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Abstract 

Transmission electron microscopy (TEM) studies and nitrogen gas adsorption data were used to investigate textural 
characteristics of titanias prepared via calcination, at 400°C/3 h, of the hydrolysis products of titanium(IV) 
isopropoxide in n-heptane or isopropanol solvent. A variety of titanias (anatase form) were produced with different 
textural characteristics. The nature of these products was controlled largely by the synthesis parameters such as water 
ratio, the addition of acetic acid, and the solvent used during the hydrolysis. The resultant microstructure of the 
solids is correlated with the pertinent preparative conditions. © 1998 Elsevier Science B.V. 
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1. Introduction 

Titania, TiO2, has diverse applications in the 
field of heterogeneous catalysis. It is used as a 
catalyst [ 1,2], a support of a number of monolayer- 
type metal [3] and metal oxide [4] catalysts, and 
a promoter for environmental catalysts [5]. 
Consequently, it is important to obtain titania of 
high surface area, and uniform particle size and 
pore structure. Conventionally, titania is prepared 
from inorganic precursors, mainly by thermal 
hydrolysis of t i tanium(IV) compounds in highly 
acidic solutions, or by thermal oxidation of TIC14 
vapour at high temperature regimes [6]. Recently, 
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however, methods of vapour-phase hydrolysis [7] 
and pyrolysis [8], and sol-gel processing [9,10] of 
organic precursors, namely titanium(IV) isoprop- 
oxide, have been developed to synthesize titanias 
of favourable textural properties. 

In the sol-gel method I l l ]  a variety of 
titanium (IV) alkoxides (Ti (OR)4) are dispersed in 
non-reactive organic solvents and then hydrolysed. 
The properties and nature of the product are 
controlled by the particular alkoxide used, the 
presence of acidic or basic additives, the solvent, 
and various other processing conditions (e.g. tem- 
perature, stirring, etc.). The chemistry involved is 
rather complex. Reactions such as hydrolysis, 
esterification, alcoholic condensation, water con- 
densation, and alcoholysis occur successively and 
consecutively, and lead eventually to dispersed gel 
or a precipitate [12]. 
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Previous research has been devoted mainly to 
understanding equilibria involved in the sol--gel 
processing of metal alkoxides in general [11-14], 
and titanium alkoxide in particular [14]. 

The present studies were carried out to gain a 
detailed knowledge of the microstructures of tita- 
nias formed under different conditions via the sol- 
gel process and to try to equate observed structural 
features with the prevailing processing condi- 
tions. A comparison is made of titanias prepared 
by hydrolysis of titanium(IV) isopropoxide, 
Ti(OPri)4, in n-heptane and isopropanol solvents 
using various alkoxy/water ratios. Subsequent 
calcination (400°C/3 h) of the hydrolysis products 
yielded the titanias. In some experiments acetic 
acid additions were made to promote precursors 
whose modified molecular structures would 
undoubtedly influence the ultimate microstructures 
of the titania products. Sanchez et al. [14], for 
example, showed that acetic acid additions gave 
hydrolysis products of Ti(OPri)4 that contained 
both alkoxy and acetate groups, the latter being 
the more difficult to remove on further hydrolysis. 
The use of n-heptane and isopropanol solvents 
was made to provide heterogeneous and homogen- 
eous synthesis routes respectively, for comparison, 
water being immiscible with n-heptane. Different 
titania microstructures might thus be expected 
from these two systems. High resolution electron 
microscopy was used to provide direct visual evi- 
dence of the microstructure of TiO2 products 
formed in this series of experiments, and nitrogen 
adsorption isotherms were used to ascertain the 
surface texture (surface area and porosity). The 
results of the two techniques are compared and 
the overall findings are correlated with the appro- 
priate preparative conditions and with mechanistic 
viewpoints derived from previous literature. 

2. Experimental 

2.1. Materials  

(CH3COOH) were all Aldrich products, and used 
as supplied. Nitrogen gas was 99.9% pure as 
supplied (Aswan Gases Company, Egypt). It was 
further purified by passing it through a packed 
column of reduced copper heated to 350°C. 

The hydrolysis of the alkoxide was carried out 
by the dropwise addition of a calculated amount 
of bi-distilled water to a 200-ml portion of 0.4 M 
solution of the alkoxide in n-heptane (or isopropa- 
nol) being magnetically stirred at 400 rev min -1 
at ambient temperature. The amount of water was 
varied to maintain water/alkoxy molar ratios of 1, 
2 and 8. In a separate preparation scheme a 
calculated amount of acetic acid solution (4 M) 
was added to the alkoxide solution prior to addi- 
tion of water. Acetic acid/alkoxy molar ratios of 
0.125, 0.25, and 1 were employed. The solution 
was kept magnetically stirred for 1 h (for just 1 min 
in the case of isopropanol solvent), followed by 
ageing at ambient temperature. After 3 days the 
hydrolysis product, which occupied about half of 
the original solution volume, was filtered off using 
Whatman filter paper, and the resulting gel was 
allowed to dry overnight at ambient temperature. 
The dried gel was ground and then allowed to dry 
further at 60°C for 24 h to give the titania precur- 
sor materials used in this work. For clarity, dried 
hydrolysis products in n-heptane are denoted by 
"SH", whereas those obtained in isopropanol are 
designated "SP". Arabic numerals are added to 
these designations to indicate the molar composi- 
tion at hydrolysis. Hence SH ( 1:1:0.125) indicates 
the hydrolysis product of the alkoxide dissolved in 
n-heptane at alkoxide/water/acid molar ratio of 
(1:1:0.125). Table l summarizes the hydrolysis 
products and their preparation ratios, designations 
and carbon analysis results. Calcination of the 
hydrolysis products was done by heating for 3 h 
at 400°C in a static atmosphere of air. The calcina- 
tion products are designated similarly to the parent 
hydrolysis products, although omitting the letter 
"S". Thus H(1:1:0.125) is the 400°C calcination 
product of SH(1:1:0.125). 

The titanium (IV) isopropoxide (Ti(OPri)4) used 
was 99.9% pure liquid (Aldrich (USA)). Solvents 
of 99.99% pure n-heptane (C7H16) and isopropa- 
nol (C3HTOH) and 99.5% pure acetic acid 

2.2. Thermal analysis 

The titania precursors were subjected to thermo- 
gravimetry (TG) using a Du Pont 990 analyser 
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Table 1 
The alkoxide hydrolysis products (i.e. titania precursors), and 
their preparation ratios, designations, and carbon analysis 
results 

Hydrolysis Molar ratio a Carbon 
product alkoxy:water:acetic acid mass (%) 

SH ( 1:1:0) 1:1:0 in n-heptane 0 
SH (1:2:0) 1:2:0 in n-heptane 0 
SH ( 1:8:0 ) 1:8:0 in n-heptane 0 
SH(1:1:0.125) 1:1:0.125 in n-heptane 8.3 
SH(1:1:0.25) 1:1:0.25 in n-heptane 10.5 
SH(I:I:I ) 1:1:1 in n-heptane 18.0 
SP(I:I:0) 1:1:0 in isopropanol 1.0 
SP(I:2:0) 1:2:0 in isopropanol 1.0 
SP(I:8:0) 1:8:0 in isopropanol 1.9 
SP(1:1:0.125) 1:1:0.125 in isopropanol 7.8 
SP(1:1:0.25) 1:1:0.25 in isopropanol 9.4 
SP(I:I:I) 1:1:1 in isopropanol 16.3 

a For instance, 2.2 mL of water + 300 mL of 0.4 M isopropoxide 
gives alkoxy:water of 1:1 molar ratio. 

combined with a 951 thermobalance. 20-25 mg 
portions of test materials were placed in a small 
platinum boat in a stream of  nitrogen gas 
(20mlmin-1 ) ,  and heated at 10°Cmin -1 up to 
600°C. 

2.3. Bulk  analysis 

Bulk properties of  the hydrolysis and calcination 
products were established by infrared spectro- 
scopy, and X-ray and electron diffractometry. IR 
spectra were taken from KBr-supported disks 
of test materials over the range 4000-400 cm-1 
with a resolution of  4 cm -1 using a model 983 
Perkin-Elmer spectrophotometer. X-ray powder 
diffractograms were measured using a Philips 
diffractometer, and a CuK~ radiation source. 
X-ray diffraction (XRD)  patterns derived there- 
from were matched with ASTM standards [15] for 
identification of  phase and chemical compositions. 
Carbon analyses were performed in duplicate with 
a 110b Carlo Erba analyser using 1 mg samples. 

2.4. Texture assessment 

The surface area (S/m 2 g-1) was determined by 
BET analysis [16] of nitrogen adsorption iso- 

therms, measured on test materials at liquid nitro- 
gen temperature, using a conventional volumetric 
method [17]. Test materials were thoroughly 
outgassed for 2 h and cooled to liquid nitrogen 
temperature prior to exposure to the nitrogen 
adsorptive. The pore structure was assessed by 
application of  the n-method of Lecloux and Pirard 
[18] in which deviations from linearity of Van 
plots are indicative of the types of pore present 
(V a is the adsorbed volume; n =  Va/Vm, where Vm 
is calculated from the BET equation). Pore sizes 
were calculated [19] from the nitrogen adsorp- 
tion data. 

Transmission electron microscopy (TEM)  was 
also used to characterize the solids. Test samples 
were prepared by ultrasonic dispersion of the 
powder in isopropanol and then a drop of the 
suspension was placed on to carbon-coated grids 
or perforated carbon films. The latter were used 
to eliminate phase contrast effects arising from the 
carbon support film and permitted clear lattice 
images to be obtained from the samples by photo- 
graphing regions that extended over the holes. 
Care was taken to minimize the risk of  radiation 
damage to the solids whilst viewing, and indeed 
this was found to be negligible under the investiga- 
tion conditions used in this work. A model 002B 
Akashi (Japan) microscope, operated at 200 kV, 
was utilized in this work. An LaB 6 filament was 
used as a coherent illumination source for high 
resolution work. Selected-area electron diffraction 
(ED) patterns were taken whenever required to 
gain structural information about test materials. 
Lattice spacings (d-values) were calculated using 
graphite as a standard. 

3. Resul t s  

3.1. The carbon content 

Table 1 shows that the hydrolysis products of 
Ti(OPri)4 in n-heptane contain no carbon at detect- 
able levels (measurements were accurate to within 
_+0.2%). In isopropanol at corresponding water 
ratios the hydrolysis products contain 1-2% 
carbon. In both solvents, however, the addition of 
acetic acid resulted in hydrolysis products that 
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retained increasing amounts of carbon (7.8-18.0%) 
with increase in acid concentration. Further analy- 
sis (see Section3.3) revealed the presence of 
organic groups as the source of the carbon. Thus, 
the presence of the acid additives evidently ham- 
pers significantly the hydrolysis sequence of the 
alkoxide. When heated in air at 400°C for 3 h the 
hydrolysis products gave materials that were 
carbon free. 

3.2. Thermal analysis 

Fig. 1 displays representative TG curves which 
were obtained for hydrolysis products of  the alkox- 
ide in the absence (SH(I:I :0))  and in the presence 
(SH(1:1:0.25)) of  acetic acid. They are typical 
results irrespective of the solvent used and the 
water ratio. In the absence of acid the TG curve 
monitors the slow and gradual weight loss of ca. 
20-21% that occurs on heating up to 300°C. In 
the presence of acid the total weight loss is 
increased to 33-44% with the emergence of a 
second weight loss step of high rate maximized 
near 300°C. The loss involved in the second step 
amounts to 13-24%, the higher values being 
obtained with higher acid concentrations. 

The above results for the decomposition of the 
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Fig. 1. TG curves obtained by heating the indicated hydrolysis 
products at 10°C min -1 in 30 ml min -1 flow of N 2. 

hydrolysis products in the absence of the 
acid indicate the formation of  a thermally stable 
material at > 220°C. As carbon species were not 
detected in the test materials (Table 1) the volatile 
component is most probably water of  hydration. 
A stoichiometric calculation based on the weight 
loss determined, 20-21%, accounts for the elimina- 
tion of about 1.2 mol of water. The second weight 
loss step appearing in the presence of the acid may 
be related to the organic species responsible for 
the carbon masses detected in these materials 
(Table 1). Thus these carbon-containing species 
are chemically uniform, either isopropoxide or 
acetate, being driven off in a well-defined temper- 
ature region Tmax ~ 300°C- 

3.3. I R  spectra 

Typical IR spectra exhibited by the hydrolysis 
products (and their calcination products at 400°C) 
in the absence and in the presence of  acetic acid 
are shown for the indicated materials in Fig. 2. In 
the absence of  the acid the spectra of the hydrolysis 
products were completely free of absorptions 
due to isopropoxide groups. They show only 
absorption due to vOH at 3420 cm-1, 6HOH at 
1624 cm-1 and vTi-O (at < 1200 cm-1) vibrations. 
These results confirm that the hydrolysis products 
in the absence of the acid contain freely bending 
water molecules. 

In the presence of the acid, moreover, the spectra 
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Fig. 2. Typical IR spectra of some hydrolysis products and 
calcined material. 
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show a strong band structure consisting of two 
strong absorptions occurring around 1500 cm- t; 
these are diagnostic of vsyCOO- and vasyCOO- 
modes of vibration of the acetate groups [20]. 
Additional absorption bands at lower frequencies 
are also relevant to the presence of acetates. The 
spectra thus confirm that the original isopropoxide 
groups are replaced by water molecules and acetate 
groups. Accordingly, the second weight loss step 
exhibited by the test materials (e.g. SH(1:1:0.25), 
in Fig. l) is due to elimination of the acetate 
groups. Hence the absence of acetate absorptions 
in the spectra taken from the calcination products 
(at 400°C) of the hydrolysis products is under- 
standable. The spectra also indicate (Fig. 2) that 
dehydration is effected throughout the calcination 
course, and that the end-product is mostly titanium 
oxide exposing hydroxylated surfaces (cf. the vOH 
absorption at 3420 cm-1). 

3.4. X-ray powder diffractograms 

The hydrolysis products, in general, were non- 
crystalline to XRD. The diffractogram shown for 
H (1:1:0.25) in Fig. 3 is typical of all of the calcina- 
tion products, irrespective of the preparation 
course. It displays a diffraction pattern characteris- 
tic of anatase titania [15]. The diffraction peaks 
displayed are rather broad, thus indicating small 
crystallites. 
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Fig. 3. X-ray diffractogram typical of calcined material; d-values 
correspond with those of anatase. 

3.5. Nitrogen adsorption isotherms 

Nitrogen adsorption was determined on the 
various titanias (i.e. calcined hydrolysis products) 
obtained under varied preparation conditions. The 
resulting isotherms are shown for the preparations 
done in n-heptane and isopropanol in Figs. 4 and 
5 respectively, both in the absence and presence of 
acid additives. The isotherms are generally of type 
IV and exhibit hysteresis mostly of type H2. Thus 
the materials are mesoporous and the pores are 
networked [17, 19]. It is worth noting that titanias 
derived from materials prepared at the highest acid 
ratio in both solvents exhibit uniquely type H3 
hysteresis, which arises from ink-bottle-shaped 
pores [17, 19]. 

The BET analysis results are cited in Table 2. It 
is obvious that the hydrolysis products of the 
alkoxide solution in n-heptane lead to high 
surface area titanias (_>l15mEg-1). The acid 
additive reduces significantly the surface area 
(<65 m 2 g-l).  On the other hand the hydrolysis 
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Fig. 4. N 2 adsorption isotherms obtained from calcined 
products ex. n-heptane solvent system. 
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Fig. 5. N 2 adsorption isotherms obtained from calcined pro- 
ducts ex. isopropanol solvent system. 

Table 2 
The specific surface area SBEX, the CBET constant, pore type, 
and pore size rp for the various titanias 

Material SR~T, CBET Pore type rp 
(m 2 g -  1) (nm) 

H(I : I :0)  115 79 meso 2, 3 
H(h2:0)  126 66 meso 2, 3, 6 
H(l:8:0) 151 99 meso 2, 3, 5 
H(1:1:0.125) 60 178 meso 3 
H(hh0 .25)  20 78 meso +micro 2 
H( I : I : I )  65 67 meso 2, 5 
P(I:I :0)  102 33 meso 2, 2.5, 4 
P(l:8:0) 70 93 meso +micro 2.5 
P(1:1:0.125) 13 169 meso 2 
P ( h l : l )  49 30 meso 2, 4 

products in isopropanol result in low area titanias 
(< 102 m 2 g-1). The acid additives further reduced 
the surface areas (<49m2g-1). Correlating the 
surface area with the preparation variables shows 
a surface area increase with increase in water ratio 
in heptane, but a decrease in isopropanol. 

Table 2 also shows the pore types in the titanias 
as derived from the n-analysis method [18] and 
calculated pore sizes based on the adsorption 
branch of the isotherms [19]. The results indicate 
that all of the titanias synthesized are mesoporous 
in nature, except for H(1:1:0.25) and P(l:8:0) 
where additional micropores, < 2 nm, are implied. 

3.6. TEM 
TEM studies were carried out on all the solids 

produced by calcination of the hydrolysis precur- 
sors obtained via n-heptane and isopropanol 
solvents, both in the presence and in the absence 
of acetic acid as listed in Table 2. ED data obtained 
from all these solids were consistent with the lattice 
spacings of the anatase form of TiO2. Typical d- 
values are given in Table 3. 

High resolution lattice imaging of the calcined 
products showed in all cases lattice fringes corre- 
sponding to those of anatase, in agreement with 
the ED data. Lattice fringes can be seen in 
Figs. 7(B), 8(B), 9(A) and 9(B). 

A typical electron micrograph representative of 
the 400°C calcination products obtained via n- 
heptane in the absence of acetic acid H(l:2:0) is 
shown in Fig. 6(A). The micrograph exhibits irreg- 
ularly shaped titania aggregates composed of very 
small elementary particles of a size ranging from 
~5-10 nm diameter. Fig. 6(B), a higher magnifi- 
cation micrograph of the same material, depicts 
the small discrete elementary particles more clearly 
and shows that they are packed together in a 
rather open structure. The porosity in these 

Table 3 
Typical electron diffraction data from calcined hydrolysis 
products 

d-values (nm) (hkl) 

Experimental ASTM [ 15] 

0.352 0.352 (101) 
0.237 0.238 (004) 
0.189 0.189 (200) 
0.166 0.166 (211) 
0.148 0.148 (204) 
0.133 0.134 (220) 
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Fig. 6. (A) TEM micrograph typical of the calcination product of type H material processed in the absence of acid; (B) a higher 
magnification micrograph of one of the aggregates shown in (A) showing its discrete component particles. 
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materials appears to be in the form of interparticle 
voids rather than inherent crystallite porosity. Pore 
sizes of < 2 nm and up to > 50 nm can be observed 
at the inter-particle regions in Fig. 6(B). However, 
a visual estimation of pore sizes or shapes is 
difficult to realize due to the irregular shape of 
pore entrances and to the fact that the micrographs 
represent only a two-dimensional projection of the 
pores. The insert in Fig. 6(A) is a typical ED 
pattern of the anatase structure. 

The 400°C calcination products (anatase) 
obtained via n-heptane solvent in the presence of 
acetic acid exhibited different morphologies from 
those obtained in the absence of acid. At low 
(H(1:1:0.125)) and medium (H(1:1:0.25)) acid 
ratios agglomerates of large spheroidal particles of 
~ 300 nm diameter were produced, as shown for 
example in Fig. 7(A). At the highest acid ratio 
used, H(I:I : I) ,  massive irregularly shaped aggre- 
gates were obtained, reflecting the enhanced gela- 
tion observed for the precursor products. Fig. 7(B) 
shows the edge profile of such material. All the 
TiO2 products formed in this series of experiments 
(in n-heptane+acetic acid) consisted of large 
aggregates composed of compacted smaller crystal- 
lites which may be partially fused together (see 
Fig. 7(B)). 

4. Discussion 

4.1. The hydrolysis course and calcination products 

The hydrolysis of Ti(OPri)4 in n-heptane under 
the various alkoxy/water ratios used in the present 
studies led to the formation of carbon-free precur- 
sors. TG analysis showed the precursors lost about 
20% of their original weight on calcination at 
400°C. Thus they may be considered as hydrated 
titanium dioxide of the general formula 
TiO2.yH20, where y = 1.2. The hydrolysis reaction 
may be expressed as 

Ti (OPri)4 + x H 2 0  --* TiO2 • yH20 + 4PriOH 

It is interesting that carbon species were not 
detected by carbon analysis or IR spectroscopy in 
the hydrolysis products formed using low water 
contents (e.g. SH(I:I:0); x =  1 in the above equa- 

tion) where the hydrolysis should be incomplete. 
A possible explanation is that the stirring rate was 
too low to allow immediate thorough mixing of 
the reactants, resulting in high local concentrations 
of water at the n-heptane/water interface. This 
could give rise to fully hydrolysed product at the 
interface (a precipitate was observed immediately 
on addition of water) leaving some of the 
Ti(OPri)4 unhydrolysed due to slow diffusion to 
the interface. 

Calcination (400°C/3h) of the precursors 
SH(I:I:0), SH(1:2:0) and SH(1:8:0) gave (carbon- 
free) titanias H(I:I:0), H(l:2:0) and H(l:8:0) 
respectively. XRD showed that these titanias 
consisted solely of the anatase phase. 

The hydrolysis of Ti(OPri)4 in isopropanol led 
to the formation of hydrated titanium oxide 
SP(1:1:0), SP(1:2:0) and SP(1:8:0) just as for the 
materials obtained in n-heptane. However, all the 
hydrolysis products here contained small amounts 
of organic residues (1-2% carbon), probably as a 
result of the inclusion of some solvent or esterifica- 
tion of the hydrolysed products. Calcination of 
these precursors gave pure titania P(I:I:0), 
P(l:2:0) and P(l:8:0) of anatase structure. 

Hydrolysis of Ti(OPri)4 in the presence of acetic 
acid (in both solvents) gave rise to modified precur- 
sors (as shown by carbon analysis and IR spectro- 
scopy) containing much higher concentrations of 
organic groups. It has been reported [21] that 
mono- and di-acetate-substituted alkoxides can be 
formed. Accordingly, low acid/Ti ratios result in 
the formation of isopropoxy/acetate compounds 
of the formula Ti(OPri)4_x(OAc)~, where x<2.  
The addition of water, as in the present studies, 
would be expected to hydrolyse such compounds. 
Sanchez et al. [14], using IR and NMR techniques, 
showed that the alkoxy groups are first removed 
upon hydrolysis, while coordinated acetates remain 
bonded much longer. The present IR results 
(Fig. 2) and carbon analyses (Table 1 ) imply com- 
patibly that the hydrolysis affects mainly the 
alkoxy groups to give presumably hydrolysis pro- 
ducts of the formula Ti(OR)(4_x_y)(OAc)x(OH)y, 
where x + y < 4 .  Calcination of these compounds 
leads to decomposition of both the residual alkoxy 
groups and the acetate groups to give pure 
titanium dioxide. 
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Fig. 7. (A) TEM micrograph of the large spheroidal particles typical of the H(1:1:0.25) material; (B) high resolution electron 
micrograph of the H ( 1:1:1 ) material showing a compact structure. 
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4.2. Texture evolution through processing 

4.2.1. Background mechanisms 
The texture of the xerogel obtained via sol-gel 

processing evolves sequentially as the successive 
product of the following hydrolysis and condensa- 
tion reactions and the reverse reactions [14]: 

hydrolysis~ 

~ Ti (OPr i) + H20 = ~ Ti(OH ) + PriOH 
esterification 

condensation 

=Ti(OH) + ------Ti(OH) = 
depolymerization 

~ T i -  O - Ti------ + H20 

The texture of the calcination products is deter- 
mined by the nature of the hydrolysed materials 
which may exist as a molecular network or a 
colloidal sol. It was concluded [22] that four 
general models may be involved upon drying: (a) 
low cross-linked polymeric clusters give rise to a 
networked structure; (b) highly cross-linked clus- 
ters give rise to small aggregated particles; (c) 
colloidal gel aged under conditions of high solubil- 
ity results in coarsening of the porosity; (d) colloi- 
dal gel composed of weakly bonded particles, 
under conditions of low solubility, are aggregated 
without coarsening of the porosity. 

4.2.2. Microstructures of titanias as a Junction of 
processing conditions 

4.2.2.1. Role of solvent and water content during 
hydrolys&. The present TEM studies showed 
that all of the calcination products of materials 
prepared in the absence of acetic acid (i.e. 
solvent+water only present) were composed of 
aggregates of small elementary particles of about 
the same average size. Thus, the observed differ- 
ences in the present experiments, in terms of sur- 
face area and porosity of these materials (Table 2), 
are likely to be due to the way in which the 
aggregates of elementary particles are packed, since 
no extensive inherent meso-porosity was observed 
in these solids under high resolution examination 
by TEM, i.e. interparticle voids are of paramount 
importance in respect of porosity and surface 
area factors. 

The effect of the solvent could be argued to 

arise from the different abilities to allow condensa- 
tion and aggregation on one hand, and to stabilize 
the formed aggregates against precipitation on the 
other hand. Coalescence of particles will be con- 
trolled by both the above processes, n-Heptane as 
an aprotic solvent will have less ability to stabilize 
gels than isopropanol (protic solvent). Thus the 
aggregation rate may be expected to be faster in 
n-heptane than in isopropanol, leading to a looser 
packing (i.e. porous nature) in the former solvent. 
TEM micrographs indeed verified the above 
clearly, a considerably more open structure being 
observed for the "H"-type materials (cf. Figs. 6 
and 8). This open structure may explain why all 
"H"-type titanias have higher surface areas than 
those of the corresponding "P" type. 

If the above argument is acceptable, we may 
explain the increase of SBET and porosity on going 
from H(l:l:0) to H(l:2:0), and further to 
H(l:8:0), in terms of the more heterogeneous 
nature of the reaction leading to a decrease in the 
mean size of the elementary particles with increase 
in water ratio, as was shown by Chen et al. [23] 
for silica prepared via the sol-gel process. 
Moreover, increasing the amount of water during 
the aging of the hydrolysed product may create 
more porosity due to the channels created on 
drying. 

The decrease of SalT and porosity for P(I:I:0) 
and P(l:8:0) compared with H(I:I:0) and 
H(l:8:0) on the one hand, and the decrease of 
SBET for P(l:8:0) compared with P(I:I:0) on the 
other hand, may be interpreted in terms of an 
increase in the depolymerization rate in isopropa- 
nol (resulting in more dense packing). Meanwhile, 
the rate of coalescence may increase resulting in 
an increase in particle size. The observed increase 
in the size of the elementary particles of P(l:8:0) 
(~10-16nm) in comparison to ~5-10nm for 
H( l: 1:0) is in accord with the above interpretation. 

4.2.2.2. Role of acetic acid. Titanias prepared in 
the presence of acetic acid, irrespective of the 
solvent, consisted of an extensive network of fused 
crystallites, as shown in the micrographs in Figs. 7 
and 9, and in this respect the microstructures 
differed from the compacted discrete crystallites 
that were found in the absence of acid. Addition 
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Fig. 8. (A) TEM micrograph of the calcination product of type P material processed in the absence of acid revealing aggregates of 
small elementary particles similar to those in Fig. 6(A); (B) a high resolution micrograph of one of the aggregates shown in 
(A)--lattice images corresponding to an anatase structure can be seen across the extent of individual crystallites. 
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Fig. 9. High resolution electron micrographs typical of calcination products (anatase) obtained: (A) at low acid ratio, P( 1:1:0.125); 
(B) at high acid ratio, P( 1:1:1 ). Voids can be seen within the fused particle structure. 
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of acetic acid to titanium alkoxide has previously 
been reported to result in the formation of a 
co-polymerized gel [24]. Gel formation was 
explained in terms of the functionality of the 
formed Ti(alkoxy)~(OAc), which is smaller than 
that of Ti(alkoxy)4; the more (OAc) groups there 
are around the titanium, then the smaller the 
functionality will be and, therefore, the slower the 
gelation will occur [25]. Applying these criteria to 
the present work then, slow polymerization would 
be expected to have occurred in the presence of 
acetic acid and could account for the extensive 
networks of fused crystallites comprising the pro- 
ducts. We could argue further that, due to the 
decreased functionality of these materials, they 
tend to polymerize according to model (a) in 
Section 4.2.1. 

Thus the decrease in the SBEX of the materials 
prepared in the presence of the low acid ratio, 
H(1:1:0.125), may be explained in terms of the 
decrease of porosity (see Table 2) due to the evolu- 
tion from a low cross-linked gel. A further increase 
in the acetic acid ratio will lead to a further 
decrease in the cross-linking and, consequently, to 
a further drop in the SBET, down to 20 m 2 g- 1 for 
H(1:1:0.25). The observed spherical particles of 
low porosity (Fig. 7(A)) may explain the drop in 
surface area. However, the re-increase of the sur- 
face area for the material prepared with high acid 
ratio, H(I:I : I) ,  may be due to the inclusion of 
more acetate ligands in the gel skeleton. This, 
together with the low functionality in this case, 
may result in increasing porosity when the gel 
skeleton approaches the xerogel structure. 

The similar trends of SBET values observed for 
the "P"-type materials prepared in the presence of 
the acid may likewise be explained as above. 
Nevertheless, the low condensation rate in isopro- 
panol should be kept in mind, as it would lead to 
a better polymerization (see Fig. 9(A) and 
Fig. 9(B)), and low surface area (see Table 2). 

5.1. The solvent 

n-Heptane is an aprotic solvent in which fast 
aggregation occurs, and open bulk structures 
result. Consequently, titanias of high surface 
area and inter-particle porosity are obtained. 
Isopropanol is a protic solvent, in which slow 
aggregation occurs, and compact bulk structures 
result giving rise to titanias of low surface area 
and intra-particle porosity. 

5.2. Water ratio 

Water in n-heptane causes heterogeneous 
hydrolysis, slight surface area increase with other 
properties remaining essentially unchanged. Water 
in isopropanol leads to homogeneous hydrolysis, 
increase in depolymerization, decrease in aggrega- 
tion rate, and increase in bulk compactness and 
particle size. 

5.3. Acid  additives 

These modify the nature of the alkoxide to give 
a hydrolysable product of lower functionality. 
Acetic acid addition to n-heptane tends to encour- 
age spheroidal particles at low acid ratios; at 
high acid ratios gelation increases, resulting in 
irregularly shaped particles. In isopropanol the 
acid increases the solubility of the hydrolysed 
species, and decreases the polymerization rate: this 
gives rise to better gelation resulting in intra- 
particle porosity. 
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5. Conclusion 

The effects of the preparation variables on the 
hydrolysis products of Ti(OPri)4 and on the sur- 
face texture of the resultant titanias are as follows. 
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