 

te komen met de resultaten van neutronenverstrooiing van hoofdstuk 6. De initieel gevormde 

geldeeltje waren (oppervlakte)fractaal en groeiden en reorganiseerden al groeiende naar 

gladde deeltjes gedurende de inductieperiode. Kristallisatie van silicaliet gebeurde na 

voltooiing van de reorganisatie. Tijdens de kristallisatie bleken de geldeelges nog steeds te 

groeien, wat erop duidt dat de kristallisatie start in of op de groeiende amorfe geldeelges. 

De combinatie van röntgenverstrooiing en röntgendiffractie is ook gebruikt voor het in situ 

volgen van een silicaliet synthese vanuit een oplossing (hoofdstuk 7). Hierbij bleek nucleatie 

ook te worden voorgegaan door de vorming van een fractale gelfase, waarbij deze primaire 

massafractale structuur verdichtte tot gladde compacte deeltjes die ongeveer 20 silicaliet 

eenheidscellen kunnen bevatten. De vorming van een secundair aggregaat uit deze compacte 

deeltjes viel samen met de start van de kristallisatie. Nucleatie start dus op de verdichtte 

primaire deeltjes, identiek aan de heterogenenucleatie (hoofdstuk 6). Kristalgroei vindt in dit 

laatste geval plaats door consumptie van de amorfe gedeelten van de verdichtte deeltjes en 

door combinatie van de kristallisatiekernen. 

Concluderend kan gesteld worden dat voor twee analyse technieken, proton relaxatie 

NMR en kleinehoekverstrooiing, aangetoond is dat zij zeer geschikt zijn voor het in situ 

volgen van geltransformaties in silica en zeoliet precursors. Bovendien biedt het simultaan 

volgen van de amorfe en kristallijne fase (combinatie röntgenverstrooiing en röntgendiffractie) 

een uitstekende mogelijkheid voor het bestuderen van zeolietmechanismen. Met behulp van 

deze technieken is de kennis betreffende moleculaire en (sub)colloidale processen optredende 

in precursors van silicas en zeolieten aanzienlijk toegenomen en is een belangrijke stap gezet 

naar de ontwikkeling van nieuwe materialen met gewenste eigenschappen. 
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