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Abstract 
The scanning transmission X-ray microscope at the Daresbury Laboratory has been used to form direct high-resolution 

images of gels prepared from aged silica sols at different pH values. The pH plays an important role in the determination 
of both the gelation rate and the microstructures observed in the aggregates of the silica gel. The fractal dimension of the 
structures can be used to study differences between the resulting aggregates. 

1. Introduction 

Silica gels can act as suitable supports for catalytic mate- 
rials because of their highly porous structure, and they also 

act as precursors that are used in the preparation of special 

coatings, bulk glasses and ceramics. Factors such as con- 
centration, pH, temperature, and the presence of ionic salts 

can influence the size, form and distribution of the pores in 

a silica gel [ 11. The control of these factors allows different 
microporous structures to be synthesised, and is a crucial 
step in achieving high selectivity in catalysis, the selective 

absorption of gases, or the development of ion exchange 

systems [ 2,3]. 
The development of silica gel structures from water glass 

proceeds through a number of steps. Below pH values of 5-6, 
the first step is the polymerisation of silicic acid “monomers” 

to form discrete, essentially spherical particles less than 4 nm 

in diameter [ 11, These particles then aggregate into larger 
clusters, often in a diffusion-limited process. If the silica 

concentration is high enough these clusters ramify into a 
three dimensional extended network that constitutes the gel. 

Diffusion-limited aggregation (DLA) is typical of many 

natural processes [ 41, and leads to structures that can be 
characterised by a fractal dimension. The modelling of ag- 
gregation processes has become increasingly sophisticated 
over the last decade, so that both diffusion-limited cluster 
aggregation (.DLCA) and reaction-limited cluster aggrega- 
tion (RLCA) can be simulated [ 51. In addition to the abil- 
ity to handle ever-larger numbers of primary particles in the 
simulation process, modem computer programs also allow 
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for the possibility of cluster-cluster aggregation, aggregate 
reorganisation and aging, whereby the silica within the gel 
network is allowed to redistribute itself over the thin fibres 
of the gel network, leading to a thickening and a strength- 

ening of the structure. 

Direct imaging of hydrated silica gels using the scan- 
ning transmission X-ray microscope (STXM) on the undu- 

lator beam-line 5U2 at the Daresbury Synchrotron Radia- 

tion Source (SRS) has been reported recently [ 61. Images 
are formed at wavelengths around 3.4 nm with a spatial res- 

olution of between 50 and lOOnm, a length scale that over- 
laps with and complements that available from small-angle 
and ultra-small-angle X-ray scattering (SAXS and USAXS) 

data [ 7-91. 
This paper describes the structures of aggregates prepared 

from a low-concentration silica sol in which gelation was 

initiated at a number of different pH values. The structural 
differences in the resulting gels were observed using the 
STXM at the Daresbury SRS, and a method of characterising 
these differences by extracting a fractal dimension from the 

image data is under development. 

2. Sample preparation 

Transparent water glass solutions of different molar ratio 
of Si02:NaOH were prepared by dissolution of fumed silica 
powder (CAB-0-Sil,M-5) in NaOH under vigorous stirring, 
and at solution temperatures up to 70°C in order to acceler- 
ate the dissolution of the silica powder. The water glass was 
added to a dilute, stirred solution of HCl to form a silica sol 
whose pH can then be adjusted to control the rate of aggre- 
gation and the gelation time. The basic step governing the 
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Fig. I. Structures formed from aged silica sots (25 days), SiOz:NaOH = l:I, 0.4 wt% SiO2; (a) pH = 3, (b) pH = 4. (c) pH = 5. (d) pH = 7. 

formation of a gel concerns the random collision of two sil- 

ica particles, which then have a finite probability of sticking 
together. For the particles to stick, the repulsion associated 

with surface charges must be low enough to allow siloxane 
bonds to be formed, and this linkage is influenced by the 
catalytic action of hydroxyl ions and by the dehydration of 
particle surfaces at high pH values. For sols prepared with 
a concentration of 1 wt% SiOz and a molar mtio of 3:2 for 
Si02:NaOH, it is found that the gelation time is inversely 
proportional to the hydroxyl ion concentration for pH values 
in the range 2-4, and that above pH = 4 the gelation time 

increases with increasing pH. This pattern of behaviour is 

similar to that described by ller [ 11, when dealing with gels 
prepared from higher concentrations. 

For the experiments reported here, a sol with initial 

concentration of 0.4 wt% SiO2 and molar ratio of I: 1 
(SiOz:NaOH) was prepared with pH values varying from 
3 to 8, since at this lower concentration the sols were stable 
and the gelation time was very long. The stability of the 
sols allowed them to be aged for periods of 25 days without 
gelation taking place and made it possible to prepare thin 
(C 5 pm) film specimens that would begin to gel only 
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once they had dehydrated sufficiently to raise the effective 
concentration of silica. By enclosing these thin films be- 
tween two IOOnm thick silicon nitride membranes it was 
possible to reduce significantly the rate of eva~ration of 
water, and thereby to observe the still-hydm~d gel as it de- 
veloped. The silicon nitride membranes are sufficiently thin 
to allow them to be used as X-ray-transmissive windows at 
the operating energy of the STXM. 

3. Results 1.6 

Figs. la to Id show STXM images taken of samples pre- 
pared from sols with pH values of 3,4,5 and 7 respectively, 
and demonstrate very clear differences in the structures ob- 
served. All the images were formed using soft X-ray pho- 
tons of energy N 365 eV, at an image resolution better than 
100 nm. Since the images are X-ray absorption maps of the 
specimen, they can be converted to maps of the projected 
mass-thickness simply by taking me logarithm of the inten- 
sity values. An attempt can then be made to characterise the 
differences in the images by measuring the fractal dimension 
Dr of the structures, dete~ned in this instance by a simple 
box-counting algorithm [ 10,111, When dealing with noisy 
data, the value of Dr is sensitive to the threshold value cho- 
sen to determine whether a particular image box is “filled” 
or not, so the values of Df reported here correspond to an 
average from three different threshold values that differ by 
5% of the mean picture value. The error estimates reflect the 
(systematic) variation in the value of Df that results from 
varying the box-counting threshold. Fig. 2 shows the value 
of Df as function of the pH of the gelating mixture; in each 
case the measured fmctal dimension is less than 2, so it is 
possible to relate the value of & obtained from the image 
data (which depicts a 2~imensionai proj~tion of the aggre- 
gates) to that of the original 3-dimensional structure [ 121. 

Fig. 2. Fractal dimensions DC versus pH of aggregates derived from diluted 
aged silica sots (25 days), SiOz:NaOH = l:l, 0.4 wt% SiO2. 

between the branches of the aggregates, although the frac- 
tal dimension is not significantly different from that mea- 
sured at other pH values. As the pH is increased above 7, 
the colloidal particles grow bigger. Loosely connected col- 
loidal particles can be seen in Fig. Id, and it appears that the 
measured value of Df has increased once more to a value 
closer to that found at low pH values. However, it should be 
emphasized that the experimental uncertainties in the mea- 
sured values of Df are still too large to allow firm conclu- 
sions to be drawn from the data, and more experiments must 
be performed to confirm the results presented here. 

The structure that results from a sol prepared at pH = 3 is 
shown in Fig. la. At this pH, near to the “zero charge” point 
found around pH = 2 [ 11, there will be a low concentration 
of hydroxyl ions, so the particles will bear only a small sur- 
face charge. As can be seen, the observed structure is quite 
dense with a relatively high fractal dimension that is prob- 
ably related to the very small size of the primary particles. 

Iler [ l] has suggested that when the sodium ion concen- 
tration is higher than a “critical coagulation concentration” 
these positively charged ions can effectively neutralise the 
negative charge of the adsorbed hydroxyl ions that are re- 
sponsible for the surface charge, so that a neutral adso~tion 
complex is formed. In this case the sodium ion may act as 
a link between two silica particles and further aggregation 
can take place. 

Larger aggregates, arising from a sol prepared with pH = 
4, can be seen clearly in Fig. lb. At this pH, and with 
a low silica concentration, the primary silica particles are 
ohgomers that can increase in size at the expense of the 
monomers. Although the higher concentration of hydroxyl 
ions gives rise to some surface charge on the silica, this is 
not sufficient to prevent the agglomeration of the oligomers 
into relatively large colloidal particles. At pH = 5, where 
there is a still higher concentration of hydroxyl ions, the 
larger colloidal particles are now unable to form the dense 
bulk gel or lumps of gel seen in Figs. la and 1 b, because 
of the increased surface charge, and the result is the more 
open structure seen in Fig. lc. There are now large spaces 

A change in the appearance of a silica gel sample over a 
period of 40 minutes is illustrated in Fig. 3, and is likely to 
be associated with a drying of the gel film. The difference in 
the fractal dimensions of the observed structures, changing 
from 1.70 3~ 0.05 to 1.76 f0.05 is small enough to be within 
the experimental error, and supports the conclusion that no 
dramatic structural changes take place as the gel sample 
slowly dries. This is an encouraging conclusion, in the sense 
that it makes it possible to characterise the structure of the 
various gel p~parations without having to take elaborate 
precautions to ensure that different samples are all examined 
at exactly the same stage of hydration. 

4. Conclusions 

A method has been developed to prepare thin specimens 
of hydrated silica gel M 5 pm thick that are sufficiently 

3.5 5.0 6.5 8.0 
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Fig. 3. Structures formed from aged silica sol (2.5 days), SiOl $aoH = 1:~ 0.4 wt% SiO2, pH = 4; (a) 0 min (b) 40 min. 

transparent to soft x rays to allow direct imaging to be car- 
ried out with the STXM. Diluted aged silica sols prepared at 
different pH have been examined. Sols prepared with pH 5 
4 produce small primary particles that result in large com- 
pact lumps of gel, whereas a sol with a higher pH (2 5) 
produces larger particles that form a more loosely connected 
structure. However, despite the clear differences in the ap- 
pearance of the various specimens, the experimental uncer- 
tainties associated with the measurement of the fractal di- 
mension mean that attempts to characterise the structures on 
the basis of the measured Dr remain inconclusive. It is nec- 
essary to obtain more extended image sequences, with both 
better signal-to-noise ratio and better image resolution. 
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