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Mesoporous titania-silica aerogels with highly dispersed tita-
nium have been prepared by an alkoxide-sol-gel process with ensu-
ing semicontinuous extraction using supercritical CO,. An acidic
hydrolysant was added to a solution of tetraisopropoxytita-
nium(I'V) modified by acetylacetonate and tetramethoxysilicon(IV)
in isopropanol. The resulting titania—silica gels were dried by dif-
ferent methods, including conventional drying, high-temperature
supercritical drying, and extraction with supercritical CO, (low-
temperature aerogel). The influence of preparation parameters
(the hydrolysis route, Ti-content, drying method, and calcination
temperature) on the structural and chemical properties of the aero-
and xerogels was studied by means of N,-physisorption, X-ray
diffraction, thermal analysis, and vibrational spectroscopy (FTIR,
FTRaman). Prehydrolysis of the silicon alkoxide génerally led to
lower porosity, but did not influence the Si—-O-Ti connectivity up
to a calcination temperature of 1073 K. The conventionally dried
xerogels contained titanium well-dispersed in the silica matrix and
were predominantly microporous. High-temperature supercritical
drying afforded meso- to macroporous aerogels with negligible
microporosity, but undesired segregation of anatase. With the low-
temperature aerogels, an increase of the nominal TiO, content
from 2 to 20 wt% resulted in lower microporosity, higher BET
surface area (up to ca. 700 m?/g), and a rise in the contribution
of Si-O-Ti species. Concomitantly the Ti—-O-Ti connectivity in-
creased without any indication of long-range ordering from X-ray
analysis. The low-temperature aerogel with 20 wt% TiO, combined
mesoporosity with high Ti dispersion and structural stability up to
873 K in air, properties desirable for epoxidation of olefins. < 1995
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INTRODUCTION

Binary solids of silica and titania are of great importance
as glasses with low thermal expansion coefficient (1-4),
catalyst supports (5-10), and catalysts (11-15). Several
preparation procedures have been applied, including
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flame hydrolysis (2), zeolite production (11), impregnation
(6, 8, 13, 16), precipitation (7,9, 12, 17), and sol-gel meth-
ods based on alkoxides (3, 5, 10, 14, 15, 18, 19).

Recently atomically mixed titania-silica has gained
marked commercial and academic interest due to its po-
tential as oxidation catalysts (11, 14, 20). A versatile
method for achieving intimate mixing is the solution-sol-
gel (SSG) technique (21), which represents a highly con-
trollable preparation route with inherent advantages such
as molecular-scale mixing of the constituents, purity of
the precursors, homogeneity of the sol-gel product (prom-
inent isotropy), and the use of different wet-chemical
preparation tailoring tools. The as-prepared SSG products
can be dried by means of different drying methods (22,
23). Especially in the case of *‘conventional’’ drying (tem-
perature and/or vacuum), different detrimental forces are
active, causing differential macroscopic and microscopic
shrinkage and consequently severe cracking of the tenu-
ous sol-gel structure (24). Supercritical drying is a suitable
procedure for reducing the differential capillary stresses
which result in such drastic structural rearrangements.
The present state of supercritical drying (SCD) can be
divided into two categories: the high-temperature method
(25, 26) and the low-temperature method (27-29). Both
methods circumvent the capillary stress either by transfer-
ring the solvent into the supercritical state (high-tempera-
ture method) or by replacing the solvent with CO, (low-
temperature method), so eliminating any liquid vapour
interfaces inside the gel-network during the solvent re-
moval. An important difference between these two basic
routes resides in the markedly higher critical temperatures
of the alcoholic solvents (T, > ca. 510 K) (high-tempera-
ture method) compared to the fairly low critical tempera-
ture of CO, (T, = 304 K) (low-temperature method). With
titania—silica, for example, high-temperature SCD usually
leads to segregation of anatase, whereas low-temperature
SCD ‘“‘preserves’’ the wet-chemical SSG-structure and
thus intimate mixing (22, 23).
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The coupling of the sol-gel process with subsequent
supercritical drying at low temperature offers a combina-
tion of the intrinsic advantages of the sol-gel method and
the favourable textural characteristics of aerogels. Such
a direct sol-gel preparation of a titania-silica with high
dispersion and accessibility of the active surface fraction
requires a careful control of the preparation conditions
and knowledge of the sol-gel reactivity of the metal alkox-
ides used.

In general, the positive partial charge of titanium in
the alkoxide precursor is significantly higher than that of
silicon in the related alkoxide (30), which enhances the
sol-gel activity of titanium over that of silicon (31, 32).
This property often results in a “*core-shell’” structure,
with titania forming the “*cores’” in this case. In addition,
the homocondensation rate of HO-Si(OR}; species is sig-
nificantly slower than the heterocondensation rate with
RO-Ti(OR), (33). Besides this behaviour, Basil and Lin
showed that titanium tetraethoxide catalyzes the conden-
sation of silanol groups (34-36).

To adjust the sol-gel reactivities of titanium and silicon
alkoxide, two-stage hydrolysis was suggested by Yoldas
(33). The silicon alkoxide is prehydrolyzed at a molar
ratio of water to alkoxide (hydrolysis level), which is
<4. Subsequently, the titanium alkoxide and the residual
water for stoichiometric completion of the hydrolysis are
added. The resulting mixed oxides with 25 wt% nominal
TiO, are amorphous up to 1473 K. Aizawa et al. (31)
investigated the influence of different preparation parame-
ters (chelate ligands, pHs of hydrolysis, silicon alkoxides,
and prehydrolysis) on the relative amount of hetero-
nuclear Si—O-Ti connectivity by means of liquid attenu-
ated total reflection FTIR spectroscopy. They reported
(21) that for the chemical modification of titanium alkox-
ides with chelate ligands, an acidic medium, the use of
tetramethoxysilicon(IV), and/or prehydrolysis are advan-
tageous for producing intimately mixed titania-silica. The
formation of titanium alkoxide chelates does not signifi-
cantly influence the hydrolysis rate, but it lowers the func-
tionality and thus the condensation rate of the hydrolyzed
titanium species. In acidic medium the TiOH and SiOH
groups are quite stable against ensuing homocondensation
reactions {31, 37-39]. In addition, tetramethoxysili-
con(1V) (TMOS) represents the most reactive silicon al-
koxide (31, 40).

In the present study we have investigated systemati-
cally the influence of various preparation parameters (pre-
hydrolysis, chemical composition, drying method, and
calcination temperature) on the structural and chemical
properties of titania—silica mixed oxides. The aim was
to optimize these properties for titania—silica catalysts
suitable for the catalytic epoxidation of olefins, which
will be reported in part 11 of this series [41]. Vibrational
spectroscopies (FTIR, FTRaman), X-ray diffraction,
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thermal analysis, and nitrogen physisorption were used
for characterizing the titania-silica mixed oxides.

METHODS

Preparation Procedures

The wet-chemical preparation procedure used was
based on the findings of Aizawa et al. (31) and Yoldas
(33) concerning sol-gel reactivities, mentioned in the In-
troduction.

Throughout this work a set of acronyms is used, taking
10LTp as an example. The first numeral displays the nom-
inal Ti content in weight percentage, based on the theoreti-
cal system TiO,-SiO, 2 wt% “TiO,” — 1.5 at% Ti; 5
wt% — 3.8 at%; 10 wt% — 7.7 at%: 20 wt% — 15.8 at%);
the subsequent two capital letters represent the drying
method used (low-temperature supercritical drying— LT;
high-temperature supercritical drying — HT; Xerogel —
X); and p stands for prehydrolysis.

Chemical modification of tetraisopropoxytitanium
(1V). The modified titanium alkoxide precursor was
synthesized according to the procedure described in detail
in Ref. (31). In brief, two solutions were prepared. The
first solution consisted of 10.01 g acetylacetone (acac) in
10 m] isopropanol (i-PrOH; Riedel-de Haen, extra pure)
and the second of 28.4 g tetraisopropoxytitanium(IV)
(TIPOT; Fluka, pract.) diluted in 30 ml {-PrOH (molar
ratio TIPOT : acac = 1: 1). The two solutions were mixed
and refluxed for 1 h at 383 K under vigorous stirring (ca.
1000 rpm). After cooling the solution to ambient tempera-
ture, i-PrOH was evaporated at a reduced pressure of 10
kPa for 16 h. A yellow transparent liquid resulted, which
still contained residual i-PrOH.

Sol-gel preparation.  Quantities and conditions of the
appropriate sol-gel preparations are listed in Table 1. In
general, the sol-gel process was carried out in an antiadhe-
sive, closed Teflon beaker (inner diameter 0.1 m), under
nitrogen atmosphere, at ambient temperature (297 + 2 K)
and with a magnetic Teflon bead of 5 cm length. The
total volume of the SSG sample was ca. 170 ml and the
corresponding molar ratios H,O:alkoxide:acid were
5:1:0.09.

In the one-stage synthesis route (without prehydroly-
sis), modified TIPOT and tetramethoxysilicon(IV)
(TMOS; Fluka, puriss.) were dissolved in 22 ml i-PrOH.
The hydrolysant consisted of doubly distilled water and
hydrochloric acid (HCI 37 wt%; Fluka, puriss. p.a.) di-
luted in 15 ml i-PrOH. Via a dropping funnel the hydroly-
sant was added for 1 min to the alkoxide solution under
vigorous stirring (ca. 1000 rpm) in a closed system, ini-
tially flushed with nitrogen. After 5 min, 84 ml /-PrOH
was introduced.

With the rwo-stage preparation (prehydrolysis), the first
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TABLE 1

Quantities, Composition, and Ageing Times of the Sol-Gel Preparations

TIPOT 1. Ageing 2. Ageing 3. Ageing 4. Ageing
(mod.)* TMOS? HCI1 37 wt% H,O period* period? period® period®
Samples (mmol) (mmol) (mmol) (mmol) (h) (h) (h) (h)
2LT 2.3 150 13.7 0.760 89 s/
SLT 5.9 150 14.0 0.778 72 1 5f 15
SLTp 5.9 150 14.0 0.778 72 1 5/ 15
10L.T 12.5 150 14.6 0.811 15 1 207
10LTp 12.5 150 14.6 0.811 15 1 4f
20LT 28.1 149.6 16.0 0.889 48/
20L.Tp 28.1 149.6 16.0 0.889 48 72f
SHT 5.9 150 14.0 0.778 72 1 5/ 15
IOHT 12.5 150 14.6 0.811 15
10X 12.5 150 14.6 0.811 72
10Xp 12.5 150 14.6 0.811 114/

Note. Designations of the samples are explained under Methods.

¢ Tetraisopropoxytitanium(l1V) complexed with acetylacetonate [TIPOT(mod.)].

¢ Tetramethoxysilicon(1V) (TMOS).

¢ Reduced stirring (ca. 500 ppm), nitrogen flow of 120 ml min~', and at ambient temperature.

4 Reduced stirring, nitrogen flow, and at 333 K.
¢ Reduced stirring, hermetically closed, and at ambient temperature.
/ Gelation of the SSG product within the appropriate ageing period.

solution consisted of TMOS dissolved in 22 ml i-PrOH
and the second one (hydrolysant) of hydrochloric acid
and doubly distilled water in 6 ml i-PrOH, leading to
a hydrolysis level of 2. After homogenization of both
solutions for 5 min, the hydrolysant was added to the
TMOS solution via the dropping funnel and vigorously
stirred for 45 min at 323 K (prehydrolysis of TMOS).
After cooling the solution to ambient temperature, the
modified TIPOT (prepared as described above) was added
under vigorous stirring. 10 min later ‘‘completion’ of
the hydrolysis was achieved by addition of the residual
amount of water (Table 1) diluted in 9.5 ml i-PrOH (via
the dropping funnel, under vigorous stirring). Finally, 84
ml i-PrOH was introduced after another 5 min had
elapsed. The different ageing procedures are summarized
in Table 1.

Drying of the sol-gel product.
methods were applied.

Three different drying

(i) Conventional drying (xerogels): The titania-silica
gel was dried at a pressure of 10 kPa and a temperature
of 313 K for 22 h and at 373 K for another 24 h.

(ii) High-temperature supercritical drying (high-temper-
ature aerogels): To exceed the critical conditions without
formation of a vapour-liquid interface inside the pores
(24), the SSG product, as described in Table 1 (SHT gel,
10HT sol), was transferred in a stainless steel liner into
an autoclave with a net volume of 1.09 dm?. In the case
of SHT, 170 ml of extra i-PrOH was added to cover the

gel with solvent. The corresponding critical data for i-
PrOH, the dominating component of all SSG solvents
used in this work, are V. = 220 ml mol™!, T, = 508 K,
and p. = 4.8 MPa (42). The high-pressure system was
flushed with nitrogen, pressurised to 10 MPa, hermetically
closed and heated at | K min~' to 533 K. The autoclave
was kept at the final temperature for 30 min to ensure
complete thermal equilibration. The final pressure was
ca. 23 MPa. The pressure was then isothermally released
at 0.1 MPa min~'. Finally, the system was flushed with
nitrogen and allowed to cool to ambient temperature. The
resulting beige aerogel clumps were ground in a mortar.

(iii) Semicontinuous extraction with supercritical car-
bon dioxide (low-temperature aerogels): To minimize
flushing out of the wet-chemical SSG product, titania—
silica gels were transferred into an autoclave with a net
volume of 2 dm®. The sample was stirred by a turbine
stirrer (ca. 60 rpm) to minimize temperature inhomogenei-
ties during the whole extraction procedure and by-passing
of the gel lumps. Within 1 h and at a temperature of 313
K, the autoclave was pressurized with supercritical CO,
to 24 MPa and the liquid—gas separator to 1 MPa, which
resulted in an overall amount of 2.3 kg CO,. The solvent
of the SSG product was semicontinuously extracted by
a CO, flow of 20 g min~' for § h (6 kg CO,) at a temperature
of 313 K. The pressure was then isothermally released at
ca. 20 g min~'. Finally, the system was allowed to cool to
ambient temperature. The resulting aerogel clumps were
ground in a mortar.
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Calcination procedure. Portions of the uncalcined
(raw) aerogel or xerogel powder were calcined in a tubular
reactor with upward flow. The temperature given corre-
sponded to the oven temperature. The sample amount
was ca. 2 g in all cases. To remove most of the organic
residues prior to calcination, all aerogel and xerogel sam-
ples were first pretreated in a nitrogen flow of 0.5 dm?
min~! for 1 h. They were heated at 5 K min™' to either
473 K in the case of ensuing calcination at 473 K or 673
K with all other samples. After cooling to ca. 353 K, they
were heated again at 5 K min~' in air flowing at 0.5 dm?
min~! and kept for 5 h at 473, 673, 873, or 1073 K.

Composition analysis. The composition was gener-
ally calculated on the basis of the nominal amounts used
(Table 1) and independently confirmed by inductively cou-
pled plasma atomic emission spectroscopy (ICPAES)
analysis.

Physicochemical Characterization

Nitrogen physisorption. The specific surface areas
(Sger), mean cylindrical pore diameters ((d,)), and specific
desorption pore volumes (V) were determined by ni-
trogen physisorption at 77 K using a Micromeritics ASAP
2000 instrument. Note that Vi, was assessed by the
Barrett-Joyner—Halenda (BJH) method (43), which is as-
sumed to cover the cumulative desorption pore volume
of pores in the maximum range 1.7-300 nm diameter.
Prior to measurement, the samples calcined at 473 and
=673 K were degassed for 5 h at 423 and 473 K, respec-
tively. The raw samples were degassed at 353 K for 16
h. The final pressure was ca. 0.1 Pa in the closed system
for at least I min. BET surface areas were calculated in
a relative pressure range between 0.05 and 0.2 assuming
a cross-sectional area of 0.162 nm? for the nitrogen mole-
cule. The pore size distributions were calculated applying
the BJH method (43) to the desorption branches of the
isotherms (44). The assessments of microporosity were
made from ¢-plot constructions in the range 0.3 <
t < 0.5 nm, using the Harkins—Jura correlation (45).

X-ray diffraction. X-ray powder diffraction (XRD)
patterns were measured on a Siemens 6/8 D5000 powder
X-ray diffractometer. The diffractograms were recorded
with CuKea radiation over a 268-range of 10-80° or 15-40°
in the case of poorly crystalline samples. The detector
used was a scintillation counter with secondary mono-
chromator. The mean crystallite sizes of anatase were
determined from the Scherrer equation with the normal
assumption of spherical crystallites (46) and the (200)-
reflection (47), using the ‘*Split Pearson7”’ fit-function.

FTIR spectroscopy. FTIR measurements were per-
formed on a Perkin—-Elmer series 2000 instrument. Sample
wafers consisted of 105 mg dry KBr and ca. 1 mg sample.
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FIG. 1. Deconvolution of the FTIR spectrum of low-temperature
aerogel 10LTp calcined in air at 873 K. (—) Original spectrum, (---) sum
of the deconvoluted Gaussian curves, and (---) single Gaussian curves.

The sample cell was purged with a small flow of oxygen
during the measurements. 200 scans were accumulated
for each spectrum in transmission, at a spectral resolution
of 4 cm™'. The spectrum of dry KBr was taken for back-
ground substraction.

The FTIR spectra of titania-silica mixed oxides are
characterized by a typical band assigned to framework
titanium (48-50), which is usually quoted for the semi-
quantitative estimate of the Si—O-Ti connectivity (11).
This band was found at ca. 960 cm™' for titanium-substi-
tuted silicalite zeolite [11], at 950 cm~! (39), 945 ¢cm™!
(51), and 940 ¢cm™' (52) for titania—silica xerogels, and at
940-950 cm ™! for aero- and xerogels (23).

For the evaluation of the FTIR results four bands were
deconvoluted into Gauss curves, which is illustrated in
Fig. 1. The positions and the assignments of these vibra-
tions are as follows: (i) 800 cm ! (21, 53), 810 cm ™' (39) for
symmetric »(Si—-O-Si) stretching vibration; (ii) 940-960
cm™! assumed for »(Si-O-Ti) vibration (see above); (iii)
1080 cm ! (21), 1095 ¢m ™! (39), 1080-1105 cm™! (53) for
asymmetric v(Si—-O-S8i) stretching vibration; (iv) 1180
cm™! (39), 1200 cm™! (53), 1220 cm™! (21) for asymmetric
v(Si—0-Si) stretching vibration.

For the deconvolution the starting values were chosen
at 800, 950, 1080, and 1220 cm™', respectively, and the
peak positions were not fixed. The peak shapes were
optimized by applying the method of least mean square
deviation (Fig. 1). The deconvoluted band positions of
the calcined aerogels were in the range 780-807 cm™',
930-939 cm™', 1068-1090 cm~!, and 1203-1217 cm™", re-
spectively. The estimate of Si-O-Ti connectivity (Ti dis-
persion), D;_o_y), is defined

S Y

_ M(8i-0-Ty Si

Dsio-ti) = S (1]
(Si-0-Si)  *Ti
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Ssi-o-ti) and S;si_o_s;) are the deconvoluted peak areas of
the »(Si—O-Ti) band at ca. 940 cm™! and the ¥(Si-O-Si)
band at ca. 1210 cm™'; xg; and xp; designate the molar
proportions of Si and Ti, respectively. Such D;_o_q; val-
ues are supposed to represent a semiquantitative measure
of the proportion of Si—O-Ti species referred to the total
Ti content and thus a kind of mixing efficiency or estimate
of Ti dispersion.

To determine the experimental error of the FTIR evalu-
ation, the preparation of the KBr wafer, the measurement
of the spectrum, the deconvolution, and the evaluation
based on Eq. [1] were repeated four times with 10LTp
calcined at 873 K. The resulting standard deviation was
ca. 3%. For the raw samples, the quality of deconvolution
suffered from the presence of large amounts of organic
residues, which caused a considerable background. In
particular, with uncalcined samples the amount of organic
residues was up to 10 wt% carbon determined by elemen-
tal microanalysis (Table 2).

FTRaman spectroscopy. For the Raman measure-
ments the samples were transferred to 4-mm test tubes.
Spectra were excited using the 1033-nm line of a YAG
laser (Spectron Laser Systems). The back scattered light
was analyzed by a Perkin-Elmer series 2000 instrument.
With the high-temperature aerogel 1 W of power was
focused on the sample, while for the low-temperature
aerogel 2 W was used. The thus-induced temperatures of
the samples were ca. 570 and 720 K, respectively. 7000
scans were accumulated for each spectrum, at a spectral

resolution of 2 cm™".

Thermal analysis. TG investigations were performed
on a Netzsch STA 409 instrument, coupled with a Balzers
QMG 420 quadrupole mass spectrometer and equipped
with Pt—-Rh thermocouples and a-Al,O, crucibles. A heat-
ing rate of 10 K min~' and an air flow of 25 ml min~! were
used. The sample weight was ca. 100 mg and the a-Al,O,
reference weight ca. 80 mg.

Total carbon and hydrogen contents were determined
with a LECO CHN-900 elemental microanalysis appa-
ratus.

RESULTS

Structural and chemical properties of the aero(xero-)
gels, both raw and calcined in air at different tempera-
tures, are listed in Table 2.

Nitrogen physisorption

In general, the aerogels showed a type-1V isotherm
with a type-H1 desorption hysteresis according to [IUPAC
classification (54) and mesoporosity with graphically de-
termined maxima of the pore size distribution in the range
20-70 nm. As atypical example the adsorption/desorption
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isotherms, pore size distribution, and t-plot analysis of a
portion of the low-temperature aerogel 20LT calcined at
673 K are depicted in Fig. 2. Only the samples of 5LTp,
prepared via prehydrolysis and calcined in air at 673 and
873 K, exhibited a type-II isotherm without desorption
hysteresis (54), indicative of a dominating contribution of
microporosity. After calcination in air at 673 K, the aero-
gels possessed BET surface areas in the range 480-683
m’ g~' (Table 2).

With both the one-stage and the two-stage (prehydroly-
sis) synthesis series of low-temperature aerogels (nnLT
and nnL.Tp, respectively), an increase of the Ti content
caused generally a significant drop of the microporosity
and a concomitant rise in mesoporosity (Table 2). How-
ever, for the prehydrolysed aerogels, the effects of the Ti
content on both the microporosity, estimated from the
appropriate t-plot analysis, and the mesoporosity were
much more pronounced than those for the aerogels pre-
pared without prehydrolysis (one-stage). With increasing
Ti content, the specific micropore surface areas of the
two-stage and one-stage aerogel samples, calcined at
673 K, dropped from 323 and 208 m> g~' to 114 and
83 m’ g!, and the specific nitrogen pore volume devel-
oped from 0.14 and 0.99 cm®* g 'to 1.9 and 1.5 cm® g/,
respectively. The same tendencies became apparent for
the corresponding samples calcined at 873 K. The textural
properties of the xerogel series 10X and 10Xp and those
of the high-temperature aerogel series SHT and 10HT
showed a comparable dependence on the hydrolysis pro-
cedure chosen and the Ti content, respectively (Table 2).

The pore size distributions, derived from the desorp-
tion branch of nitrogen physisorption, and the #-plots of
differently dried titania—silica materials are shown in Fig.
3. When compared to the type-1V isotherms with type-
H1 desorption hysteresis of both the high-temperature
aerogel series 10HT and the low-temperature series 10LT,
the samples of xerogel 10X calcined at 673 and 873 K
reveal a type-1 isotherm without desorption hysteresis
(54), which indicates a dominating contribution of micro-
porosity (Table 2). The graphically assessed pore-size
maxima of the pore-size distributions derived from the
desorption branches were in the range 20-70 nm for the
aerogel samples (except for SLTp, 1.5 nm) and 1.5 nm for
the xerogels. A comparison of differently dried samples
calcined in air at 673 K provides the following order of
decreasing mesoporosity and simultaneously increasing
microporosity (Table 2): high-temperature aerogel 10HT
(Vony 3.6 cm’ g7!, S, 0 m* g7'), low-temperature aerogel
10LT (Vi 1.7 cm® g7', S, 140 m? g7"), and xerogel
10X (Vyn, 0.026 cm® g7, S, 407 m” g~'). The correspond-
ing BET surface areas are 598, 683, and 473 m?g ™', respec-
tively. Similar tendencies were found with the corre-
sponding samples calcined in air at 8§73 K.

The influence of the calcination temperature is illus-



170 DUTOIT, SCHNEIDER, AND BAIKER

TABLE 2

Structural and Chemical Properties of the Aero(Xero-)Gels Both Raw and Calcined in Air at Different Temperatures

Calc. Sget (5D Voo {dp) C-content
Sample (K) (m*/g)? {cm’/g)* (nm)© SesicooTiy/ Sisi-o-sy” Dsio-mif (%)
2LT —_ — — — — — 6.2
673 497(355) 0.28 2(70) 0.26 17 —
873 410(292) 0.39 4(60) 0.26 17 —
SLT — — — — — — 10.7
673 S18(208) 0.99 8(40) _— —_ —_
873 489(212) 1.0 8(40) 0.38 9.5 _—
SLTp — — — — — — 12.4
673 480(323) 0.14 1.2(1.5) — — —_—
873 381(254) 0.11 1.2(1.5) 0.45 11.5 —_
10LT —_ 603(102) 2.0 13(55) 0.52 6.3 9.3
473 634(139) 1.7 11(55) 0.55 6.6 3.1
673 683(140) 1.7 10(55) 0.49 5.9 0.2
873 557(98) 1.4 10¢50) 0.50 6.0 <0.1
1073 463(35) 1.7 14(50) 0.47 5.6 <0.1
I0LTp _— 458(127) 0.69 6(40) 0.52 6.2 1.3
473 483(182) 0.73 6(60) 0.55 6.6 52
673 §33(214) 1.2 9(60) 0.50 6.0 0.2
873 433(145) 1.1 10(50) 0.51 6.1 0.2
20LT —_ — — — —_ — 8.9
673 674(83) 1.5 9(40) —_ —_— —
873 550(32) 1.3 10(40) 0.55 2.9 —_
20LTp — — — — — — 1.2
673 682(114) 1.9 11(30) — —_ —_—
873 508(79) 1.5 12(30) 0.57 3.0 —
SHT — — — — —_ — 52
673 553(1) 2.7 19(20) 0.12 3.0 —
873 568(0) 2.8 20(20) 0.09 2.2 —
10HT — — — — 0.12 1.5 3.5
673 598(0) 3.6 24(60) 0.14 1.7 —
873 611(0) 3.7 24(50) 0.12 1.4 —_
10X — — — — 0.57 6.8 11.4
673 473(407) 0.03 0.3(1.5) — — —_—
873 256(202) 0.02 0.3(1.5) —_ — —
10Xp — — — — 0.59 7.1 12.5
673 399(337) 0.02 0.2(1.5) — . —
873 176(114) 0.01 0.2(1.5) —_ — —
Zeolite 823 417(306) 0.50 5(45) 0.39 17 <0.1
TS-1/

Note. Designations of the samples are explained under Methods.

7 (8, in parentheses, denotes specific micropore surface area derived from r-plot analysis.

b Vpn, designates the BJH cumulative desorption pore volume of pores in the maximum range 1.7-300 nm diameter.

“{dp = 4V, o/ Sper; in parentheses, the graphically assessed pore-size maximum of the pore-size distribution derived from the desorption
branch are given.

4 Relative contribution of Si-O-Ti entities, estimated from the ratio of Si—O-Ti (930-939 ¢cm™!) and Si—O-Si (1205-1215 ¢cm™!) peak areas.

¢ Disi_o.1y)s estimate of Ti dispersion derived from Eq. [1].

! Zeolite TS-1 (3.1 wt% “TiO,"' — 2.3 at% Ti) given for comparison.
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FIG. 2. Nitrogen physisorption (77 K) on aerogel 20LT calcined at
673 K in air. (a) Adsorption( 1 )/desorption( { ) isotherms (STP; 273.15
K, latm), (b) pore-size distribution derived from the desorption branch
of nitrogen physisorption, and (c) r-plot analysis ((+) points taken for
linear regression). Designations of samples are explained under
Methods.

trated by the 10LT and 10LTp series (Table 2). Note that
a rise in temperature to 673 K caused an increase of the
BET surface area from 603 to 683 m®> g™! and from 458
to 533 m? g7 !, respectively. However, at higher tempera-
tures a significant decline in the BET surface areas was
observed with both series. The BET surface areas of the
high-temperature aerogel series, SHT and 10HT, were
almost independent of the calcination temperature up to
873 K (Table 2).

X-Ray Diffraction

X-ray analysis indicated that all low-temperature aero-
gels as well as xerogels were X-ray amorphous at tempera-
tures =873 K. Aerogel 10LT was even amorphous up to
1073 K. On the contrary, the high-temperature aerogels
SHT and 10HT, both raw and calcined in air at tempera-
tures =873 K, contained well-developed anatase crystalli-
tes ((d.) ca. 8 nm) which remained almost unchanged up
to 873 K.

B 300 &+
v 4
50 200
£ - | pHe00Tx
w
§100:
> o) ® ©

0 T T A T T T

0 03 06 0 03 06 0 03 06 09
t/nm

6
& T

5_
> (a)
=
E 4
© -
5 ] (b)
o0 2
2 4
=
>§ "]

1 (3]
e} 04

T T
1 10 100 300

Pore diameter (D) / nm

FIG. 3. Textural properties of differently dried samples, all calcined
in air at 673 K and with 10 wt% nominal TiO,. (a) High-temperature
aerogel 10HT, (b) low-temperature aerogel 10LT, and (c) xerogel 10X.
Bottom: differential pore-size distributions derived from the desorption
branches of the physisorption isotherms; top: f-plot presentation ((+)
points taken for linear regression).

The effect of the drying method applied on the structure
of the titania—silica, as revealed by X-ray diffraction, is
illustrated in Fig. 4. X-ray diffraction patterns of the uncal-
cined xerogel 10X, the low-temperature aerogel 10LT,
and the high-temperature aerogel 10HT are compared.

V¥ anatase

(a)

intensity / arb. units

10 20 30 40 50 60 70 80
20/°

FIG. 4. X-ray diffraction patterns (CuKea) of (a) xerogel 10X, (b)
low-temperature aerogel 10LT, and (c) high-temperature aeroge! 10HT.
All samples are uncalcined and with 10 wt% nominal TiO,. Designations
of samples are explained under Methods. (¥) Anatase.
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FIG. 5. Influence of the Ti content on the normalized Si-O-Ti con-
nectivity (Dsi_o_r;» defined in Eq. [1]) of the low-temperature aerogels
prepared via one-stage hydrolysis and calcined in air at 873 K. Values
for zeolite TS-1 are given for comparison.

FTIR Spectroscopy

As an estimate for the abundancy of Si-O-Ti entities
in the mixed oxide, the ratio of the deconvoluted peak
areas Ssi_o-1i/ Ssi_o-s and its normalized Dg;__r; value,
defined in Eq. [1], were used (Table 2). The Si—-O-Ti
connectivity D_qo_tj is assumed to represent a relative
measure of the proportion of Si—-O-Ti species referred to
the total Ti-content and thus provide a kind of mixing
efficiency, a quantity related to Ti-dispersion (see Experi-
mental).

With respect to the influence of prehydrolysis (two-
stage) similar values for the Si-O-Ti connectivity were
obtained with both hydrolysis routes at equal Ti contents.
Thus, prehydrolysis did not significantly affect Si-O-Ti
connectivity, as determined by FTIR.

The effect of the Ti content is displayed in Figs. 5 and
6 for the low-temperature aerogels nnL.T calcined at
873 K and compared with the zeolite TS-1 (3.1 wt%
“TiO,” — 2.3 at% Ti) (20), which is considered to possess
optimum Ti dispersion. An increase of the Ti content
caused a distinct decrease of D 5;_o_r; (Fig. 5). Note, how-
ever, that the contribution of Si—-O-Ti species expressed
as Ssi-o-Tiy/ Ssi-o_si increased significantly up to 20 wt%
TiO, as illustrated in Fig. 6.

FTIR spectra of the differently dried, uncalcined sam-
ples with 10 wt% nominal TiO, are presented in Fig. 7.
The band at ca. 950 cm™', indicative of Si-O-Ti species,
is well-developed with both the low-temperature aerogel
10LT and the xerogel 10X, but only weak for the high-
temperature aerogel 10HT. Accordingly, it seems that
both the low-temperature aerogel and the xerogel possess
significantly higher Ti dispersions than the high-tempera-
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FIG. 6. Influence of the Ti content on the contribution of Si-O-Ti
species estimated from the ratio S;_o_1i/Sisi-o_sy (derived from FTIR
measurements) of the low-temperature aerogels prepared via one-stage
hydrolysis and calcined in air at 873 K. S5;_o_1;) and Ss;_g_sy represent
the peak areas of the Si—~O-Ti band at ca. 940 cm~! and the Si-O-S5i
band at ca. 1210 cm™', respectively. The corresponding property for
zeolite TS-1 is given for comparison.

ture aerogel, which is schematically shown in Fig. 8,. This
finding is in agreement with the results from X-ray analysis
(Fig. 4). A similar behaviour was observed with portions
of the aerogels SLT and SHT, both calcined in air at
873 K and with 5 wt% nominal TiO,.

As concerns the effect of calcination temperature, the
Di_o_mi values (Table 2) of the 10LT and 10LTp series
were almost independent of the calcination temperature
up to 1073 and 873 K, respectively.

Raman spectroscopy

The influence of the drying method is also evident from
the Raman spectra depicted in Fig. 9. With the high-
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950 cm (ﬂ)
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1400 1300 1200 1100 1000 900 800 700
wavenumbers / cm™!
FIG.7. FTIR spectra of (a) low-temperature aerogel 10LT, (b) xero-

gel 10X, and (c) high-temperature aerogel 10HT. All samples are uncal-
cined and with 10 wt% nominal TiO,. Designations of samples are
explained under Methods.
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(a) (b) @

HT aerogel

FIG. 8. Influence of the drying method on the normalized Si-O-Ti
connectivity (Di_o.1i), defined in Eq. [1]). (a) Low-temperature aerogel
10LT, (b) xerogel 10X, (c) high-temperature acrogel 10HT. All samples
are uncalcined and with 10 wt% nominal TiO,.

temperature aerogel 10HT, calcined in air at 873 K, the
presence of crystalline anatase is independently con-
firmed by the corresponding lattice vibrations at 393, 515,
and 638 cm ™' (22). In contrast, the low-temperature aero-
gel 10LT, calcined in air at 873 K, shows bands at 952
and 1100 cm™' which are both assigned to »(Si-O-Ti)
vibrations (21). The band at 1100 cm™', however, is super-
imposed by the asymmetric »(Si—-O-Si) stretching vibra-
tion at 1070 cm™' (21). The bands at 430, 488, 605, and
800 cm™! are also found in pure silica xerogels (55). The
very broad band at 430 cm ™! is assigned to Si—O-Si bend-
ing modes, and the bands at 488 and 605 cm™! are attrib-
uted to defects in the network. Best and Condrate (50)
attribute the broadening of the 430 ¢cm ™! band with in-
creasing Ti content in titania-silica systems to greater

(a)

(b)

intensity / LSB s 'mw!

It

T 1 T T T ¥ T T Ll T
1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shift / cm™

FIG. 9. Raman spectra of (a) low-temperature aerogel 10LT and (b)
high-temperature aerogel 10HT. Both aerogels are with 10 wt% nominal
Ti0, and calcined in air at 873 K.
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FIG. 10. Thermoanalytical investigation of prehydrolyzed low-tem-
perature acrogel 10LTp calcined in air at 873 K. Bottom: TG curve;
top: ion intensities of m/z(COy) = 44 (CO,) and m/z(H,O") = 18 (H,0).

Heating rate: 10 K min™', air flow 25 ml min~".

incorporation of Ti into tetrahedral sites in the silica net-
work with concomitant distortion of the SiO, tetrahedra
(Fig. 9).

Thermal Analysis

Thermal analysis was performed in flowing air with a
heating rate of 10 K min~'. The thermoanalytical results
of the prehydrolyzed I0LTp, calcined at 873 K, are pre-
sented in Fig. 10. The weight loss of the sample originated
mainly from the evolution of water (desorption of physi-
sorbed water, dehydroxylation), which was already pres-
ent in the samples. This conclusion emerges from relating
the TG curve to the monitored ion intensities of COJ (m/
z = 44) and H,0" (m/z = 18). The evolution of water
began at room temperature and reached a prominent maxi-
mum at 421 K with an ensuing weak signal at 994 K (Fig.
10). The CO, evolution occurred at ca. 430 K and reached
its maximum at 611 K. The weight loss up to a temperature
of 1500 K amounted to 6.4 wt%.

All aero- and xerogels contained remarkable carbon
contents, as deduced from elemental microanalysis.
These organic residues are likely to originate from the
realkoxylation of surface hydroxyl groups and the incor-
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poration of both unhydrolyzed alkoxide ligands and ace-
tylacetonate, as well as residual solvent in the SSG matrix
(56). In terms of the hydrolysis route chosen, prehydroly-
sis generally led to higher amounts of organic residues.
When compared to low-temperature aerogels and xero-
gels, the high-temperature aerogels possess distinctly
smaller carbon contents, as shown in Table 2. With the
one-stage samples loaded with 10 wt% nominal TiO,, for
example, the appropriate carbon contents were 9.3, 3.5,
and 11.4 wt%, respectively. The relatively high values for
the low-temperature aerogels and xerogels seem to be
dominated by the contribution of residual alcoholic sol-
vent, whereas the carbon contents of the high-tempera-
ture aerogels are mainly attributed to the realkoxylation
of surface hydroxyl groups during high-temperature SCD
(56). It emerges from the 10LT and I10LTp series that
only calcination at temperatures up to 673 K reduces
the amount of organic contaminants to =0.2 wt% carbon
(Table 2).

DISCUSSION

Influence of Prehydrolysis and Ti Content

The textural properties of low-temperature aerogels in-
dicate a marked dependence on the type of hydrolysis
chosen. With prehydrolysis, the BET surface area and
the mesoporosity decline, whereas the contribution of
microporosity increases (Table 2). This effect is especially
prominent with samples of low titania content. It seems
that prehydrolysis favours the formation of *‘silica-like”’
polymeric species lending themselves to microporous
structure. For titania—silica xerogels similar behaviour
was observed by Handy et al. (18). The authors showed
that prehydrolysis together with acid catalysis leads to
the buildup of very tenuous wet-gel structures, which
are highly susceptible to pore collapse during the drying
process, resulting in considerable microporosity. In the
case of semicontinuous extraction with supercritical CO,,
Rangarajan and Lira (57) showed that stresses within the
gel-network due to adsorption during depressurization are
most probably the reason for shrinkage. This finding might
explain the large contribution of microporosity with pre-
hydrolyzed low-temperature aerogels originating from
tenuous gels susceptible to pore collapse (Table 2). The
prehydrolysis step does not seem to influence the distribu-
tion and/or connectivity of Ti as judged from the FTIR
analysis (Table 2). This is further supported by the fact
that prehydrolysis did not lead to different results in the
catalytic epoxidation of olefinic reactants, which will be
reported in part II of this study (41).

An increase of the Ti content from 2 to 5 wt% nominal
TiO, led to a rise in both BET surface area and mesopor-
osity, but to a concomitant decline of microporosity,
which was independent of the hydrolysis route chosen
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(Table 2). The marked mesoporosity of especially the
20LT series, combined with its high thermal stability,
renders these aerogels promising catalysts for use in lig-
uid-phase oxidation. Wide pores make the large internal
surface area accessible for bulky reactants, which is dem-
onstrated by the excellent catalytic behaviour of these
samples (41).

The investigation of the Si—-O-Ti connectivity indicates
highest D g;_o_t; values for both the low-temperature aero-
gel with 2 wt% *‘TiO,”’ (2LT) and the zeolite TS-1 with
3.1 wt% *‘TiO,,” quoted for comparison (Table 2, Fig.
5). If we assume that the zeolite TS-1 possesses an atomic
distribution of the titanium ions in the silica matrix, we
may conclude that only with the 2LT series, containing 2
wt% nominal Ti0O,, similar dispersion has been achieved.
With higher Ti content, the D;_o_1;, values (Fig. 5) de-
crease, whereas the absolute contribution of »(Si—-O-Ti)
vibrations (Ssi_o-1i)/Sisi_o-siy)» depicted in Fig. 6, in-
creases. This behaviour indicates that a rise of the Ti
content favours the formation of Ti—-O-Ti structural units,
which even grow to titanium oxo nanodomains, as shown
by UV-vis spectroscopy in part II (41). As regards the
possible enrichment of the surface layers by titanium ions,
estimates of the surface free energies of TiO, and SiO,
(58) do not allow a reliable prediction of the behaviour of
such highly mixed systems, especially not in the presence
of organic contaminants.

Influence of the Drying Method

The lower surface areas and pore volumes of the xero-
gels can be explained by the occurrence of differential
capillary forces in the gel-network during the drying pro-
cedure (Table 2). The prominent meso- to macroporosity
of the high-temperature aerogels is very likely a result of
the increased water reactivity under the conditions ap-
plied during high-temperature SCD (533 K). On a molecu-
lar scale especially water can cause dissolution, reprecipi-
tation, depolymerization, repolymerization, alkoxylation,
and enhanced syneresis (network densification) leading
to chemical and/or restructuring phenomena in these ma-
terials (56, 59). Such processes include Ostwald ripening,
coalescence—coarsening, sintering, and syneresis result-
ing in larger pore volumes. With the aerogels obtained by
semicontinuously extracting with supercritical CO, at
313 K, it is supposed that stresses within the gel-network
due to adsorption during depressurization are the most
probable cause for shrinkage (57).

The large influence of the drying method used on the
estimated Si—-O-Ti connectivity (D;_o_r;)) may be in-
ferred from the structural properties of TiO, and SiO,.
The average bond angles are 159° with Ti-O-Ti and 152°
with Si—O-Si; the average bond lengths are 1.80-1.86 A
for Ti-O and 1.6 A for Si-O. These similar structural
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properties are suggested to allow substitution of Si for Ti
in a silica matrix (60). The experimentally determined
crystallization temperature on heating (T,,) compared
with the adiabatic nucleation temperature (7,,) is used to
classify the glass-forming properties of oxides (61, 62).
Accordingly, SiO, represents a good glass former (T, >
T\, whereas TiO, has comparably poor glass forming
properties (T, < T,,). This restriction of amorphicity
(glass forming properties) with TiO, is considered to be
a decisive factor, limiting the complete miscibility of tita-
nium ions in the silica matrix. The wet gels are assumed
to be free of extensive Ti—O-Ti connectivity, but are
shown to contain Si—-O-Ti groups (31). With the high-
temperature aerogels, the SSG products were exposed to
atemperature of 533 K during SCD. This high temperature
is apparently sufficient to transform the structure of the
SSG system into a thermodynamically stabilized state,
consisting of silica and titania agglomerates. The pro-
cesses concerned have already been mentioned above.
In contrast, the highly dispersed state of the SSG system
could be preserved with both the low-temperature aero-
gels extracted at 313 K and the xerogels dried at 373 K,
probably due to the fact the thermodynamic stabilization
is kinetically hindered (56, 59).

A similar dependence of the Ti dispersion on the drying
method used was reported by Cogliati et al. (22) and Beghi
et al. (23). The exposure to elevated temperatures during
the high-temperature SCD led to crystallization of ana-
tase, whereas gels dried at low temperature (xerogels and
low-temperature aerogels) were X-ray amorphous, after
calcination up to 1473 K, and Ti contents of 10 wt%
nominal TiO, . Brautigam et al. [52] studied the structural
changes during the gel-to-oxide transformation of sol-gel
derived samples using FTIR spectroscopy. They sug-
gested that Si-O-Ti interactions concentrate at the
boundaries of the silica and titania phases. Thus, the con-
tribution of Si-O-Ti species is considered to be correlated
with the size of titania and silica agglomerates. A similar
behaviour emerges from the results of X-ray analysis (Fig.
4, Table 2) and vibrational spectroscopy (Fig. 9, Table
2). This model is further supported by the XPS studies
presented by Ingo et al. (63).

Effects of the Calcination Temperature

The increase of the BET surface area, after calcination
in air at 673 K, is a result of the removal of organic
residues, rendering the surface accessible for the physi-
sorption of nitrogen (64) (Table 2). The subsequent de-
crease at temperatures >673 K can result from processes
such as Ostwald ripening, coalescence—coarsening, sin-
tering, and syneresis.

The estimates of values for Si—-O-Ti connectivity are
virtually not influenced by the calcination temperature up
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to 873 K, and those for the 10LT series are virtually not
influenced even up to 1073 K. This finding is consistent
with the results from the X-ray diffraction analysis and
in agreement with the phase diagram reported by Hayashi
et al. (3) for titania—silica xerogels with Ti contents up to
30 wt% nominal TiQ,, calcined in air up to 1373 K.

CONCLUSIONS

Various drying methods have been used for the drying
of alkoxide-sol-gel-derived titania—silica mixed oxides.
Titania—silica aerogels combining mesoporosity and high
dispersion of the Ti constituent could be prepared only
by applying semicontinuous extraction of titania-silica
alcogels with supercritical CO,. FTIR spectroscopy has
been used to gain information about the dispersion of the
titania. The ratio of the band due to v(Si-O-Ti) at ca.
940 ¢cm~' to that due to v(Si—-O-Si) at ca. 1210 cm ™! proved
to be a useful measure for the Ti dispersion. The drying
method and the Ti content were found to have a prominent
influence on both the textural properties and the titania
dispersion. The highest Ti dispersion, comparable with
that of the zeolite TS-1, was determined for the low-
temperature aerogel with 2 wt% of nominal TiO,. The
absolute contribution of Si—-O-Ti species increased with
a rise in Ti content, as indicated by the increasing ratio
of the peak areas at 940 and 1210 cm™'. Xerogels pos-
sessed high Ti dispersion, but were predominantly micro-
porous. High-temperature SCD resulted in anatase segre-
gation and marked meso- to macroporosity, which is
attributed to the enhanced solvent reactivity at 533 K
during SCD. Prehydrolysis of the silicon alkoxide gener-
ally led to lower porosity, but had no significant influence
on Si—O-Ti connectivity up to a calcination temperature
of 1073 K. Among the titania-silica mixed oxides pre-
pared, the low-temperature aerogel with 20 wt% nominal
TiO, possessed mesoporosity combined with high Ti dis-
persion and structural stability, rendering this aerogel
most favourable for use in liquid-phase epoxidation, as
will be reported in part 11 of this series [41].
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