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Photo-oxidation of toluene was investigated by using TiO2-pillared montmorillonite (Ti-
montmorillonite). The main intermediates of toluene oxidation were benzaldehyde and p-cresol
while traces of benzyl alcohol, benzoic acid, pyrogallol and hydroquinone were also found. The solvent
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effect on the photo-oxidation of toluene on Ti-montmorillonite was significant; the activity was
increased by an addition of 10% water in acetonitrile solvent and it was further increased when the
reaction was performed in an aqueous environment. In the latter condition, Ti-montmorillonite showed
higher activity to benzaldehyde (the desired product) than TiO2 (Degussa P25), possibly because of the
difference value of its surface area and the hydrophobic nature of pillared clay. The maximum yields in
benzaldehyde using Ti-montmorillonite and TiO2 P25 as photocatalysts were 48 and 27%, respectively,

the b
illared montmorillonite after 1 h reaction time in

. Introduction

The oxidation of aromatics to their corresponding compounds
ffers an attractive synthesis of higher-value products from rel-
tively inexpensive feedstocks. However, many of the current
athways to produce these products are environmentally haz-
rdous. From the environmental and economical point of view,
ecent research has focused on the oxidation under mild condition
1–5]. Heterogeneous photocatalysis employing semiconductive
hotocatalysts, such as TiO2, can offer an alternative catalytic oxi-
ation technology, because the reaction is promoted under ambient
emperature and pressure [6–14]. However, due to the high pos-
tive energy of the photogenerated holes on TiO2, the use of TiO2
as a potential problem that most organic compounds will undergo
omplete oxidation. In order to use it as a selective oxidation cata-
yst for fine chemical production, it is necessary to control its high
xidation power.

In thermally catalyzed oxidation, modification of the catalyst,
uch as an addition of promoters and formation of mixed oxides, is
sually done in order to improve the selectivity. For the photocatal-
sis by TiO2, such attempts have not succeeded, because impurities

nd defects produced by such modifications drastically decrease
he activity by increasing the recombination rate of the photo-
roduced charges [6,8]. On the other hand, it has been reported
hat there are some effects of solvent on the photo-oxidation of
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liquid hydrocarbons by TiO2 [11,15]. For example Almquist and
Biswas [15] recently showed that the reaction rate and selectivity
to the formation of cyclohexanol and cyclohexanone in the photo-
oxidation of cyclohexane on TiO2 depend on the solvent nature. It
is therefore expected that the effectiveness of TiO2 photocatalysts
for the partial oxidation reaction can be improved by controlling
reaction environments.

It is well known that TiO2-pillared clays can provide large sur-
face area and pores volume [16–21], which are beneficial for organic
compounds to reach and leave the active sites on the surface. The
size of the TiO2 pillars incorporated between the silicate layers is of
nanometer dimension. It has been reported that TiO2-pillared clay
is fairly effective for the photocatalytic degradation of organic sub-
strates [18–20], and it exhibits shape selectivity because of its pore
structure [18]. It is also expected that the sorption behavior of pho-
tocatalysts can be changed by including TiO2 particles in the silicate
layer of the clays, and hence different property can be obtained for
the photocatalytic reaction, depending on the surface properties of
the host clays.

Toluene oxidation studies have been previously reported
[22–34] Fujihira et al. [22] showed the formation of cresols by
means of an oxidative attack to the aromatic ring and benzalde-
hyde and benzyl alcohol by side-chain oxidation, depending on the
pH of the solution. The results reported in [22] were confirmed by

Navio et al. [23] as they found benzyl alcohol, benzoic acid and
benzaldehyde as products. They reported that benzaldehyde was
the main product in all the experimental conditions investigated.
Augugliaro et al. [35] have studied the photocatalytic oxidation
of gaseous toluene on anatase catalyst and they indicated that

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:khalafh@hotmail.com
dx.doi.org/10.1016/j.jphotochem.2009.07.019
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highest molar conversion of toluene to benzaldehyde was ca.
0%. Using the heterogeneous CoSBA-15 catalyst for alkylaromat-

cs liquid phase oxidation, Brutchey et al. [36] obtained maximum
oluene conversion of 8% with 64% selectivity for benzaldehyde.
he toluene oxidation studied by Rao et al. [37] yields about 22%
onversion and 76% selectivity towards benzaldehyde. Liquid phase
oluene oxidation with homogeneous metal salt catalysts has been
ealized industrially in the Rhodia, Dow, and Snia-Biscosa process
sing oxygen or peroxides as oxidants [25,38]. These processes
perate at 165 ◦C in air under pressure of 10 atm in the presence
f a homogeneous cobalt catalyst in acetic acid. Liquid withdrawn
rom the oxidation stage was fractionated and purified by distilla-
ion. In the first column (15–20 real plates), the light components,
o transformed toluene, benzaldehyde, benzyl alcohol, formic and
cetic acids, water, etc. were removed. The separation of organic
nd aqueous phases was done by cooling and decantation; then
he organic phase was recycled again to the reactors whereas the
queous has been sent to the waste water treatment. The recovered
enzoic acid at the bottom is purified up to 99% (w/w) in a second
olumn (≈20 plates) operating under vacuum (185 ◦C, 13 kPa at the
op). One part of the withdrawn liquid constituted of benzyl ben-
oate, cobalt salt and heavy products is turned into the reaction
ection and the another one having low content in organic deriva-
ives was water extracted for recovery of the catalyst, which will
e recycled. In order to reach a sufficiently high level of benzalde-
yde selectivity (91–93% molar), the conversion of toluene should
e limited at maximum rate of 40% [39].

The aim of the present study was to use TiO2-pillared clay for
he photo-oxidation of toluene under mild conditions. Characteri-
ation of TiO2-pillared clay is presented, which will show that the
iO2 particles with almost the same structure are incorporated in
lay. Reaction studies are focused on the effects of the solvent and
illaring process of clay for the selective oxidation of toluene. The
olvent used was water/acetonitrile at different ratio. The addition
f acetonitrile was for helping the dissolution of toluene in water.
t is demonstrated that the use of water as a solvent and the inclu-
ion of TiO2 particles in the interlayer space of clay are effective
o improve the activity of TiO2 for the selective photo-oxidation
atalysis.

. Experimental

.1. Preparation of oxidation catalysts

The pillared montmorillonite clays were prepared using ben-
onite from deposits of Maghnia in western Algeria. Its chemical
omposition in (wt.%) is SiO2 69.4; Al2O3 14.7; Fe2O3 1.2; MgO
.1; K2O 0.8; Na2O 0.5; CaO 0.3; TiO2 0.2; As 0.05; LOI 11.65 (LOI:

oss on ignition at 900 ◦C in wt.%) [40]. According to a previously
eported procedure [40], the purified raw bentonite was dispersed
n 1 M NaCl, separated from the solution and washed with water
p to obtain a constant conductivity. The resulting suspension was
laced in a graduate cylinder for allowing particles >2 �m in size
o settle down. The suspension at the depth of 10 cm containing
nly particles of size <2 �m was collected with a “Robinson–Kohn”
ipette. This operation was repeated several times until the suspen-
ion became almost transparent at the depth of 10 cm. Particles of
size <2 �m were recovered by centrifugation, washed with water
nd dialyzed to eliminate chloride ions in excess and finally dried
t 40 ◦C for 72 h.
Na-montmorillonite was used for the pillaring process following
procedure previously reported [41]. Titanium tetraisopropox-

de in solution was added to hydrochloric acid (5 M) in order to
btain a HCl/Ti molar ratio of 2.5. This solution was stirred at room
emperature for 3 h. The intercalation was performed by adding
Fig. 1. Scheme of photoreactor.

(drop by drop) the pillaring solution to a water suspension of Na-
montmorillonite (0.5 wt.%) up to reach a Ti/Na-montmorillonite
ratio of 10 mmol/g. This mixture, with an acid concentration of
0.1 M, was stirred and allowed to react at room temperature for
12 h. The product was then centrifuged, washed with deionised
water until chloride free. The solid was dried in a microwave
oven with an average power of 300 W for 5 min and calcinated
for 15 min at 500 W. This pillared sample was referred to as Ti-
montmorillonite.

The TiO2 employed for the reaction to study the effects of pillar-
ing process was well characterized Degussa P25. It is known that
this catalyst is 80/20 anatase-rutile phase and has a BET surface area
and average particle size of 50 ± 10 m2/g and 30 nm, respectively.

2.2. Physicochemical methods

X-ray diffraction (XRD) patterns were obtained using a diffrac-
tometer type Philips model PW 1840 with Ni-filtered Cu K�
radiation. In order to maximize the (0 0 1) reflection intensities, ori-
ented specimens were prepared by spreading the sample on a glass
slide and drying them at room temperature for 24 h.

Fourier Transform Infrared (FTIR) spectra were recorded with
Shimadzu model 8900 spectrophotometer on KBr disc contain-
ing 0.5 wt.% of sample in KBr. Na- and Ti-montmorillonite sample
were calcined before the analysis, but clay samples with adsorbed
toluene was quite dried at 313 K during the night before analy-
sis.

Surface areas and pore volumes were determined using nitro-
gen as the sorbate at −196 ◦C in a static volumetric apparatus
(Micromeritics ASAP 2010 Sorptometer). The pillared clays were
previously outgassed at 180 ◦C for 16 h under a vacuum of
6.6 × 10−9 bar. The surface areas were calculated using the BET
equation from the linear part of the graph, usually located between
0.05 and 0.30 P/P0. While the total pores volumes were evaluated
by nitrogen physisorption at a relative pressure (p/p0) of N2 equal
to 0.99.

2.3. Photocatalytic experiments

The photoreactor was a cylindrical flask (100 ml) made of Pyrex
(Fig. 1), transmitting wavelength ≥340 nm. The irradiance spec-
trum of the Hg lamp (similar to the spectrum inside the reactor) is
shown in Fig. 2. After cooling down to room temperature, toluene
(0.5 mg/ml), water (20 ml) and catalyst (50 mg) were added into
a reactor. The photoreactor was equipped with a condenser in
order to prevent the toluene evaporation. The reaction mixture
was stirred by magnetic stirrer and irradiated with a 125 W Hg

lamp. The radiation energy incident on the suspension, measured
by using a radiometer VLX-3W Digital mounted above the lamp
at the same position as the photoreactor, was 40 mW cm−2 (corre-
sponds to wavelength of 365 nm). After the toluene oxidation, the
solution containing catalysts was filtered, and the products were
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Fig. 3. X-ray diffraction pattern of (a) Na-montmorillonite, (b) Ti-montmorillonite
and (c) TiO2 P25.

T
R

Fig. 2. Irradiance spectrum of the Hg lamp.

nalyzed by HPLC (Shimadzu LC-10AT) and a Mightysil RD-18 GP
olumn with UV detector.

Some experiments were carried out by using acetonitrile and
ixture with water as solvent in order to demonstrate the major

ole played by water and the effect of the water addition to the
cetonitrile solvent which is less polar than water, on the activity
f Ti-montmorillonite in the toluene photo-oxidation.

In order to compare the photocatalytic activities of bentonite
ased catalyst, tests were carried out by shaking 15 mg of TiO2
egussa P25 (This quantity has been chosen taking into account

hat the TiO2 content in the Ti-pillared montmorillonite is about
0% (w/w) so, we obtain a precise quantitative comparison with
iO2) in 20 ml of water containing toluene (0.5 mg/ml) for 3 h.

. Results and discussion

.1. Characterization of catalysts

Extensive investigations on the physicochemical characteriza-
ion of Ti-pillared clays have been previously reported [42–51]. XRD
atterns and of Na-montmorillonite, Ti-montmorillonite and TiO2
25 are reported in Fig. 3. Relative basal spacing of the materials
ere investigated (Na-montmorillonite and Ti-montmorillonite)
re reported in Table 1. The XRD patterns in the wide angle range
ndicates that Ti-montmorillonite show reflection at 2� = 25◦ due
o the presence of anatase phase [45].

The reflections at small angle due to the basal d0 0 1 reflec-
ion of silicate layers allowed us to obtain information about
he effect of intercalation on the basal spacing of the clay. In
articular, it is seen that the diffraction peak at 2� = 7.0◦ of Na-

ontmorillonite is shifted to about 5.0◦ in Ti-montmorillonite. This

hift clearly indicates an enlargement of the basal spacing of the

lay as a consequence of the pillaring process (from 12.6 ´̊A of the

a-montmorillonite to around 22 ´̊A of the Ti-montmorillonite, see

able 1
esults of different characterization of catalysts.

Basal spacing (nm)

Na-montmorillonite 1.26
Ti-montmorillonite 2.20
Fig. 4. IR spectra of Na-montmorillonite and pillared Ti-montmorillonite.

in Table 1). The observed enlargement of the basal spacing is due
to the insertion of titanium species between montmorillonite lay-
ers. It is to note that a more intense and narrow diffraction peak
in pillared clay could be due to the existence of different hydra-
tion states (adsorption of water during the purification of the clay),
to the crystallization of the Ti polyoxocations, to the loss of the
adsorbed hydration water (dehydration during the drying and the
calcination of the pillared clay) or even to the different structures
of titanium oxide (anatase and rutile) that may generate a more
homogeneous pillar distribution (different Ti pillars similar in size)
[52].

As a consequence of the pillaring process, the texture of
the resulting clay is open and so, more accessible to adsorbate
molecules. It can be seen in Table 1 that the specific surface area of
the investigated pillared clay are about three times larger than that
of the parent Na-montmorillonite due principally to the creation
of a remarkable microporous network. The TiO2 loading is mainly

located in the interlayer spacing as pillars, although it is possible
that it can be also settled in minor amounts over the montmoril-
lonite sheets.

Fig. 4 shows the FTIR spectra of Na- montmorillonite and Ti-
montmorillonite. Stretching vibrations of water molecules may

Specific surface (m2/g) Pore volume (cm3/g)

78 0.10
254 0.25
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Fig. 5. Molar yield of benzaldehyde as a function of time in the photo-oxidation
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Table 2
Photo-oxidation of toluene on Ti-montmorillonite by using various solventsa.

Solvent

CH3CN CH3CN (10% H2O) H2O

Products concentration (mg/ml) ×103 (yield mol%)b

Benzaldehyde 57.4 (10) 148.2 (25.7) 276.5 (48.01)
p-Cresol 35.0 (5.9) 89.7 (15.25) 128.2 (22.7)
Benzyl alcohol 2.2 (1.4) 5.8 (1.02) 7.8 (1.36)
Benzoic acid 1.6 (0.23) 3.9 (0.6) 5.6 (0.83)
Pyrogallol 0.8 (0.15) 1.8 (0.29) 2.7 (0.36)
Hydroquinone 0.6 (0.08) 1.5 (0.25) 2.5 (0.41)
� Oxygenatesc 97.6 (17.8) 250.9 (43.1) 423.3 (73.6)

a Reaction conditions: toluene 0.5 mg/ml, solvent 20 ml, catalyst 50 mg Ti-
montmorillonite, reaction time 1 h.
f toluene on Ti-montmorillonite and TiO2 (P25). (�) Ti-pillared montmoril-
onite; (�) TiO2 Degussa P25; (�) irradiation without catalyst; (*) catalyst without
rradiation. Reaction conditions: toluene 0.5 mg/ml, H2O 20 ml, catalyst: 50 mg (Ti-

ontmorillonite) and 15 mg (TiO2 P25).

ontribute to −OH peaks (3500 cm−1). On pillaring, the band
roadens due to the introduction of more −OH groups of the
illar, which is interpreted as an effect of pillaring [53]. The
ecrease in intensity arises from the dehydration and dehydrox-
lation steps during pillaring. Peak at around 1600 cm−1 is due
o bending vibrations of water. Pillaring process replaces a large
mount of interlayer cations that generally exist as hydrated and
t decreases the intensity of −OH peaks. Pillared clay has low
mount of adsorbed/coordinated water due to the non-swellable
ature. Thus, as a result of pillaring, intensity of the band around
600 cm−1 decreases [54]. The band around 1060 cm−1 is due to
symmetric stretching vibrations of SiO2 tetrahedra. A band around
00 cm−1 is due to stretching vibration of AlIV tetrahedra, and
bsorption at 526–471 cm−1 is due to bending of Si–O vibration.
bsorption bands due to adsorbed toluene (not shown) appear at

he 3100–2800 cm−1 (CH stretchings) and 1610–1500 cm−1 (ring
tretchings, CH deformations) ranges.

.2. Oxidation of toluene

No measurable amount of oxidation products was obtained in
he absence of the photo-irradiation or the catalyst. Such blank
xperiments were performed separately and in experimental con-
itions similar to those used for the photoreactivity experiments,

ndicating that the reaction was proceeding via a photocatalyzed
echanism. According to these results, it was observed that the
aximum yield of benzaldehyde in the photo-oxidation of toluene

n the absence of the photo-irradiation or without catalyst was very
ow (Fig. 5 curves almost identical with X-axis). Table 2 shows the
ffect of the solvent on the photo-oxidation of toluene over Ti-
ontmorillonite. Oxidation products were identified by HPLC using

uthentic standards and their quantification were obtained using a
alibration curve for each product. The main oxidation product was
enzaldehyde but also p-cresol, benzyl alcohol, benzoic acid, pyro-
allol and hydroquinone were detected in the product. The result
n Table 2 clearly shows that there is a significant effect of solvent
n the activity and product distribution in the photo-oxidation of
oluene. In the case of the acetonitrile as a solvent, the lowest activ-
ty for the partial oxidation of toluene was obtained. When 10%

ater was added to the acetonitrile solvent, the partial oxidation
f toluene occurred as a main reaction, giving various products,

nd the yield for the product formation increased by a factor of
a. 2.6. This result is consistent with the previous report by Navio
t al. [23], who observed that traces of water present in the reac-
ion system play an important role in the distribution of products
n the oxidation of neat toluene in liquid organic oxygenated dis-
b Yield is calculated as concentrations of specified products (mg/ml)/toluene ini-
tial concentration (mg/ml).

c Sum of the oxygenates concentration.

persions containing pure or iron-doped titania photocatalysts. A
similar effect of water was also reported by Gonzalez et al. [12],
who showed that use of water as a solvent is effective to achieve
high activity in the liquid phase selective oxidation of hydrocarbons
on TiO2 photocatalyst.

When the reaction was performed by using the water alone
as a solvent, the partial oxidation of toluene occurred as a main
reaction, and the highest activity was observed. The yield to the
oxidation product was ca. four times higher than in the acetoni-
trile alone. The observed increase in the activity may be due to
the enhanced amount of hydroxyl radicals formed by the oxida-
tion of water by positive holes on the TiO2 pillars. This result is
consistent with the previous report by Shimizu et al. [44], who
demonstrate the solvent effect, both on the activity and the selec-
tivity of the TiO2-pillared clays in the photo-oxidation of benzene.
This present catalyst (Ti-montmorillonite) exhibits so interest-
ing yield (48%) and selectivity (65%) of toluene conversion into
benzaldehyde when compared with those obtained previously
[35–37].

Fig. 5 shows the time course of benzaldehyde (the desired
product because it is important as it is largely used to syn-
thesize pharmaceutical products or to aromatize perfumes)
in the photo-oxidation of toluene on Ti-montmorillonite and
P25. Ti-montmorillonite showed the higher activity of toluene
partial oxidation than P25. The yields of benzaldehyde on Ti-
montmorillonite and P25 were around 48 and 27%, respectively
after 1 h reaction time using water as solvent. (In acetonitrile, they
were 9.5 and 5.2%, respectively, and 25 and 10.5%, respectively
by addition of 10% water to the acetonitrile.) The result in Fig. 5
clearly shows that the pillaring process has a positive effect on
the yield enhancement of the photo-oxidation of toluene on TiO2.
Previously, Malla et al. [17] reported an unusual water adsorption
behavior of various pillared clays, which should be indicative of the
hydrophobic nature of the surface of the pillared clays. Adsorption
isotherms of toluene on Ti-montmorillonite and Na- montmoril-
lonite (Fig. 6) were carried out in order to justify an extensive
adsorption capacity of toluene on the photocatalyst synthesized.
As shown in (Fig. 6), Ti-montmorillonite exhibits higher affinity
for the toluene rather than Na-montmorillonite. This indicates the
hydrophobic character of Ti-montmorillonite. A similar result was
also reported by Shimizu et al. [44], who showed the hydrophobic
nature of the surface of TiO2-pillared clays as compared with P25 in
competitive adsorption experiments using benzene and phenol as
substrate. The hydrophilicity of the TiO2 originates from the surface

hydroxyl groups. In the literature, it was conjectured that the sur-
face hydrophobicity of pillared clays was related to the decrease in
polarity of the clay surface by exchange of cations in the interlayer
with metal oxide pillar [55–58]. The observed activity enhance-
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ig. 6. Adsorption isotherms of toluene on Ti-montmorillonite and Na-
ontmorillonite.

ent of TiO2 photocatalyst by using clay host may be explained as
ollows. Nonpolar substrate, hydrocarbon (toluene), would be more
ccessible to the hydrophobic surface of Ti-montmorillonite than
o the hydrophilic surface of TiO2. When the partially oxygenated
roduct (benzaldehyde) is produced on the catalysts, the adsorp-
ion of the polar products on the hydrophobic Ti-montmorillonite
s inhibited by nonpolar hydrocarbon, and the oxidation product is
esorbed in the aqueous phase, resulting in its higher activity. On
he other hand, the products can be present on hydrophilic surface
f TiO2, which will result in the over-oxidation to CO2.

. Conclusion

In the Ti-montmorillonite prepared in the aqueous solution of
ydrochloric acid, TiO2 small particles with anatase-like structure
re present in the silicate layers of clay. For the photo-oxidation of
oluene, there is a significant effect of solvent on the activity of Ti-

ontmorillonite. When the photocatalytic reaction was performed
n the aqueous environment by using the water as a solvent, the
ighest activity was obtained. Ti-montmorillonite showed higher
ctivity for benzaldehyde (the desired product) than TiO2 (P25),
hus the inclusion of TiO2 in clay host is effective for the activity
nhancement in the partial oxidation of toluene, possibly because
f the hydrophobic nature and the higher of the specific surface
rea of pillared clay.
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