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Abstract

Samples were prepared by grafting different amounts of titanium isopropoxide (Ti(O–Pri )4) onto silica surface in N2 atmosphere, followed by
steam hydrolysis and calcination. Either dioxane or toluene was used as a solvent. The surface properties of TiO2/SiO2 catalysts were studied by
means of FTIR spectroscopy of adsorbed probe molecules, CO, and ammonia. Adsorption of CO at nominal 77 K exhibited different surface sites:
(i) two families of Ti4+ cations, namely associated and isolated sites, with bands in the 2183–2194 and 2173–2177 cm−1 ranges respectively,
shifting with coverage; (ii) surface Si–OH groups; and (iii) at titanium loadings >8 wt% TiO2, corresponding to the alkoxide monolayer coverage
of silica, TiOH species exhibiting an acidity higher than expected (observed shift �ν = 200 cm−1), probably due to interaction with the support.
With increasing the titanium loading, the band at 2176 cm−1 disappears, indicating that associated Ti4+ sites form at the expense of isolated
ones. Adsorption of ammonia at room temperature confirms the data obtained with CO. The use of apolar solvents seems to cause anchoring
of the Ti alkoxide on the dehydrated portions of the silica surface, with consequences for the final state of the catalyst. In agreement with this
observation, activity was lower for catalysts prepared in toluene than in those prepared using dioxane. Prepared catalysts were rather effective in
the transesterification of refined oils with methanol.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In the last few years, the synthesis of well-dispersed sup-
ported transition metal oxides for use as supports and catalysts
has attracted growing interest [1]. An interesting example is that
of titania supported on silica catalysts (TiO2/SiO2), which has
been considered as an advanced support materials as substitutes
for pure TiO2. The higher mechanical strength, thermal stabil-
ity, and specific surface area of supported titania oxides com-
pared with pure TiO2 have attracted much attention and driven
the interest in using these materials not only as catalytic sup-
ports, but also as catalysts themselves [2–4] for a wide variety
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of reactions, including selective oxidation [5] and epoxidation
of olefins with alkyl hydroperoxide [6], isomerization [7], de-
hydration [8], and transesterification [9–11].

Several preparation methods have been used, including im-
pregnation, chemical vapor deposition (CVD), atomic layer de-
position (ALD), and liquid-phase grafting. These preparation
routes often involve a highly reactive precursor, such as TiCl4
or a Ti-alkoxide, to react with the hydroxyl groups of silica [9].
The reaction of surface hydroxyls with Ti precursors can be
either monofunctional (i.e., one Ti-alkoxide molecule per OH
group) or bifunctional (i.e., one Ti-alkoxide molecule titrating
two OH groups) depending on: reaction temperature, alkox-
ide concentration, surface hydroxyl concentration, solvent used,
and size and reactivity of the precursors [12,13]. Depending on
the conditions, different types of Ti species may be present at
the surface of silica when the Ti content is increased, ranging
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Table 1
Details concerning the operative conditions used for the preparation of the TiO2/SiO2 catalysts and some relevant physico-chemical and catalytic properties

Catalysts Ti(O–Pri )4
(g)

Support
(g)

Volume of
solvent (cm3)

Grafting
steps

Anchored metal
(mmol Ti/g SiO2)

wt%
TiO2

SBET
(m2/g)

YFAME
(%)

SiO2 – – – – – – 282 2.8
3.1TS-D 0.38 3.2 50 1 0.39 3.09 284 64.0
7.3TS-D 1.04 3.3 50 1 0.91 7.29 280 64.1
17.8TS-D 1.04 3.0 50 3 2.23 17.80 278 49.0
7TS-Tol 1.04 4.0 200 1 0.87 7.00 268 47.6
18TS-Tol 9.26 23.7 200 3 2.25 18 274 44.4
TiO2 – – – – – 100 80 2.7
from highly dispersed TiOx species at low titanium coverage to
polymeric TiOx species up to TiO2 crystallites.

Previous work, concerning the catalytic performance of
TiO2/SiO2 catalysts in both the transesterification of vegetables
oils with methanol [11] and the epoxidation of cyclo-ctene with
cumene hydroperoxide [14], has suggested that the surface ti-
tanium dispersion and the surface structure of the Ti sites are
important activity-determining factors, because in both of these
reactions, an increase in activity was observed with increasing
TiO2 loading up to the surface monolayer coating, followed
by a decrease when larger amounts of TiO2 were deposited.
Ammonia TPD measurements have been used to study acidic
sites from a quantitative point of view [11]. Results obtained
are in agreement with the results of pyridine and dimethylpyri-
dine TPD [19]. According to this paper, the number of Lewis
acid site increases with increasing amounts of titania grafted on
silica, until about a monolayer coating is reached, after which
a decrease in the amount of TiO2 occurs exceeding the mono-
layer obtained by repeating the grafting operation; this is due to
the decreased TiO2 dispersion.

Structural features of supported TiO2/SiO2 oxides and their
relationship with the physicochemical and catalytic properties
remain poorly understood due to the lack of systematic funda-
mental studies as abound for anatase phases [15–18]. To study
the nature and abundance of Tix+ and hydroxyl sites at the
surface of TiO2/SiO2 systems, with different Ti loadings, we
monitored CO adsorption at nominal 77 K and NH3 adsorption
at room temperature by means of FTIR spectroscopy.

2. Experimental

2.1. Preparation of catalysts

A commercial silica (Grace S432, specific surface area =
320 m2/g; pore volume = 1.02 cm3/g; hydroxyl density =
0.92 mmol/g) was used as support after calcination in air at
773 K for 8 h. The grafting method adopted for the preparation
of TiO2/SiO2 catalysts using dioxane as a solvent was similar
to that described elsewhere [20].

A different procedure was used for catalysts prepared in
toluene as a solvent. In this case, the reaction was performed
in a jacketed glass reactor of 200 cm3 for 6 h under stirring
at the boiling temperature of toluene (388 K). The solid was
filtered off, washed with toluene, dried at 393 K overnight, hy-
drolyzed with steam, and finally calcined at 773 K for 2 h. In all
cases, the amount of adsorbed titanium was determined using
the colorimetric method of Snell and Ettre [21], by evaluating
the quantity of titanium remaining in solution after the grafting
reaction.

Table 1 presents the operative conditions adopted during the
synthesis, along with the samples’ BET surface areas. The cata-
lysts are referred to as XTS-D/Tol, where X is the percentage by
weight of TiO2 and T represents TiO2, S represents SiO2, D rep-
resents dioxane, and Tol represents toluene. Previous work [20]
showed that about 8 wt% of TiO2 (∼1 mmol Ti/g SiO2) corre-
sponds to the nominal surface monolayer coverage of silica by
titanium tetra-isopropoxide; the hydroxyl group’s concentration
of the silica support (Grace S-432) is 0.92 mmol OH/g SiO2.

2.2. Characterization techniques

Textural analyses were carried out using a Thermoquest
Sorptomatic 1990 instrument (Fisons Instruments) and deter-
mining the nitrogen adsorption/desorption isotherms at 77 K.
The samples were thermally pretreated under vacuum overnight
up to 473 K (heating rate = 1 K/min). Specific surface area
and pore distributions were determined using the BET and
Dollimore–Heal methods [22,23].

For FTIR measurements, powder samples were pressed into
thin, self-supporting wafers. Spectra were collected at a resolu-
tion of 2 cm−1 on a Bruker FTIR Equinox 55 spectrophotome-
ter equipped with an MCT detector. Pretreatments were carried
out using a standard vacuum frame in an IR cell equipped with
KBr windows. To remove water and other atmospheric contam-
inants, wafers were outgassed for 1 h at 723 K before adsorption
of CO at nominal 77 K and of NH3 at room temperature.

Because of the weakness of the interaction with CO, adsorp-
tion was studied at low temperatures. Spectra were recorded at
the nominal temperature of liquid nitrogen, by dosing increas-
ing amounts of CO (in the 0.05–15 mbar equilibrium pressures
range) on samples previously outgassed at 723 K inside a spe-
cial quartz IR cell, allowing simultaneous dosing of carbon
monoxide and addition of liquid N2. After each experiment,
an evacuation step was performed, to study the reversibility of
the interaction.

Because it interacts more strongly with ammonia than with
CO, NH3 was dosed at room temperature in the equilibrium
pressure range 1.00 × 10−2–17.0 mbar, after which the re-
versible fraction of the adsorbate was removed through pro-
longed evacuation.



B. Bonelli et al. / Journal of Catalysis 246 (2007) 293–300 295
2.3. Catalytic tests

The catalytic screening was performed in small stainless
steel vial reactors. The reaction was carried out by introduc-
ing reagents (0.9 g of methanol and 2.0 g of soybean oil) and
a weighed amount (0.1 g) of catalyst into each reactor. The re-
actors were then heated in a ventilated oven, under constant
agitatation. The oven temperature was kept at 50 ◦C for 14 min,
then increased at a rate of 20 ◦C/min up to 180 ◦C. After 1 h,
the temperature was quickly decreased by immersing the vials
in a cold bath.

The fatty acid methyl ester (FAME) yields were determined
using the H-NMR technique [24] (Bruker 200 MHz), by mea-
suring the ratio of the H-NMR signals related to the methoxylic
(A1) and methylenic groups (A2), respectively:

YFAME = A1/3

A2/2
.

3. Results and discussion

3.1. Hydroxyls spectra of samples outgassed at 723 K

Fig. 1 reports spectra of all samples outgassed at 723 K in
the OH stretch region (3800–3400 cm−1), normalized to unit
weight to allow comparison. It also gives a spectrum of the
commercial silica (Grace S-432) used as support. All spectra
exhibit a prominent band at about 3745 cm−1 due to isolated
silanols, invariably observed at the surface of dehydrated sili-
cas.

With pure silica (curve 1), a component is seen at 3742 cm−1

(arrow), assigned to isolated/geminal silanol couples [25], as
depicted in Scheme 1. The spectrum also shows a tail on the
low-frequency side, due to some heterogeneity of sites, as ex-
pected for silicas outgassed at 723 K.

Fig. 1. FTIR spectra of samples outgassed at 723 K, in the 3800–3200 cm−1

range. Spectra normalized to samples unit area, in order to allow comparison,
are reported of samples: Grace S-432 (curve 1); 3.1TS-D (curve 2); 7.3TS-D
(curve 3): 17.8TS-D (curve 4); 7TS-Tol (curve 5); 18TS-Tol (curve 6).
When Ti is present, the component at 3742 cm−1 decreases
in intensity (starting with sample 3.1TS-D, curve 2), and disap-
pears at higher Ti loadings; with sample (curve 3), correspond-
ing to a nominal monolayer coverage, only the band of free
silanols is seen, and its intensity does not change much even at
higher Ti loadings. The disappearance of the 3742 cm−1 band is
probably related to the slightly more acidic nature of the species
in Scheme 1 compared with the free silanols.

The constant intensity of the band at 3745 cm−1 strongly
suggests that under the experimental conditions adopted here,
grafting with alkoxysilanes occurs preferentially onto silanol-
free surface patches (e.g., reactive siloxanes bridges) rather than
on isolated silanols. This is in agreement with results of Brunel
et al. [26], who reported a similar conclusion for the grafting of
triethoxymethylaminopropane.

At high titanium loadings (curves 3–6), a new component
appears at 3720 cm−1 (denoted by *), assigned to new Ti–
OH species. As the intensity of silanols band at 3745 cm−1 is
weakly affected by titanium loading, such new species likely
will not be formed at the expense of silanols, but will grow onto
the grafted phase.

3.2. Adsorption of CO at nominal 77 K on TiO2/SiO2 systems

Carbon monoxide is widely used as a probe molecule to de-
tect the presence and the nature of Lewis acidic sites as well as
Brønsted sites (in the present case acidic hydroxyls), to which it
may H-bond. When the interaction between CO and the adsorb-
ing site has basically an electrostatic nature (as in the foregoing
cases), a hypsochromic shift occurs with respect to the free CO
molecule (2143 cm−1) [27].

Figs. 2–7 report difference spectra obtained after subtract-
ing those of the bare samples depicted in Fig. 1. Two spec-
tral ranges are considered: that of the hydroxyl stretch mode
[ν(OH), 3800–3400 cm−1; sections a of the figures] and that of
the C≡O stretch mode [ν(CO), 2250–2050 cm−1; sections b of
the figures].

Fig. 2 reports spectra normalized to unit weight obtained
after CO dosage on sample 3.1TS-D. With increasing CO pres-
sure, a negative band develops at 3744 cm−1, whereas a broad
adsorption forms centered at 3666 cm−1 and with a shoul-
der at ca. 3600 cm−1. These features are due to H-bonding
among CO molecules and OH species; those originally ab-
sorbing at 3745 cm−1 (isolated silanols) shift to 3666 cm−1

(�ν = 79 cm−1), as do silanols at the surface of dehydrox-
ylated silicas (�ν = 80 cm−1), indicating that the acidity of
silanols is not altered by the presence of titanium. The shoulder

Scheme 1.
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(a)

(b)

Fig. 2. FTIR difference spectra of CO adsorbed at nominal 77 K on sample
3.1TS-D, in the hydroxyls stretch range (a) and in the CO stretch range (b).
Normalized spectra are reported, recorded under the following equilibrium
pressures, from top to bottom: 25.0; 19.3; 6.8; 4.6; 2.9; 1.1; 0.50; 0.30; 0.21;
0.14; 0.098 mbar.

at 3600 cm−1 is due to more acidic silanols, visible in the spec-
trum of the bare sample (curve 2 in Fig. 1) as a tail to the band
at 3745 cm−1. The interaction with hydroxyls is reversible; the
original IR spectrum was recovered after prolonged evacuation.
The positive peak observed is due to slight changes in tempera-
ture caused by the gas phase.

The band at 2156 cm−1 (Fig. 2b) is due to the CO stretch
mode of carbon monoxide molecules interacting via H bonding
with silanols. It develops only at higher CO equilibrium pres-
sures, being a weaker interaction compared with those at other
acidic sites; the signal at ca. 2138 cm−1 is due to physisorbed
CO.

At higher wavenumbers, bands are seen at 2194 cm−1, shift-
ing to 2183 cm−1 with coverage, and at 2176 cm−1. With
bulk TiO2 (anatase), CO adsorption gives rise to well-separated
bands at 2205 and 2189 cm−1 [28], due to the presence of two
families of coordinatively unsaturated Ti4+ ions, but different
acidic sites are expected with TiO2 supported on SiO2. Accord-
ing to Hadjiivanov et al. [29], bands at 2194 and 2176 cm−1

are assigned to associated and isolated Ti4+ sites, respectively,
both of which adsorb CO in a reversible manner.

The shift of the former band from 2194 to 2183 cm−1 is
considered due to the collective behavior of CO oscillators ad-
sorbed on associated Ti4+ sites of an extended phase. This is
because the shift is relatively large compared with that of other
oxide systems, meaning that adsorption sites cannot be con-
sidered isolated Ti4+ cations. According to Hadjiivanov et al.
[29,30], these sites can be assigned to titanium cations having
(a)

(b)

Fig. 3. FTIR difference spectra of CO adsorbed at nominal 77 K on sample
7.3TS-D, in the hydroxyls stretch range (a) and in the CO stretch range (b).
Normalized spectra are reported, recorded under the following equilibrium
pressures, from top to bottom: 25.0; 13.4; 9.3; 6.1, 4.0; 2.6; 1.6; 1.0; 0.86; 0.39;
0.083 mbar.

at least one coordinatively unsaturated Ti4+ cation in the sec-
ond coordination sphere.

Hadjiivanov and co-workers have shown, by means of ad-
sorption experiments of 12CO–13CO mixtures, that both static
and dynamic contributions affect the ν(CO) shift [30]. The dy-
namic interaction brings about a blue shift, whereas the static
interaction lowers the CO frequency.

For the second type of site, the static shift is very small,
suggesting that these sites represent isolated titanium cations.
This is consistent with the small static shift for CO adsorbed
on titania–silica systems with low concentrations of titanium
cations [31,32].

Figs. 3a and 3b report difference spectra obtained with sam-
ple 7.3TS-D. In the ν(OH) region (Fig. 3a), along with the band
of isolated silanols shifting from 3746 to 3666 cm−1 due to
the formation of H-bonding, new species are seen: a band at
3720 cm−1, shifting to 3520 cm−1, that is absent in sample
3.1TS-D, which has a lower Ti loading. Such a feature is better
observed in the inset to Fig. 3a, which reports the last spectrum
magnified by a factor of 10. The band at 3720 cm−1 may be
due to the presence of another kind of hydroxyl group, nonsil-
ica hydroxyls, with higher acid strength than free silanols. The
observed shift of 3720 to 3520 cm−1 (200 cm−1) is larger than
that of TiOH groups at the surface of pure TiO2 [33], meaning
that more acidic TiOH species occur, probably due to a syner-
gic effect of the silica support. The corresponding CO stretch
mode (Fig. 3b), expected at about 2165 cm−1, being of low in-
tensity, is probably masked by the other two prominent bands
at 2193–2183 cm−1 and 2156 cm−1 (Fig. 3b).



B. Bonelli et al. / Journal of Catalysis 246 (2007) 293–300 297
(a)

(b)

Fig. 4. FTIR difference spectra of CO adsorbed at nominal 77 K on sample
17.8TS-D, in the hydroxyls stretch range (a) and in the CO stretch range (b).
Normalized spectra are reported, recorded in the 0.05–15 mbar equilibrium
pressures range. Normalized spectra are reported, recorded under the follow-
ing equilibrium pressures, from top to bottom: 19.9; 12.2; 8.2; 5.7; 3.8; 2.4;
1.3; 0.7; 0.3; 0.18; 0.089 mbar.

The band at 2193–2183 cm−1, as discussed before, is as-
signed to CO molecules interacting with “associated” Ti4+ sites
[27], and that at 2156 cm−1 is assigned to CO interacting via H
bonding with surface Si–OH groups. It is noteworthy that iso-
lated Ti4+ sites should be absent in sample 7.3TS-D, because
the corresponding band at 2176 cm−1 is not observed, and new
Ti–OH species are formed.

With sample 17.8TS-D, the same species are observed in
the O–H stretch region as for sample 7.3TS-D (Fig. 4a). The
most relevant difference observed after CO dosage on sample
17.8TS-D is observed in the CO stretch range (Fig. 4b) with an
increased intensity of the band at 2195–2183 cm−1, due to CO
on associated Ti4+ sites, compared with that of CO adsorbed
on hydroxyls (2156 cm−1). Such behavior indicates that the hy-
droxyl population remains more or less constant with increasing
titanium loading, while an extended titania phase in which vic-
inal Ti4+ cations are present is formed. This semiquantitative
evaluation is in agreement with previously reported findings
[11,14,20], according to which, at low Ti loadings, species with
titanium in tetrahedral coordination seem to be prevalent on the
catalyst surface until the surface monolayer coating is reached
(∼2.2 Ti atoms/nm2). In contrast, the degree of the polymer-
ization of Ti species increases with further increase in TiO2
loading, leading to a large number octahedral Ti sites grafted
on SiO2.

To illustrate the possible association between the solvent
used during preparation and the surface properties of grafted
TiO2/SiO2 catalysts, CO adsorption at nominal 77 K is reported
(a)

(b)

Fig. 5. FTIR difference spectra of CO adsorbed at nominal 77 K on sample
7TS-Tol, in the hydroxyls stretch range (a) and in the CO stretch range (b).
Normalized spectra are reported, recorded under the following equilibrium
pressures, from top to bottom: 19.3; 11.9; 8.5; 5.8; 4.1; 2.5; 1.7; 1.0; 0.5; 0.1;
0.089 mbar.

in Fig. 5 for sample 7TS-Tol and in Fig. 6 for sample 18TS-T,
obtained using toluene instead of dioxane. For sample 7TS-
Tol, in the OH stretch range the band of isolated silanols at
3747 cm−1 is seen to shift to 3667 cm−1 on CO adsorption;
in the CO stretch range, a band at 2188 cm−1 is seen to shift
to 2180 cm−1 with coverage, and at high CO partial pressure,
bands of CO adsorbed on isolated silanols (2156 cm−1) and of
physisorbed CO (2138 cm−1) are seen (Fig. 5). With respect to
sample 7.1TS-D, with comparable titanium loading, the main
difference concerns the absence of TiOH species; the corre-
sponding band at 3720 cm−1 is not seen.

Similar results are obtained for sample 18TS-Tol (Fig. 6);
that is, only the band of isolated silanols (at 3800–3400 cm−1)
and that of associated Ti4+ sites (2199–2183 cm−1), besides
those at 2156 and 2138 cm−1 assigned above, are seen. The
band associated with Ti4+ sites is observed at slightly higher
wavenumbers (2199 vs 2195 cm−1) with respect to sample
17.8TS-D with comparable titanium loading, indicating greater
exposure of Ti4+ cations at the surface acting as stronger acidic
Lewis sites compared with sample 17.8TS-D. Using toluene
instead of dioxane as a solvent seems to favor formation of
an extended TiOx phase with highly uncoordinated Ti4+ cations
with respect to the formation of TiOH species.

These characterization data demonstrate that the solvent
used for dispersing the Ti alkoxide crucially affects the surface
structure of the supported Ti species as well as the final sur-
face dispersion. This is likely due to the formation of titanium
alkoxide clusters of greater size in the apolar solvent, as well as
to the greater affinity of these clusters for the polar surface with
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(a)

(b)

Fig. 6. FTIR difference spectra of CO adsorbed at nominal 77 K on sample
18TS-Tol, in the hydroxyls stretch range (a) and in the CO stretch range (b).
Normalized spectra are reported, recorded under the following equilibrium
pressures, from top to bottom: 20.4; 14.1; 9.80; 6.60; 4.4; 2.9; 1.7; 1.0; 0.5;
0.1; 0.052 mbar.

respect to the solvent, which favors the increased adsorption
of titanium alkoxide on silica. The experimental findings are
in agreement with previous results [11] obtained by XPS mea-
surements done on TiO2/SiO2 samples prepared using dioxane
and toluene as solvents. This investigation revealed that the cat-
alysts prepared by performing the grafting reaction in toluene
showed a lower ITi/ISi intensity ratio than the corresponding
catalysts prepared in dioxane, characterized by the same Ti/Si
bulk atomic ratio.

The foregoing findings demonstrate that the surface proper-
ties of these TiO2/SiO2 systems differ significantly from those
of pure oxides. Several studies have shown that CO adsorp-
tion on both anatase and rutile TiO2 modifications results in
the appearance of Ti4+ carbonyls that are clearly visible at am-
bient temperature [34,35]. Two Ti4+ sites have been reported
at the surface of anatase, the maxima of the respective bands
located at 2208 (α sites) and 2192 (β sites) cm−1, at low cov-
erage, shifting to 2206 and 2186 cm−1, respectively, at high
coverage [28,34]. In contrast, with the present TiO2/SiO2 cat-
alysts, CO adsorption at ambient temperature was negligible,
indicating that in general, the solids investigated are charac-
terized by a weaker Lewis acidity that TiO2 itself. Thus, the
absence of strong Lewis acid sites on grafted TiO2/SiO2 cata-
lysts is the main difference compared with pure titania. This is
an important finding, significantly influencing the performance
of TiO2/SiO2 catalysts with respect to TiO2 itself, as reported
below. In contrast, Lewis acidity appears to be similar to that
of other silica-supported titania catalysts [31] and of titanium
silicalite [33,36].
(a)

(b)

Fig. 7. FTIR difference spectra recorded after dosing at room temperature
ca. 5 mbar of NH3 on samples outgassed at 723 K. (a) OH stretch re-
gion (3800–2500 cm−1); (b) N–H bending region. Curve 1: sample 3.1TS-D
(pNH3 = 4.6 mbar); curve 2: sample 7.3TS-D (pNH3 = 4.7 mbar); curve 3:
sample 17.8TS-D (pNH3 = 4.6 mbar); curve 4: sample 7TS-Tol (pNH3 =
4.1 mbar); curve 5: sample 18TS-Tol (pNH3 = 5.1 mbar).

3.3. Adsorption of NH3 at room temperature on TiO2/SiO2
systems

Ammonia is probably the most frequently used probe mole-
cule for acidity assessment, because it can interact with both
Brønsted acidic sites (by forming ammonium ions) and Lewis
acidic sites (by forming acidic–basic adducts) [37]. Its small
size allows quantitatively probing of almost all acid sites in
micro-, meso-, and macro-porous oxides [38]. The protonated
species (ammonium ions) and the coordinatively bonded am-
monia differ, from a spectroscopic standpoint, in terms of NH
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deformations and stretching vibrations. The ammonium ion
shows typical absorptions at 1450 and 3300 cm−1, whereas
co-ordinatively bonded ammonia molecules absorb at 1250,
1630, and ∼3330 cm−1. In particular, the deformation vibra-
tions (bending modes) at 1450 and 1630 cm−1 provide reliable
indicators for the presence of protonated and coordinatively
bonded ammonia, respectively.

Figs. 7a and 7b report normalized spectra taken after dos-
ing about 5 mbar of ammonia on the five samples outgassed
at 723 K. Spectra are reported after subtraction of the spec-
tra of the bare samples, reported in Fig. 1. In the OH stretch
range (Fig. 7a), a negative band at 3745 cm−1 and a broad ab-
sorption with a maximum at about 2990 cm−1 are seen in all
samples. These features are readily assigned to the interaction
of isolated silanols (3744 cm−1) with ammonia molecules via
the formation of H bonding. Because the interaction is much
stronger than with CO, the observed shift is ca. 750 cm−1, as is
commonly observed with pure silica. Besides these features, an-
other negative band is seen at about 3720 cm−1 in all samples
except 3.1TS-D; in agreement with results of CO adsorption,
this band is assigned to more acidic TiOH species.

Fig. 7b reports the same spectra in the NH bending mode re-
gion (1700–1350 cm−1). For sample 3.1TS-D, a signal is seen
at 1606 cm−1, assigned to NH3 molecules adsorbed on Ti4+
sites. The shoulder observed at ca. 1636 cm−1 is due to ammo-
nia molecules interacting with isolated silanols via H-bonding.
Such a band, seen only at appreciable ammonia pressure, is re-
versible on evacuation at room temperature (spectra not shown).
With increasing titanium loading on samples synthesised in
dioxane (curves 2 and 3), the intensity of the band at 1606 cm−1

increases markedly, and a new band occurs at ca. 1460 cm−1.
The latter feature is assigned to the formation of ammonium
ions, due to the interaction of ammonia with more acidic TiOH
species, absorbing at 3720 cm−1 in the original spectra. This
conclusion is supported by the presence of a negative band in
the OH stretching region (Fig. 7a, denoted by *). The inter-
action of ammonia with such TiOH species is only partially
reversible after evacuation at room temperature (spectra not re-
ported). No relevant differences were observed for the 7TS-Tol
(curve 4) and 18TS-Tol (curve 5) catalysts, besides the fact that
the contribution of more acidic TiOH species is lower with re-
spect to samples with the same titanium content synthesized in
dioxane.

3.4. Correlations between the surface properties and catalytic
performances of grafted TiO2/SiO2 catalysts

It is well known that the catalytic performance of supported
titanium oxide is significantly modified by interaction with the
silica support, probably due to changes in the molecular struc-
ture and coordination environment. Previous work has charac-
terized the catalytic behavior of TiO2/SiO2 catalysts prepared
by grafting in the epoxidation reaction of cyclooctene with
cumene hydroperoxide [14]. In the present work, the catalytic
performance of transesterification of refined oil with methanol
(on which biodiesel production is based) was studied on both
TS-D (D: dioxane) and TS-Tol (Tol: toluene) catalysts.
Fig. 8. Catalytic results expressed in terms of turnover number (TON), obtained
in the transesterification reaction of refined oil with methanol for the series of
TiO2/SiO2 prepared catalysts.

As demonstrated by the values related to the reactivity prop-
erties of the prepared catalysts, reported in the last column of
Table 1, an increase of activity was observed with increasing
TiO2 loading until the surface monolayer coating was reached,
followed by a decrease as more TiO2 was deposited on the
silica surface. It must be pointed out that catalysts containing
3–7 wt% of TiO2 showed no difference in the observed activ-
ities. We have two different operating effects: (1) decreasing
dispersion of TiO2 with increasing grafted amounts and (2) for-
mation of new sites. The two effects are contrasting, which
explains why the activity does not change significantly in the
range studied. For an amount of TiO2 greater than a monolayer,
the activity drops with a decrease in dispersion and the conse-
quent disappearance of the Lewis sites of appropriate strength.
The appearance of new, stronger Lewis sites observed on FTIR
analysis for the less widely dispersed catalysts has no affect
on catalytic activity. On the other hand, it is noteworthy that
crystalline (anatase) TiO2 showed no catalytic activity in the
mentioned reaction. Our findings are in agreement with the re-
sults observed with homogeneous catalysts [39], which suggest
that an optimal range of strength for Lewis acidic sites exists,
and that very strong Lewis acidic catalysts are less active in
transesterification reactions. As matter of fact, the acidic sites
must coordinate the reactant molecules to some degree, but not
so much as to also cause release of the products.

A possible influence of the solvent used in the preparation
was also demonstrated; lower activity was noted for the cat-
alysts prepared in toluene compared with those prepared in
dioxane. Thus, the catalytic tests performed on the transester-
ification reaction confirmed the influence of the solvent used on
the final structure of the active Ti sites, as indicated by FTIR
measurements of adsorbed CO. The lower dispersion of tita-
nium on silica surface for the catalysts prepared using toluene
as solvent results from the lower activities observed experi-
mentally. As mentioned earlier, it is noteworthy that very low
activity was obtained in the presence of pure TiO2 (see Ta-
ble 1).

The FTIR results can be used to establish interesting cor-
relations between the electrophilic nature of supported Ti4+
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sites (e.g., the acid strength of titanium cations) and their cat-
alytic performances. Indeed, it is possible to attribute the de-
crease in activity caused by grafting TiO2 amounts greater
than surface monolayer coverage to the disappearance of iso-
lated Ti4+ sites on the catalyst surface. This finding is high-
lighted by the trend in turnover number (TON) values (TON =
molMeOHreacted/atomTi h) values reported in Fig. 8, indicating
that the presence of isolated Ti sites on the surface of sam-
ple 3.1TS-D is a key factor in the catalytic performance of
TiO2/SiO2 catalysts in biodiesel production.

This effect appears to be more pronounced for samples
17.8TS-D and 18TS-Tol, whose FTIR normalized spectra of
adsorbed CO show higher concentrations of “associated” Ti4+
sites with respect to the solids with smaller amounts of sup-
ported titania. Moreover, FTIR measurements of absorbed NH3

show an increase in Brønsted acid sites on these catalysts, at-
tributed to the increase of Ti–OH groups with respect to the sil-
ica support due to a grafting reaction of titanium isopropoxide.
According to these characterizations, lower activity in the trans-
esterification reaction is found for the aforementioned solids.
Finally, the results obtained in this work allow us to attribute
the best catalytic behavior of samples 3.1TS-D and 7.3TS-D in
the transesterification reaction to the greater dispersion of tita-
nium sites, confirmed by the band at 2176 cm−1, assigned to
CO adsorbed onto isolated Ti4+ sites.

4. Conclusions

Our results allow us to establish interesting correlations be-
tween the electrophilic nature of supported Ti4+ sites (e.g.,
the acid strength of titanium cations) and their catalytic per-
formance in the transesterification reaction of refined oil with
methanol. The main results obtained by FTIR spectroscopy
of adsorbed CO and NH3 on TiO2/SiO2 catalysts prepared by
grafting can be synthesized as follows:

• The interaction between titania and silica in silica-support-
ed titania catalysts occurs on supported Ti4+ sites, charac-
terized by a weaker Lewis acidity than on pure TiO2.

• Two kinds of Lewis acid sites, differing in the electrophilic
properties of the respective Ti4+ cations, were detected:
isolated Ti4+ sites (2177–2173 cm−1) mainly at low Ti
loadings and associated Ti4+ sites (2194–2183 cm−1).

• Hydroxyl groups with higher acid strength with respect
to Si–OH groups of SiO2 and to Ti–OH groups of TiO2

were observed at the surface of sample 7.29TS-D, as in-
dicated by the shift of the band from 3721 to 3520 cm−1

in the FTIR spectrum of adsorbed CO (Fig. 3a). This was
also confirmed by ammonia adsorption. In fact, the band at
1465 cm−1 (see Fig. 7a) increased in intensity in parallel
with the appearance of the band at 3716 cm−1.

• Finally, the catalytic tests of the prepared TiO2/SiO2 cat-
alysts showed that isolated Ti4+ cations have sufficient
Lewis acid strength to catalyze the transesterification of re-
fined oil with methanol.
Acknowledgments

Thanks are due to MIUR-PRIN-2005038244 and to CN/
ASIA-PR-ECO/11, project 109087 for financial support.

References

[1] S. Srinivasan, A.K. Datye, M. Hampden-Smith, I.E. Wachs, G. Deo, J.M.
Jehng, A.M. Turek, H.F. Pedens, J. Catal. 131 (1991) 260.

[2] R.A. Sheldon, J.A. Van Doorn, J. Catal. 31 (1973) 427.
[3] R.A. Sheldon, J. Mol. Catal. 7 (1980) 107.
[4] G. Deo, A.M. Turek, I.E. Wachs, P.A. Jacobs, Zeolytes 13 (1993) 365.
[5] S. Klein, J.A. Martens, R. Parton, K. Vercruysse, P. Jacobs, W.F. Maier,

Catal. Lett. 38 (1996) 209.
[6] R. Hutter, T. Mallat, A. Baiker, J. Catal. 153 (1995) 177.
[7] Z. Liu, J. Tabora, R.J. Davis, J. Catal. 149 (1994) 117.
[8] P.K. Doolin, S. Alerasool, J.F. Hoffman, Catal. Lett. 25 (1994) 209.
[9] S. Wang, X. Ma, H. Guo, J. Gong, X. Yang, G. Xu, J. Mol. Catal. A Chem.

214 (2004) 273.
[10] W. Kim, J.S. Lee, J. Catal. 185 (1999) 307.
[11] M. Cozzolino, R. Tesser, M. Di Serio, M. Ledda, G. Minutillo, E. Santace-

saria, Stud. Surf. Sci. Catal. 162 (2006) 299.
[12] R. Castillo, B. Koch, P. Ruiz, B. Delmon, J. Catal. 161 (1996) 524.
[13] X. Gao, I.E. Wachs, J. Phys. Chem. B 102 (1998) 5653.
[14] M. Cozzolino, R. Tesser, M. Di Serio, E. Santacesaria, Second Concorde

Meeting Proceedings, 2006, Appl. Catal. A Gen, submitted for publica-
tion.

[15] K.I. Hadjiivanov, Appl. Surf. Sci. 135 (1998) 331.
[16] K.I. Hadjiivanov, J. Lamotte, J.C. Lavalley, Langmuir 13 (1997) 3374.
[17] A. Tsyganenko, L. Denisenko, S. Zverev, V. Filimonov, J. Catal. 94 (1985)

10.
[18] V. Bolis, B. Fubini, E. Garrone, C. Morterra, J. Chem. Soc. Faraday Trans.

85 (1989) 1383.
[19] P. Iengo, G. Aprile, M. Di Serio, D. Gazzoli, E. Santacesaria, Appl. Catal.

A Gen. 178 (1999) 97.
[20] E. Santacesaria, M. Cozzolino, M. Di Serio, A.M. Venezia, R. Tesser,

Appl. Catal. A Gen. 270 (2004) 177.
[21] F.R.D. Snell, L.S. Ettre, Enc. Ind. Chem. Anal. 19 (1974) 107.
[22] S. Brunaber, P.H. Emmet, J. Am. Chem. Soc. 60 (1938) 309.
[23] D. Dollimore, G.R. Heal, J. Appl. Chem. 14 (1964) 109.
[24] G. Gelbard, O. Brès, R.M. Vargas, F. Vielfaure, U.F. Schuchardt, JAOCS

72 (1995) 1239.
[25] A. Burneau, J.P. Gallas, in: A.P. Legrand (Ed.), The Surface Properties of

Silica, Wiley, New York, 1999, p. 194, and references therein.
[26] D. Brunel, A. Cauvel, F. Di Renzo, F. Fajula, B. Fubini, B. Onida, E. Gar-

rone, New J. Chem. 24 (2000) 807.
[27] A. Zecchina, C. Otero Areán, Chem. Soc. Rev. 25 (1996) 187.
[28] E. Garrone, V. Bolis, B. Fubini, C. Morterra, Langmuir 5 (1989) 892.
[29] K.I. Hadjiivanov, B.M. Reddy, H. Knözinger, Appl. Catal. A Gen. 188

(1999) 355.
[30] K.I. Hadjiivanov, G.N. Vayssilov, Adv. Catal. 47 (2002) 307.
[31] A. Fernandez, J. Leyrer, A.R. Gonzalez-Elipe, G. Munuera, H. Knözinger,

J. Catal. 112 (1988) 489.
[32] O.V. Manoilova, J. Dakka, R.A. Sheldon, A. Tsyganenko, Stud. Surf. Sci.

Catal. 94 (1995) 163.
[33] K. Hadijvanov, J. Lamotte, J.-C. Lavalley, Langmuir 13 (1997) 3374.
[34] K.I. Hadjiivanov, O. Saur, J. Lamotte, J.C. Lavalley, Z. Phys. Chem. 187

(1994) 281.
[35] G. Busca, H.O. Saur, J.C. Lavalley, V. Lorenzelli, Appl. Catal. 14 (1985)

245.
[36] G. Vayssilov, Catal. Rev. Sci. Eng. 39 (1997) 209.
[37] V. Bolis, S. Bordiga, C. lamberti, A. Zecchina, A. Carati, F. Rivetti,

G. Spanò, G. Petrini, Langmuir 15 (1999) 5753.
[38] J.A. Lercher, C. Gründling, G. Eder-Mirth, Catal. Today 27 (1996) 353.
[39] M. Di Serio, R. Tesser, M. Dimiccoli, F. Cammarota, M. Nastasi, E. San-

tacesaria, J. Mol. Catal. A Chem. 239 (2005) 111.


	Study of the surface acidity of TiO2/SiO2 catalysts by means  of FTIR measurements of CO and NH3 adsorption
	Introduction
	Experimental
	Preparation of catalysts
	Characterization techniques
	Catalytic tests

	Results and discussion
	Hydroxyls spectra of samples outgassed at 723 K
	Adsorption of CO at nominal 77 K on TiO2/SiO2 systems
	Adsorption of NH3 at room temperature on TiO2/SiO2 systems
	Correlations between the surface properties and catalytic performances of grafted TiO2/SiO2 catalysts

	Conclusions
	Acknowledgments
	References


