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Abstract 

Polymeric SiO 2 and binary SiO2/TiO a, SiO2/ZrO 2 and SiO2/A120 3 sols, for ceramic membrane modification 
applications, have been prepared by acid-catalyzed hydrolysis and condensation of alkoxides in alcohol. The sols were 
characterized with small angle X-ray scattering, using synchrotron radiation. Directly after synthesis, the sols were found to 
consist of weakly branched polymeric structures with typical fractal dimensions of around 1.5 and radii of gyration of = 2 
nm. The aggregation for silica sols obeys the tip-to-tip cluster-cluster aggregation model in the initial stages. Prehydrolysis 
of TEOS was found to be the best method to synthesize polymeric binary systems. Based on an analysis of film formation 
from sols consisting of weakly branched polymers, it is expected that consolidation of these polymers will result in 
microporous materials. 

1. Introduction 

Improvement of the gas separation properties of 
mesoporous membranes by pore size reduction to the 
micropore (IUPAC definition [1], rpor~ < 1 nm) range, 
can be obtained successfully by sol-gel modification 
with polymeric inorganic sols. A strong increase of 
separation factors, which are mainly governed by 
Knudsen diffusion for mesoporous membranes 
(O~idea 1 ~ (MA/MB)I/2), tO molecular sieve-like sep- 
aration factors, have been reported [2-7]. 

* Corresponding author. Tel: + 31-53 899 111. Telefax: + 31-53 
356 024. 

1 Present address: Flexovit Produktie by, Research Department 
Abrasive Products, PO Box 10, 7150 AA Eibergen, The Nether- 
lands. 

In this paper, the sol synthesis and characteriza- 
tion are described of inorganic SiO 2, SiO2/TiOa, 
SiOa/AI20 3 and SiO2/ZrO2 polymeric sols for 
membrane modification applications. The thermal 
stability of SiO 2 is high, but the chemical stability at 
high temperatures in the presence of water is poor 
[8]. The attack of water breaks S i -O-Si  bonds, 
resulting in the formation of surface hydroxyls (Si-  
OH). Incorporation of a second component, such as 
A120 3, TiO 2 and especially ZrO 2, in glass has proven 
to improve the chemical stability. Analogous to 
glasses, the incorporation of these binary compo- 
nents in sol-gel-derived silica might have the same 
effect. 

By using small angle X-ray scattering (SAXS), 
the influence is investigated of synthesis conditions 
such as water content and acid content on the struc- 
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ture of the polymeric sols. Also the structural evolu- 
tion of sols as function of sol age is followed. Some 
important conclusions are made concerning the struc- 
tural evolution of the sols and the differences be- 
tween binary sols compared with silica sols. The 
results obtained are also compared with aggregation 
models from literature. 

The sol-gel process involves the hydrolysis (1) 
and condensation (2) of alkoxides: 

- S i  - OR + H20  ~ - S i  - OH + ROH, (1) 

- S i  - OR + HO - S i -  ~ ~-Si - O - Si--- + ROH. 
(2) 

By controlling the synthesis conditions carefully, the 
sol morphology can be directed towards weakly 
branched polymeric systems or to particulate systems 
[9]. Control of the relative rates of hydrolysis and 
(poly)condensation, and the respective mechanisms 
of these reactions are the main tools for this differ- 
ence [10]. Important process parameters are the water 
content, the solvent, the catalyst used (acid or base) 
and its concentration and the type of alkoxide used. 
The reactivities of transition metal alkoxides are 
considerably higher than for silicon alkoxides, even 
factors of 105 have been reported [11]. Therefore, 
care has to be taken in the synthesis of binary 
materials to avoid homo-condensation. A commonly 
used strategy to avoid this is by using a prehydroly- 
sis process: the slowest reacting alkoxide is prehy- 
drolyzed prior to the addition of the second, fast 
reacting, alkoxide. 

For the formation of microporous consolidated 
films, it is believed that weakly branched polymeric 
systems, with fractal dimensions Df < 2 are pre- 
ferred [12]. The concept behind microporous mem- 
brane formation is a certain extent of interpenetration 
of weakly branched polymers. This picture, however, 
is for most practical situations not complete, since 
during consolidation (drying) further condensation 
reactions may take place. The extent in which this 
happens depends on both the sol reactivity and the 
relative rates of consolidation (evaporation) and con- 
densation. 

The synthesis conditions which lead to these 
weakly branched systems involve the use of an acid 
catalyst, where pH << 2.2 (iso-electric point of silica), 

and the use of low to moderate water content 
([water]/[alkoxide] < 10). Hydrolysis (1) then takes 
place via a fast protonation of the alkoxide, followed 
by an attack of water, resulting in the substitution of 
the alkoxy-group with an hydroxyl group. Protona- 
tion becomes slower when more hydroxyls are pre- 
sent, since hydroxyl groups are stronger electron- 
withdrawing, which causes a lower stability of the 
protonated alkoxide. The hydrolysis rate will there- 
fore decrease with the extent of OH substitution. 
Acid-catalyzed condensation proceeds analogously, 
where a protonated silanol species is attacked by 
water. The condensation reaction rate decreases with 
the number of condensed S i -O-Si  groups. 

Condensation reactions under acid-catalyzed con- 
ditions are much slower than hydrolysis reactions, 
and start generally when hydrolysis is complete. As a 
consequence, a large amount of hydrolyzed species 
is present at the moment condensation becomes sig- 
nificant. Since the condensation reactions then take 
place between individual hydrolyzed species 
throughout the reaction vessel, the aggregation can 
be regarded as a cluster-cluster aggregation process 
[9]. The general trend is therefore that acid-catalyzed 
reaction processes lead to weakly branched struc- 
tures. 

Small angle X-ray scattering, using synchrotron 
radiation, is an excellent technique to characterize 
these sols. When sols possess a fractal geometry, the 
fractal dimension and a radius, Rg, 2 can be deter- 
mined from a plot of log(I) versus log(Q), where I 
is the scattered intensity and Q is the scattering 
vector defined by 

Q = (4'rr/ h) sin( O ),  (3) 

where A is the wave length and 20 is the scattering 
angle. If s e and r 0 are the upper and lower cut-off 
length of the fractal structure (corresponding with 
the size of the fractal and the size of the primary 
building unit), the log-log plot for fractal systems 
can be divided in three regions [13]: 

(i) The so-called 'Guinier region', Q << 1 /~ ,  
where, provided the system is diluted and monodis- 

2 This radius is often referred to as the Guinier radius, although 
in a strict sense this may not al,,vays be correct. 
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perse, I(Q) can be expressed by Guinier's approxi- 
mation: 

g ( Q < < I / ~  e) (4) I( Q) cc exp 3 

where Rg is the so-called Guinier radius. For most 
practical systems, however, this approximation is not 
allowed. For instance, for diluted, polydisperse sys- 
tems, Eq. (4) will yield an average of the radius of 
gyration. 

(ii) The intermediate region or 'fractal region' 
(1/se<< Q << l/r0),  where the intensity can be de- 
scribed by a power-law, the fractal dimension can be 
determined from the slope ( -Dr) :  

I(Q) cx Q-Dr, (1/~:) << Q << ( l / r 0 ) .  (5) 

(iii) At large scattering vectors (Q >> l/r0), the 
intensity will follow Porod's law, resulting in a slope 
- 4  for smooth particles or building blocks. 

From the crossover points in the scattering re- 
gions, which take place at Q = 1/6: and Q = 1/r o, 
the sizes of the respective scattering units (~: (= Rg) 
and r 0) can be estimated. The radius of gyration, 
Rg, of the polymeric structures can be determined 
from the crossover point in the log-log spectra by 
assuming 1/~ = 1/Rg.  However, one should bear in 
mind that, if the concentration of the polymers is 
high, and entanglement occurs, an underestimate of 
Rg is determined, since this parameter is defined 
only for systems in which the interparticle interfer- 
ence is negligible [9]. 

2. Experimental 

Table 1 
Composition of standard silica polymeric sol (StSiO z) 

TEOS Hz0 CzHsOH HNO 3 
(r w) (ralcoho 1) (1M) 

(r.+) 

mol: 0.094 0.6 0.36 0.008 
mol ratio (X/TEOS): (1) (6.4) (3.8) (0.085) 

and acid/TEOS are abbreviated as r w, ralcoho I and 
rH+, respectively. The standard composition (in mol 
as well as mol ratio to TEOS) of the reaction mix- 
tures is given in Table 1. 

2.1.2. Binary sol synthesis 
Binary SiOa-based sols are prepared using TEOS, 

with titanium isopropoxide (Ti(OiPr)4, Merck, p.a. 
grade) or titanium-n-butoxide (Ti(OnBu)4, Merck, 
p.a. grade), zirconium-n-butoxide-n-butanol com- 
plex (Zr(OnBu)4-nBuOH, Alfa, p.a. grade) and alu- 
minium-di-sec-butoxide-acetoacetic ester chelate 
(Al(OSBu)2-etac, Alfa, p.a. grade) as alkoxides for 
S i O 2 / T i Q ,  S iO2/ZrO 2 and SIO2/A1203,  respec- 
tively. Alcohols are used as solvent: (n-butanol 
(Merck, p.a. grade), ethanol (Merck p.a. grade), or 
iso-propanol (Merck, p.a. grade)). In Fig. 1 the reac- 
tion scheme for the synthesis of binary sols is given. 
Binary sols are abbreviated as SiMxx, where M is 

PREHYDROLYSlS I TEOS t I water / 
OF TEOS ethanol HNO 3 

20oc or 80oc 
" Sil ica ") 
.~y~r.l~nd. j 

2.I. Sol-gel synthesis 

2.1.1. Silica sol synthesis 
Polymeric silica sols were prepared by acid-cata- 

lyzed (HNO 3, Merck, p.a. grade) hydrolysis and 
condensation of tetraethylorthosilicate (Si(OEt) 4, 
TEOS, Merck p.a. grade) in alcohol (ethanol, Merck, 
p.a. grade). A mixture of acid and water was care- 
fully added, using a dropping funnel, to a mixture of 
ethanol and TEOS under vigorous stirring. The reac- 
tion mixture was then refluxed for 3 h at 80°C under 
stirring. Molar ratios water/TEOS, alcohol/TEOS 

COMPOSITE SYNTHESIS 
SINGLE STEP 20°C 

Ti, AI, Zr 
¢=== alcohol 

\ 

i~ binary sol 
single step ) 

TWO STEP i i S--  "! ~, water 
HYDROLYSIS 2O°0 HNO  i 
(optional) \/ 

r binary sol "~ 
~ two.step ) 

Fig. 1. Synthesis of binary polymeric sols by single-step and 
two-step hydrolysis. 
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Table 2 
Standard reaction conditions of binary sols 

System Prehydrolysis Step 2 

T (°C) time (h) T (°C) time (h) extra H 20/HNO 3 

SiTil0/30 80 2.5 20 2 no 
SiTil0, 2 step 80 2.5 20 2 yes 
SiTil0X 
Si 80 2 20 0,5 no 
Ti 20 0.5 

SiZrl0/30 20 3 20 3 no 
SiZrl0, 2 step 20 3 20 3 yes 
SiAll0 20 1.5 20 0.5 no 

X, Separate prehydrolysis of TEOS and Ti(O i Pr) 4. 

the second component and xx is the molar percent- 
age based on MOy/SiO 2. The conditions, tempera- 
ture and reaction time, for the synthesis of the binary 
sols are given in Table 2. The compositions (mol and 
molar ratio X/TEOS) are listed in Table 3. 

Three synthesis routes have been used. 
(A) Single-step prehydrolysis, which is the main 

route for the synthesis of binary SiO2/TiO > 
S i O ; / Z r O  a and S i O 2 / A l a O  3 sols. Prehydrolysis  of 

TEOS is followed by the addition of respectively the 
Ti, Zr or A1 alkoxide in alcohol. 

(B) Two-step hydrolysis, for the synthesis of 
S i O 2 / T i O  2 and S i O 2 / Z r O  2 sols is a modification of 
the prehydrolysis process in the sense that it incorpo- 
rates a second addition of water and acid after the 

addition, and followed by reaction for 2 h, of the 
titanium or zirconium alkoxide. 

(C) Separate prehydrolysis followed by mixing of 
sols; TEOS and titanium isopropoxide are prehydro- 
lyzed separately and subsequently mixed to form a 
binary sol. 

In Table 3 the total amount of each reactant (in 
mol) is given for each sample for both the (pre)-hy- 
drolysis step and the binary step (addition of Ti, Zr 
or A1 alkoxide). For the (pre)-hydrolysis step and the 
composite step, the alcohol used under standard con- 
ditions is ethanol and butanol, respectively. The 
molar ratios (in parentheses) are given based on the 
amount TEOS. 

For a given sample, for example SiTil0-2 step, 

Table 3 
Standard composition (mol ratio) of binary sols 

Sample code (Pre)-hydrolysis 

TEOS CzHsOH H20 

SiTil0 0.094 (1) 0.36 (3.8) 0.096 (1) 
SiTil0, 2-step 0.094 (1) 0.36 (3.8) 0.107 (1.14) 
2-step 0.6 c (6.4) 

SiTil0X 
silica 0.094 (1) 0.36 (3.8) 0.43 (4.6) 
titania 0.051 (1) 1.29 (25.2) 0.1 (2.0) 

SiTi30 0.094 (1) 0.36 (3.8) 0.096 (1) 

SiZrl0 0.094 (1) 0.36 (3.8) 0.096 (1) 
SiZrl0, 2-step 0.094 (1) 0.36 (3.8) 0.096 (1) 
2-step 0.57 c (6.1) 0.144 c (1.5) 

SiZr30 0.094 (1) 0.36 (3.8) 0.096 (1) 

SiAll0 0.094 (1) 0.27 a (2.9) 0.17 (1.8) 

Composite step 

HNO 3 M alkoxide BuOH 

0.008 (0.085) 0.01 ~ (0.11) 0.23 (2.5) 
0.002 (0.021) 0.01 a (0.11) 1.42 ~ (15.1) 
0,008 c (0.085) 

0.008 (0.085) - 
0.004 (0.008) - 
0.008 (0.085) 0.038 a (0.43) 0.13 (1.4) 

0.008 (0.085) 0.01 (0.I 1) 0.23 (2.5) 
0.008 (0.085) 0.01 (0.I1) 0.23 (2.5) 
0.012 e (0.128) 
0.008 (0.085) 0.04 (0.43) 0.07 (0,76) 

0.016 (0,17) 0.007 (0.I) 1.3 d (13.8) 

a Ti(OnBu)4 as alkoxide, b ethanol, c Total amount after second hydrolysis step. ~ iso-propanol. 
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the composition of the reaction solution in the prehy- 
drolysis step is given in columns 2-5 (0.094 mol 
TEOS, 0.36 mol ethanol, 0.107 mol water and 0.002 
mol HNO3). The composition of the solution of the 
Ti alkoxide is given in columns 6 and 7. In this case 
Ti(OnBu)4 (0.01 mol) is used as alkoxide and, con- 
trary to the standard conditions, ethanol (1.42 mol) is 
used as alcohol. The molar ratios of the second 
hydrolysis step are given in the second row belong- 
ing to this sample. Only a solution of water and acid 
is added; the total amount after the second hydrolysis 
step is given (0.6 mol water and 0.085 mol HNO3). 

SiTil0X is prepared by mixing of separately pre- 
hydrolyzed sols. The silica sol was prepared as 
described before, with the exact conditions and com- 
position given in Tables 1 and 3 (SiTil0X, Si). The 
titania sol (SiTil0X, Ti, molar ratios based on 
Ti(Oipr)4) was prepared by careful addition of a 
solution of water and acid in ethanol (half o f  the 
total amount ethanol) to the ethanol diluted (second 
half of the ethanol amount) titanium propoxide. Both 
sols were diluted again with ethanol (1:1 by volume) 
and a binary sol was prepared by careful addition 
(using a dropping funnel) of the diluted TEOS poly- 
meric solution to the diluted titania sol. The amount 
of titania sol was adjusted to result in a S iQ/T iO 2 
sol with 10 mol% TiO 2. 

The different conditions and compositions for the 
binary sols have been developed based on two crite- 
ria: (i) from the technical view point of membrane 
formation, gelation during synthesis has to be 
avoided, and (ii) microporosity and high porosity had 
to be obtained for the consolidated and calcined 
non-supported films [6,14]. 

tion Source (SRS), Daresbury (UK) [15]. The scat- 
tered X-ray intensities were recorded using a quad- 
rant detector. With camera lengths of 4 and 0.7 m, 
Q-ranges of approximately 0.009-0.212 .~-i and 
0.025-0.809 A -I could be measured, respectively. 
The detector position was calibrated for each camera 
length with the diffraction pattern of wet rat tail 
collagen (repeat distance d = 670 A). Samples were 
mounted in brass cells with mylar windows. Spacers 
with thickness of = 1 and = 2 mm were used to 
optimize the path length of the X-rays through the 
sample, which is a compromise between absorption 
and scattering intensity [16]. Data acquisition times 
are in the order of 5 min in order to obtain suffi- 
ciently high signal to noise ratios. 

The raw data were first corrected for decay of 
beam intensity and detector sensitivity by normaliza- 
tion with respectively incident X-ray intensity and 
detector response function [17]. Second, data correc- 
tion for background and parasitic scattering which 
originated from the solvent, mylar windows and slits 
was performed, using the fractal region [18], where 
I(Q) has a Q-D~ dependence according to 

I(Q) = (a/QZ)O + B, (6) 

where a is a constant and the value of background B 
can be minimized by plotting I(Q) versus Q-D~. B, 
given by the intercept, is adjusted by background 
substraction [16]. 

3. Results 

3.1. Polymeric silica soIs with standard composition. 

2.1.3. Sol handling for SAXS experiments 
Prepared samples for SAXS experiments were 

kept at room temperature in closed glass containers 
of 5-20 ml, with approximately 20 vol.% ambient 
air above the liquid level. The age of the samples 
varies from freshly prepared to maximum 50 days. 

2.2. Small angle X-ray scattering 

Small angle X-ray scattering experiments were 
performed using synchrotron radiation (X-ray wave- 
length 3.-- 1.54 ,~) at the Non-Crystalline Diffrac- 
tion beamline 8.2 of the SERC Synchrotron Radia- 

3.1.1. Structural evolution of standard silica sols 
during synthesis. 

During synthesis experiments of silica under stan- 
dard conditions (3 h reaction at 80°C), samples were 
taken at intervals of 1 h. In the first hour of the 
hydrolysis and condensation process of the poly- 
meric solution, no scattering was detected. After 
about 1 h of reaction, however, the fractal regions 
became visible in the spectra. The SAXS spectra 
show an increase of the Q-range where I(Q) follows 
the Q-D~ law during the hydrolysis process. A typi- 
cal spectrum, of standard silica sol A after 3 h, is 
given in Fig. 2. As can be seen, the spectrum follows 
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Fig. 2. SAXS spectrum of sol A after 3 h of reaction. Df = 1.47 + 
0.07, R~ = 1.4+0.2 nm, camera length = 0.7 m. 
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Fig. 3. SAXS spectrum of a 46-day-old silica sample. Obtained 
with 4 m camera length. Df = 1.86+0,07, R~ = 4.1 +0.2 nm. 

the theoretical expected shape reasonably well. The 
fractal dimension was calculated with linear regres- 
sion analysis in the fractal region between the two 
vertical dotted lines; the experimental error in the 
calculation is about 0.07 for Df. 

The radius of gyration was determined from the 
crossover point between fractal behaviour to the 
Guinier region. However, the spectrum is slightly 
concave at this point, and the transitions therefore 
are not sharp, which can be expected for a physical 
system consisting of a large number of scatterers. 
Since in most cases the Guinier region is almost 
linear on the scale used, the crossover point can be 
estimated using a linear fit of the Guinier region• 
Fitting between In(Q) = -3 .7  and = -2 .99 gives a 
straight line which results in an intersection at ln(Q) 
= -2.64. Then Q = 0.07136, and Rg = 1/Q = 1.4 
nm. The reproducibility of this assessment has found 
to be in the order of 0.2 nm. 

Detailed analysis of the Porod region is not al- 
lowed, since the fitting procedure, which is per- 
formed for data in the fractal region, may not be 
correct for the Porod region. The Q-value at the 
transition point can therefore only be used to give an 
estimate of the upper value of r 0. This is Y0,max ~ 0.2 
nm. 

The reproducibility of the calculation of Df and 
Rg from a certain SAXS spectrum was good as 
stated before. The experimental error determined 
from duplicate experiments with sols prepared under 
identical conditions, however, is slightly higher and 
around 0.2 in the calculated Df  and maximum around 
1 nm for Rg (see Figs. 3 and 4). 

The results of three experiments with standard 
silica sols, where identical synthesis conditions are 
used, are summarized in Table 4; the samples were 
prepared under standard conditions with standard 
composition. From these results it can be seen that 
both the fractal dimension and the radius of gyration 
grow during the reaction process. The formed sol 
consists of very weakly branched polymeric struc- 
tures with final fractal dimension between 1.3 and 
1.5. After cooling the solution, no significant growth 
takes place within a period of at least 3 days. 

2.2 

1.8 
.~. 
15 1,6 

[ 

1.4: 
( 

1,2{ 

© 

,~,I-I ~ ~ E ~ :  O 

,Frq 
© 

1'o 2'6 . . . .  a0 46 . . . .  --~o 
Sot/gel age (Days) 

Fig. 4. Evolution of D r as function of sol-gel age for silica 
samples with standard composition. Data from two measurement 
sessions using long (4 m (squares, session 1; circles, session 2)) 
and short (0.6 m (triangles, session 1) and 0.7 m (stars, session 2)) 
camera length, 
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Table 4 
Evolution of characteristic parameters during reaction of three 
silica sols prepared under standard conditions with standard com- 
position 

Reaction Sol 
time (h) A B C 

Dr: 

Rg G): 

1 1 .10  a 1.30 
2 1.34 1.00 1.48 
3 1.47 1.30 1.55 
3 + X 1.45 ~ 1.50 c 

1 9 a 

2 11 15 23 
3 14 25 22 
3 + X 14 b 22 c 

a No scattering. 
b Sol cooled to room temperature, second measurement after 4 
hours (X =4  h). 
c Sol cooled to room temperature, second measurement after 3 
days (X = 3 days). 

Table 5 
Characteristics of silica sols with non-standard water/alkoxide 
ratio, r w, calculated from SAXS spectra 

r,,, Age Df Rg (A) 
(days) 

Higher r,,¢ 12 0 1.59 I4 
12 5 1.48 26 
8.2 0 1.41 22 
8.2 5 1.25 20 

Standard r w (6.4) (0) ( = 1.4) ( = 17) 

Lower r,,v 5.5 5 1.6 
4.6 0 1.0 15 
4.6 16 1.55 24 
2.2 14 1.1 17 
1.0 0 a a 
1.0 22  a a 

a NO scattering observed; Df and Rg cannot be calculated. 

3.1.2. Structural evolution o f  silica sols during sol 
aging 

Fractal  d imens ion  and radius o f  gyrat ion o f  differ- 

ent  po lymer i c  sols and gels with standard compos i -  

t ion has been ana lyzed  as a funct ion o f  sol or  gel 

age. In Fig. 3 a S A X S  spec t rum of  a 46-day-o ld  

sil ica sol is shown.  The  fractal reg ion  is clearly 

present.  In Figs.  3 and 4 the evolu t ion  of, respec-  

t ively,  the fractal  d imens ion  and radius o f  gyrat ion 

are shown as funct ion o f  age. Data  obtained with 

both short  and long camera  length are combined  in 

these figures;  the calculated fractal d imens ions  for a 

sample  f rom both camera  conf igurat ions  are within 

the exper imenta l  error. 

As  can be seen f rom these figures,  the increase o f  

sol and gel age results in an increase o f  both the 

fractal d imens ion  and the radius o f  gyration.  A tran- 

sition point  at ~ 10 days is clearly visible in both 

figures. This transition corresponds to gelat ion o f  the 

sol, which was found to take place  approximate ly  

Table 6 
Characteristics of silica sols with non-standard reaction temperature and acid content calculated from SAXS spectra 

rH+ r w Age (days) Df Rg (~,) 

Reaction at 80°C (standard) 
Higher rH+ 0.096 6.3 8 1.70 24 
Standard (0.085) (6.4) ( = 8) ( = 1.6) ( = 25) 
Lower rH+ 0.074 6.4 8 1.7 24 
Lower r H 0.043 6.4 8 1.42 22 
Standard, no reflux a 0.085 6.4 7 1.65 24 
Standard, 2 days open air b 0.085 6.4 18 1.6 24 
Standard, dip solution 0.085 6.4 40 = 1.2 

Reaction at 20°C 
Standard 0.085 6.4 17 1.35 20 
Lower rH+ 0.043 6.4 8 1.45 7 
Lower r w 0.085 1 0 c c 

a The reaction mixture was stirred at 80°C, in an erlenmeyer without reflux cooler. 
b A standard polymeric solution was kept in an open bottle at room temperature for 2 days, then the bottle was closed. 
c No scattering; Df and Rg cannot be calculated. 
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7-14 days after synthesis. The development of the 
viscosity during the process was observed visually. 

The fractal dimension directly after sol synthesis 
is about 1.4, and increases to ~ 1.65 at the gelation 
point around 10 days. After 20 days, a limiting value 
of t.75-1.85 is reached. The radius of gyration is 
about 2 nm directly after the sol synthesis and 
increases to ~ 3 nm around 10 days. The limiting 
value of 4 nm is reached after 20 days. From the 
analysis at high Q in the log-log plots, the upper 
limit of r 0 of these samples is estimated to be 0.2 
r i m .  

3.2. Polymeric silica soIs with non-standard compo- 
sitions 

The influence is investigated of reaction tempera- 
ture, r w, and acid concentration on the structural 
evolution of silica sols. Sols have been prepared 
directly preceding the SAXS measurements as well 
as some days before the measurements. The results 
have to be compared with standard silica sols of the 
same age as given in Figs. 3 and 4. Therefore, the 
calculated fractal dimensions and radii of gyration, 
as presented in the next tables, are given together 
with the age of the respective samples. In Table 5, 
the influence is given of r w on the fractal dimension 
and radius of gyration. It is shown that, with the 
standard composition as basis, an increase of r w to 
12 (standard: r w = 6.4) does not result in a signifi- 
cant change of the polymeric structure. A decreased 
r w compared with the standard composition, how- 
ever, shows clearly a trend towards smaller cluster 
sizes and lower fractal dimensions. At r w --1 no 
significant scattering can be detected. 

In Table 6, results are given of experiments where 
reaction temperature and acid content are varied and 
where the standard composition and temperature is 
recapitulated for comparison reasons. Standard dip 
solutions, which are used for membrane modifica- 
tion, are prepared by 18 × dilution with ethanol of a 
freshly prepared standard SiO 2 sol. 

The influence of sol concentration during the 
synthesis was investigated for a sample which was 
prepared under standard conditions, however, with- 
out using a reflux cooler. This results in a decrease 
of the sol volume during the synthesis of around 
20%. 

The influence of atmosphere during synthesis and 
aging on sol structure was investigated by leaving a 
standard sol open to air for 2 days prior to closure of 
the sample bottle. 

Small angle X-ray scattering spectra have similar 
shapes as given in Fig. 2. The results, as summarized 
in Table 6, show the following. 

(i) Compared with the standard (rH+=0.085), 
small differences in acid concentration (rH+--0.096 
and rH+--0.074) do not show a significant differ- 
ence in polymeric structure, as characterized by the 
fractal dimension and the radius of gyration. 

(ii) Lowering the acid concentration to half the 
standard amount (rH+ = 0.043) results in lower frac- 
tal dimensionality and cluster size (compared with 
sols prepared with standard composition and of the 
same age, as can be seen in Figs. 3 and 4). 

(iii) A lower temperature, 20°C compared with 
the standard temperature 80°C, shows a very strong 
decrease in fractal dimensionality and cluster size. 
Even for a standard sol 17 days old, a very low 
fractal dimension of only 1.35 was found, with a 
small radius of gyration of 2 nm instead of respec- 
tively 0.17 and 3 nm for the standard sols of this age. 

For the sample with rH+--0.043, it can be seen 
that the fractal dimension is 1.45. A sol with the 
same composition, but synthesized at 80°C, as shown 
in the same table, gave a fractal dimension of 1.7. 
Otherwise, it has to be mentioned that the experi- 
mental error in the calculated Df is about +0.07. 
This error may explain the reverse order of Df for 
the samples with r~+ = 0.085 and rlt+= 0.043 com- 
pared with the experiments at 80°C. 

The sample with lower r w of 1 showed only 
background scattering; this condition was also ob- 
served for the samples with this composition at 80°C. 

(iv) Within the experimental error, there is no 
effect measured in the experiments where a sol was 
kept in open air prior to closing the bottle and where 
no reflux cooler was used. The latter case implies 
that during the process ethanol is evaporated (volume 
decrease about 20%) and thus the dilution is de- 
creased. 

(v) The standard SiO 2 dip solution, as used for 
membrane modification, showed a very low fractal 
dimension of 1.2 even after 40 days. No R~ has been 
given because the camera configuration for this ex- 
periment only covered the high Q-range. 
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3.3. Polymeric silica/titania, siIica / zirconia and 
silica / alumina soIs 

Results of SAXS experiments with SiO2/TiO 2, 
S i Q / T i O  2 and SiO2/AI203 sols are given in Table 
7. The SAXS spectra showed similar shapes to S i t  2 
sols, which indicates that with these experiments no 
two-phase system is detected. A single fractal region 
is present for all the samples. The spectra of a 
SiO2/TiO 2 and a SiO2/ZrO 2 sample are shown in 
Figs. 5 and 6, respectively. 

It can be seen that for the binary samples, the 
single-step prehydrolysis process results in structures 

too small to be analyzed with SAXS, and only 
background scattering is observed. 

Scattering only occurs for SiOz/TiO 2 samples in 
the cases that 

(i) samples are allowed to age for 1 month 
(SiTi30), resulting in a very low fractal dimension 
(1.3) and small cluster size (1.6 nm), or 

(ii) a high r W of 6.4 is used in the prehydrolysis 
of TEOS (SiTil0). The sol, however, gelled immedi- 
ately during the addition of the titanium precursor 
solution. 

Addition of a second amount of water and acid, in 
the two-step hydrolysis process, results in polymers 

Table 7 
SAXS results for binary sols 

Ti alkoxide T (°C) pre-hydrolysis rw r H + Age (days) Df Rg (,~) 

Single-step hydrolysis 
SiTil0 t a B u  

SiTi30 

SiZrl0 
SiZrl0 

SiZr30 

SiAl10 
SiAl10 

OnBu 
OnBu 
OnBu 

OnBu/Oipr  

Two-step hydrolysis 
SiTil0Bu2 OnBu 

SiTil0Bu2 OnBu 

SiTil0Pr2 OiPr 

SiZrl0 

SiZri0 

Mixing of sols 
SiTil0X 
Silica d 
Titania d oi  Pr 

80 1 0.085 4 a a 
80 6.4 0.085 4 1.90 5 i 

' 80/20 1 0.085 8 a a 
80 1 0.085 32 1.30 i6 
80 1 0.085 0-7 a a 

RT 1 0.085 6 a a 
80 1 0.085 6 a a 
RT 1 0.085 0-60 a a 

RT 1.8 0.17 8 a a 
80 2.1 0.09 12 a a 

80 1.14 b 0.021 b 3 1.3 16 
6.4 c 0.085 c 

80 1.14 b 0.021 b 4 1.3 18 
6.4 c 0.085 c 

80 1.14 b 0.021 b 2 1.3 17 
6.4 c 0.085 c 

RT 1 ~ 0.085 b 6 1.43 8.4 
1.5 c 0.128 c 

80 1 b 0.085 b 6 1.16 8.0 
1.5 c 0,128 c 

30 2.04 36 

80 4.6 0.085 
20 2.0 e 0.08 e 30 2.2 51 

a No scattering, Df and Rg cannot be calculated. 
b First hydrolysis step. 

c Total r w and rH+ after second hydrolysis step. 

Prehydrolyzed sol used for SiTil0X. 

e Molar ratio calculated based on Ti(OIPr)4 . 
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Fig, 5. SAXS spectrum of silica/titania sample SiTil0X with 4 m 
camera length. Df = 2.04_+ 0.07, Rg = 3.6 _+ 0.2 nm. 

with a relatively low fractal dimension and small 
cluster size in the order of 0.13 and 1.7 nm, respec- 
tively, for SiTil0 and 0.145 and 0.8 nm, respec- 
tively, for SiZrl0. It has to be noted that there is no 
difference, within the experimental error, measured 
between sols prepared f r o m  T i ( O i p r ) 4  compared with 
T i ( O n B u ) 4  under these conditions. 

Prehydrolysis of both TEOS and the titanium 
isopropoxide results in a sol consisting of clusters of 
3.6 nm, with a relatively high fractal dimension of 
2.04. The corresponding titania sol showed a cluster 
size of 5.1 nm and a fractal dimension of 2.2. The 
SAXS spectrum of the titania sol showed a good 
resemblance with the silica spectra. 

8 . S  

9 . 1  

7 . 6  

6 . 7  

~ , .2  

4 . 8  

-3.~ -2.~ -2.~ -2.~ -,.~ -,.~ -~.~ -*.h -~.~ 

In(Q) (/~-I) 
Fig. 6. SAXS spectrum of silica/zirconia sample SiZrl0, two-step 
process, RT two-step hydrolysis. Data obtained with 0.7 m camera 
length. D r = 1.43 + 0.07, Rg = 0.84 + 0.2 nm 

4. Discuss ion  

4.1. Polymeric silica soIs with standard composition 

4.1.1. Structural evolution of standard silica sols 
during synthesis 

At early stages of the hydrolysis and condensation 
process of silica, no Q-Dr dependency of I(Q) is 
observed in the spectra. However, as has been ex- 
plained, this dependence can only be seen if struc- 
tures have a fractal character. Since this implies 
self-similarity of the structure, the aggregate size has 
to be at least a factor 5-10 larger than the primary 
building unit. The primary building unit has been 
estimated at r 0 = 0.2 nm, which is in agreement with 
comparable small primary building units (1" o = 0.25 
nm) reported by Ramkez-del-Solar et al. [19] for 
sol-gel-derived TiOz-SiO z sols. The minimum clus- 
ter radius which can be measured for our systems is 
therefore in the order of 1-2 nm. 

During the hydrolysis/condensation process, the 
fractal dimension increases to a maximum value of 
1.5 after 3 h of reaction, which is relatively low and 
implies that the polymeric structure is very open and 
only weakly branched. The classical model used to 
describe aggregation for these conditions is the so- 
called diffusion-limited cluster-cluster aggregation 
(DLCCA) model. However, the theoretical fractal 
dimension, obtained from computer simulations is 
Df = 1.78 [9], and preferential orientation is not taken 
into account. A model which has a closer resem- 
blance to the physical situation is the tip-to-tip clus- 
ter-cluster aggregation process [20], which involves 
polarization of the clusters when they approach each 
other. This process results in more linear structures, 
and consequently a lower fractal dimension (D r = 
1.42). This model is therefore more suitable to de- 
scribe the aggregation under the conditions used. 

Lower fractal dimensions compared with the clas- 
sical aggregation models can also be explained by 
the more general model for aggregation as proposed 
by Kallala et al. [10]. This model includes the differ- 
ence in reactivity of species which have already been 
reacted, which is the reason that a wide variation in 
fractal dimensions can be obtained. However, also 
according to this description, the minimum values of 
the fractal dimensions we have found are low. 
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An important observation of the experiments is 
that, even with an excess water content (r  w = 6.4) 
compared with stoichiometric conditions (r  w = 2), a 
very weakly branched polymer is formed. This ob- 
servation is supported by results presented by Brinker 
et al. [5]. The hydrolysis reactions under these condi- 
tions go relatively fast to completion, and it is also 
known that in alcoholic solution the hydrolysis shows 
an equilibrium leaving a large amount of un-hydro- 
lyzed Si-OR groups. This leads to the conclusion 
that the retarding effect of the partial hydrolysis on 
further hydrolysis reactions is relatively strong, since 
no dense or strongly branched structures are formed. 

4.1.2. Structural evolution of silica sols during sol 
aging 

The two main features of the evolution of Rg and 
Df as functions of sol and gel age ( Figs. 3 and 4) 
are: (i) a relatively strong increase of fractal dimen- 
sion and Rg in the first aging period up to the 
transition point around 7-10 days and (ii) a very 
weak increase of the fractal dimension and Rg in the 
second part. 

The existence of a transition point can be ex- 
plained by the fact that gelation of the sols takes 
place around this time. Gelation can be seen as the 
point where the polymeric structures contact each 
other, which results in a large connected structure 
through the entire volume. This decreases the mobil- 
ity of the polymers and therefore retards further 
aggregation. However, the fact that the fractal di- 
mension and Rg do not show a sudden discontinuous 
change at the sol-gel transition leads to the conclu- 
sion that the gelation does not change the structural 
unit which is determined from SAXS. At the gel 
point, the number of aggregates (characterized by 
Rg) linked together has reached a certain level lead- 
ing to a string which spans the entire reaction vessel. 

The final fractal dimension of = 1.75-1.85 leads 
to the conclusion that, for larger clusters, the tip-to-tip 
model is not valid for describing the aggregation 
process but diffusion-limited cluster-cluster aggrega- 
tion is predominant. 

4.2. Polymeric silica soIs with non-standard compo- 
sition 

The increase of rw to 12 compared with a stan- 
dard value of 6.4 (Table 5) does not have a measur- 

able influence on Df and Rg. The mechanism of 
hydrolysis and condensation, which is mainly deter- 
mined by the pH of the reaction mixture, is then 
probably more important than the increase of water 
content. This suggestion also supports the observa- 
tion that a r w value of 6.4, as used in the standard 
reaction composition, is not an obstruction to form 
weakly branched polymers if the process is acid- 
catalyzed. Decreasing of the water content to r w = 
5.5 and 4.6 does not result in a significant change in 
sol properties if the results in Figs. 3 and 4 are 
compared. At r w --2.2, however, both Df and Rg 
are measurably less than for standard sols with the 
same age: Df = 1.1 compared with about D e -- 1.65 
for the standard and Rg--1.7 nm compared with 
Rg = 3 nm for the standard. Further lowering to a 
value of r w = 1 showed that no structures are formed 
in the standard reaction time which show scattering. 

Decrease of water concentration results in smaller 
and more open structures. Two possible causes can 
be responsible for this: (i) the lower water content 
results in slower reactions (order of water in hydrol- 
ysis reaction is 1), leading to a slower development 
and growth of the fractal structures, or (ii) when the 
water content decreased below the stoichiometric 
value of r w = 2, no complete hydrolysis is possible 
under any condition. This leads to the development 
of less branched structures. 

Possibility (i), however, is less likely if the de- 
crease in reaction rate is high. A strong decrease in 
reaction rates may ultimately result in reaction lim- 
ited aggregation (RLCCA), and the corresponding 
fractal dimensions for this mechanism are higher 
than for diffusion-limited aggregation. For a small 
decrease in reaction rates, a gradual increase of 
fractal dimension can be expected according to the 
model of Kallala et al. [10]. 

Slight changes in acid concentration (Table 6) did 
not influence the aggregation process. A decrease of 
the acid concentration to half the standard concentra- 
tion showed that the aggregation is slower; the re- 
ported values of Df and Rg after 8 days (Df = 1.41 
and Rg = 2.2 nm) are lower than sols with standard 
composition at this age (Dr-- 1.6 and Rg = 2.5 nm, 
compared with the help of Figs. 3 and 4). The 
calculated pH (measurement of pH in alcohol/water 
solutions is not clearly defined [21]) value for this 
sol, however, is only increased from 0.82 (rH+--  
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Fig. 7. Evolution of Rg as function of sol-gel age for silica sols 
with standard composition. Camera length 4 m, data from two 
measurement sessions (crosses, session I; circles, session 2). 

0.085, standard) to 1.12 (rH+= 0.043), and the iso- 
electric point of silica (pH = 2.2 [8]) is not exceeded 
by this decreased acid concentration. Since this iso- 
electric point is regarded as the point where acid- 
catalyzed processes change to base-catalyzed pro- 
cesses [9], the decrease of concentration obviously 
only decreases the reaction rates; the mechanisms, 
however, do not change. 

Decrease of reaction temperature to room temper- 
ature (Table 6) also resulted in decrease of the Dr 
and Rg. For the sol with standard composition, 
Dr = 1.35 and Rg -- 2 nm, compared with Df = 1.7 
and Rg = 3 nm at 80°C (taken from Fig. 7). The 
activation energy for the acid-catalyzed hydrolysis 
reaction is = 50 kJ /mol  [22]; the calculated de- 
crease in hydrolysis rate from 80°C to 20°C is then 
about 33 times. Since the activation energy for con- 
densation is likely to be higher, this means that the 
growth of the polymeric structures is slow as well. 

The structural evolution of dip solutions (dilution 
18 × ) used for membrane modification is very slow. 
Even after 40 days the fractal dimension is still only 
1.2. Since dilution affects both the hydrolysis reac- 
tion rates and the condensation reaction rates by a 
decrease of a factor 182 (reaction rates are first order 
in both components [23]), dilution looks to result in 
very effective retardation of the growth process. 

4.3. Polymeric binary sols 

Hydrolysis and condensation of the binary sols 
(Table 7) was performed using very mild conditions, 
since it is found that these will avoid gelation during 
the synthesis, which is a prerequisite for membrane 
formation. These mild conditions were obtained by 
using low water concentrations and pre-hydrolysis 
processes. 

Single prehydrolysis with a low water content 
(r  w = 1-2.1) leads to structures which are too small 
to be detected with SAXS in a period up to 1 week 
after synthesis. A small fractal dimension (1.3) and 
small radius of gyration (1.6 nm) can be measured 
only after 1 month (SiTi30). The use of a sol with 
standard water content, used for silica (r,v -- 6.4), in 
the prehydrolysis step caused direct gelation during 
the addition of the titanium precursor. This reaction 
clearly shows the high reactivity of these precursors. 
These conditions do not result in a suitable route for 
preparing sols for membrane modification. The frac- 
tal dimension (1.9) and radius of gyration (5.1 nm) 
for this gel are relatively high. 

However, if a two-step hydrolysis process is used, 
the addition of a second amount of water and acid 
after the addition of the titanium precursor to a total 
water content equal to the above described single-step 
process (up to r w = 6.4) did not lead to gelation. The 
formed sol has a fractal dimension equal to, or even 
lower than, the standard silica sols (Dr = 1.3). The 
radius of gyration is also relatively low; Rg = 1.7 
nm. 

Binary SiO2/ZrO 2 and SiOJA1203 do behave 
slightly different than SiOa/TiO 2 sols and the main 
points of the preceding discussion are also valid for 
these systems. The two-step hydrolysis process for 
SiO2/Zr Q showed that structures are formed with a 
moderate fractal dimension (Dr = 1.45) and small 
cluster size (Rg = 0.8 nm) using a final r w --1.5. 
However, the total amount of water for the 
SiO2/TiO 2 two-step hydrolysis experiment is con- 
siderably higher (r  w = 6.4) than for the SiO2/ZrO 2 
system, while the fractal dimension is slightly lower 
(D r = 1.3) and the radius of gyration is larger (Rg = 
1.7 nm). From these results, it looks that the titanium 
precursor is less reactive than the zirconium alkox- 
ide, since the difference in water content is consider- 
able, while the difference in fractal structure is less. 
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These differences must be caused by differences in 
reactivity of the alkoxides; this can be analyzed 
according to the partial charge model of Livage et al. 
[i1]. Based on the partial charge of Zr (0.65) com- 
pared with Ti (0.63) alone, a higher reactivity of 
zirconium alkoxides can be expected. However, the 
fact that the zirconium alkoxide is complexed with 
butanol, and the possibility of oligomerization of the 
titanium butoxide, which both lead to decrease of 
reactivity due to the effect of coordination expansion 
[11], makes a direct comparison difficult. 

Also for SiO2/A120 > the single-step prehydroly- 
sis hydrolysis process leads to very fine structures, 
which are too small to resolve with SAXS. This 
smallness is remarkable since the water content in 
the prehydrolysis process (r  w = 1.8 and 2.1) is rela- 
tively high. For SiO2/ZrO 2, in a two-step process 
which is in principle milder, fractal systems have 
been obtained using r w = 1.5. Obviously, the A1 
precursor is less reactive, which is in agreement with 
the fact that the functionality is low due to the 
chelate (etac) group. 

From Section 3.2. it is known that TEOS prehy- 
drolysis with r w = 1, leads to structures which are 
too small to be resolved with SAXS. The addition of 
the composite alkoxide does not seem to change this 
situation. This lack of change is an indication that 
the total amount of free water is negligible and only 
condensation reactions with hydrolyzed TEOS are 
possible. However, these do not result in the forma- 
tion of fractal structures for the conditions in this 
study. 

Also it is known from the experiments with silica 
that for prehydrolysis conditions at r w -- 6.4: 

(i) fractal structures are already formed; 
(ii) free water is likely to be present, since the 

excess water is considerable (in stoichiometric condi- 
tions r w = 2). During the addition of, for example, 
the titanium precursor solution to this highly reactive 
pre-hydrolyzed silica sol, fast hydrolysis and conden- 
sation of the Ti precursor takes place. Since no 
precipitation is observed, we conclude that a consid- 
erable amount of these condensation reactions also 
take place with the prehydrolyzed silica. Schraml- 
Marth et al. [24] have prepared SiO2/TiO 2 (20% 
TiO 2) sols according to this two-step route. This 
route was the best to prepare homogeneous binary 
sols, and it was proven, using spectroscopic tech- 

niques (Raman spectroscopy), that a considerable 
amount of Si-O-Ti  bonds were present. 

Our work supports the hypothesis that a homoge- 
neous system is formed in the two-step process by 
the absence in structure difference between the bi- 
nary sols prepared with titanium butoxide and tita- 
nium propoxide (SiTil0Bu2 and SiTil0Pr2). This 
absence is remarkable since the latter alkoxide has a 
much higher reactivity. The formation of homoge- 
neous binary sols can be explained by assuming that 
the condensation of the titanium precursors on the 
prehydrolyzed silica is the only possible mechanism 
and therefore rate determining. Due to the low water 
content in the prehydrolysis, r w -- 1.14, hydrolysis 
and condensation of the titanium precursor is ini- 
tially not possible since no free water is left. 

The binary SiO2/TiO 2 sol prepared from two 
separately hydrolyzed silica and titania sols resulted 
in a high fractal dimensionality of 2.04 and a radius 
of gyration of 3.6 nm. If the fractal dimension of the 
prepared binary sol is compared with the fractal 
dimension of the prehydrolyzed TEOS (Dr < 1.55) 
and the prehydrolyzed titanium butoxide (D e = 2.2), 
it can be concluded that the measured fractal dimen- 
sion is probably a feature of the titania sol. The 
binary sol then consists of a bulk of weakly branched 
silica containing titania clusters. The spectrum, how- 
ever, does not indicate the existence of a binary 
system; a linear fractal region is found. Based on the 
absence of Si-O-Ti  bonds (using Raman spec- 
troscopy), this conclusion was 'also proposed by 
Schraml-Marth et al. [24] for a similar experiment. 

4.4. Polymeric sols in relation with microporous 
membrane formation 

Two main questions arise when the relation be- 
tween sol structure and membrane formation is dis- 
cussed. These are as follows. 

(1) How critical, in relation to both sol stability 
and suitability for membrane formation, is the sol 
synthesis? 

(2) Can one predict the final membrane mi- 
crostructure (porosity, pore size) if information con- 
cerning the sol structure (Df, Rg) is present? 

With regard to point (1), from the results pre- 
sented in this paper, we conclude that very fine 
structured sols have been prepared for both silica 
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systems as binary systems. There is, however, an 
important difference between these systems concern- 
ing the synthesis conditions. 

Within relatively wide limits in r w and rn+, the 
sol structure of silica is insensitive to changes in 
water and acid content, which is in agreement with 
the fact that the growth process is diffusion limited. 
This observation is very important from a technolog- 
ical point of view; silica sols can be prepared with- 
out having extreme prerequisites such as a com- 
pletely water-free environment and extreme precau- 
tions in handling of TEOS. 

On the other hand, the synthesis of the binary 
systems is more difficult due to the high reactivity of 
the alkoxides, and the limits between which gelation 
does not occur are very narrow. 

The range in which membranes can be prepared is 
limited primarily by the possibility to obtain poly- 
meric sols. Systems are not suitable if gelation takes 
place during the synthesis. A relatively wide range of 
sol structures (1 < Df _< 2.04), however, proved to be 
suitable in the preparation of microporous mem- 
branes, as is shown elsewhere [14,6]. 

With regard to point (2), as discussed above, sols 
consisting of weakly branched polymers will inter- 
penetrate during consolidation. Therefore, given the 
measured fractal dimensions and radii of gyration, 
mesoporous consolidated systems are not to be ex- 
pected.  

The final pore size and porosity of the microp- 
orous system, however, depend on the density of the 
fractal polymer (Eq. (7)), and the tendency of the 
polymers or particles to interpenetrate (Eq. (8)), 
which are both related with Rg as well as Df [25]: 

density ~ mass/volume ~ r (Dr-3), (7) 

M1~,2 C~ r (2Dr-3). (8) 

The tendency to interpenetrate is inversely propor- 
tional to the number of intersections, M1, 2. Low 
values of r (which are related to Rg) result in a 
relative high density of the fractal polymer, but if 
Df < 1.5, in a decreased tendency of the fractal 
polymers to interpenetrate. Predictions of pore size 
and porosity are therefore difficult. As mentioned 
above, micropores are expected, however, if the 
polymers are extremely small, or a high degree of 
interpenetration between the polymers occurs during 

consolidation; the materials may be regarded as 
dense. 

A second aspect which may play a role is the 
content of organic residues (alkoxy groups and sol- 
vent). During calcination, these are eliminated and 
cracking may create additional porosity. 

With the information available from these SAXS 
experiments alone, and the combination with the 
theory (Eqs. (7) and (8)), it.is therefore difficult to 
predict the porosity. Moreover, many other parame- 
ters during consolidation, such as drying rate, resid- 
ual sol reactivity [12] and support interaction [26], 
are of great importance during the formation of 
films. Microstructural investigations of non-sup- 
ported membranes are therefore performed to answer 
these questions. These experiments are described 
elsewhere [14,27]. 

5. Conclusions 

Acid-catalyzed silica sols with the standard com- 
position (r  w = 6.4, rH+= 0.085, ral¢oho 1 = 3.8), as 
used for membrane formation, consist of weakly 
branched polymers characterized with Dr ~ 1.4 and 
Rg ~ 1.8 nm directly after synthesis. The primary 
building unit can only be characterized by the maxi- 
mum diameter of 0.4 nm, which implies that this 
primary particle is an oligomer containing 5-10 
monomers. Initially the aggregation mechanism can 
be classified as tip-to-tip cluster-cluster aggregation. 

Aging of these sols with standard composition 
results in a continuous growth of the radius of 
gyration to 4 nm and an increase of the fractal 
dimension to 1.75-1.80 in a period of --50 days. 
The aggregation mechanism under these conditions 
can be classified as diffusion-limited cluster-cluster 
aggregation. Gelation, which takes place after 7-14 
days, did not influence the mechanism of the aggre- 
gation process but only the rate. From the point of 
view of membrane formation, gelation is un- 
favourable, since modification is not possible. Only 
freshly prepared sols can therefore be used for mem- 
brane formation. 

Decrease of reaction temperature, water content 
and acid content in the synthesis of polymeric silica 
results in decreased hydrolysis and condensation 
rates. The formed structures are smaller but are 
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weakly branched too. A decrease of r w to 2.2 re- 
sulted in Df = 1.1 and Rg = 1.7 nm; further decrease 
of r w to 1 resulted in polymers too small to produce 
measurable scattering. Under the investigated condi- 
tions, no change in mechanism is therefore found, 
which can be explained by the fact that the aggrega- 
tion is diffusion controlled. 

Binary S i O J T i Q ,  SiO2/Zr Q and SiOJAI203 
sols, prepared via the single-step prehydrolysis route, 
with r w = 1 in the TEOS prehydrolysis step, consist 
of polymers with structures too small to be resolved 
with SAXS. An increased water content (r  w = 6.4) 
resulted in gelation during the synthesis. 

The two-step hydrolysis process for SiO2/TiO 2 
and SiO2/ZrO z results in low fractal dimensions of 
around 1.3 and 1.45, respectively, and gyration radii 
of around 1.7 and 0.8 nm, respectively. The zirco- 
nium alkoxide is probably more reactive compared 
with the titanium alkoxides since the fractal dimen- 
sion is higher despite a lower water content for 
S iOJZrO 2. 

The general conclusion from these results is that 
homogeneous polymeric-silica-based binary sols can 
be made with additions of a second component up to 
30 mol%. Initially, the fractal dimensions are low 
(=  1.4) as are the gyration radii ( = 2 nm). 

From the results presented in this paper, it is 
difficult to predict the structure of the consolidated 
state, which is of interest for microporous membrane 
formation. Resulting sol reactivity can lead to further 
condensation during the consolidation process if the 
evaporation rate is small. It can be expected, how- 
ever, that these sols will result in microporous sys- 
tems, but the possibility of dense films cannot be 
ruled out. 
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