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Nanocrystalline mesoporous TiO2-based catalysts prepared by a surfactant-assisted templating sol–gel process were tested on epo
of cyclohexene intert-butanol–H2O2 system. The mesoporous TiO2 showed exceptional potential for epoxidation of cyclohexene, exhibitin
both higher cyclohexene conversion and higher cyclohexene oxide selectivity than non-mesoporous commercial TiO2 powders, i.e. Ishihara
ST-01 and Degussa P-25. The oxides of Fe, Co, Ni, and Ru were also loaded by incipient wetness impregnation method onto the sy
mesoporous TiO2, aiming to enhance the catalytic performance. Among metal oxide-loaded catalysts, RuO2-loaded mesoporous TiO2 was
proved to possess noticeably high catalytic performance based on cyclohexene oxide selectivity. The 1 mol% RuO2-loaded mesoporous
TiO2 was the best catalyst, showing the highest cyclohexene oxide selectivity and lowest cyclohex-2-en-1-ol (undesired product) se
Plausible reaction pathways were also proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

After mesoporous TiO2 was first synthesized by a
sol–gel process with phosphorous surfactants as templates
by Antonelli and Ying[1], various methods of surfactant
templating have been developed for the preparation of meso-
porous structures of TiO2 [2–4]. Since mesoporous materials
normally possess large surface area and narrow pore size
distribution, which advantageously make them a versatile
candidate in the catalysis field, the utilization of mesoporous
TiO2 in many catalytic reactions becomes feasibly attractive.
It is generally anticipated that the use of a high surface area
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mesoporous oxide support rather than a commercial supp
for noble or transition metals has some beneficial effects
the catalytic performance. The mesoporous support wou
give rise to well dispersed and stable metal particles on t
surface upon calcination and reduction and as a conseque
would show an improved catalytic performance[5].

Epoxidation reactions are indispensable for the chemic
industry because of the ease, with which they can be us
to convert olefins to oxygenated molecules, so-called epo
ides, by oxygen transfer reaction. Epoxides are valuable a
versatile commercial intermediates used as key raw ma
rials for a wide variety of products owing to the numerou
reactions they may undergo[6,7]. Epoxidation reactions of
alkenes generally require the presence of a catalyst. Howev
several side reactions can take place, such as oxidation in
allylic positions, ring-opening of the epoxides by hydrolysi
or solvolysis, epoxide rearrangement, or even total brea
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down of the C C double bonds. Cyclohexene epoxidation to
yield cyclohexene oxide is one of the most difficult cases,
in which the first two problems, namely allylic oxidation
and epoxide ring-opening, occur considerably. As cyclohex-
ene oxide is an important organic intermediate consumed in
the production of pharmaceuticals, plant-protection agents,
pesticides, and stabilizers for chlorinated hydrocarbons[8],
much effort has been dedicated to the development of new
active and selective cyclohexene epoxidation catalysts that
circumvent the side reactions and the subsequent formation
of large amounts of by-products.

Following the success in the synthesis of microporous
titanosilicate catalysts, such as TS-1 for the selective oxida-
tion of many organic compounds with H2O2 [9,10], titanium-
containing catalysts, such as Ti-silicas and Ti-zeolites have
been widely studied for the cyclohexene epoxidation[11–14],
because titanium is capable of generating peroxometal inter-
mediates, which facilitate the oxygen transfer to cyclohexene.
Its oxide form, titanium oxide or titania (TiO2), has been also
greatly utilized as a support for vapor-phase epoxidation of
propylene[15,16]. However, to our knowledge, the utilization
of TiO2, especially, with mesoporous structure in the cyclo-
hexene epoxidation has not yet been intensely investigated.
Since TiO2 has been extensively used in multiple applications
in the field of catalysis, especially, photocatalysis[17,18]and
its surface contains a number of OH groups behaving as the
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first introduced into tetraisopropyl orthotitanate (abbreviated
as TIPT) with the same mole. Afterwards, 0.1 M laurylamine
hydrochloride (abbreviated as LAHC) aqueous solution was
added into the ACAC-modified TIPT solution, in which the
molar ratio of TIPT to LAHC was adjusted to a value of 4. The
mixture was kept continuously stirring at 40◦C overnight to
obtain transparent yellow sol. Then, the gel was formed by
placing the TiO2 sol into an oven kept at 80◦C for 1 week.
Subsequently, the gel was dried overnight at 80◦C to elim-
inate the solvent. The dried sample was calcined at 500◦C
for 4 h to remove LAHC template, and consequently, pro-
duce the mesoporous TiO2. Metal oxide (Fe, Co, Ni, and
Ru oxides)-loaded TiO2 catalysts were prepared by incipient
wetness impregnation of the synthesized mesoporous TiO2
with an appropriate amount of the corresponding metal nitrate
[Fe(NO3)3·9H2O, Co(NO3)2·6H2O, Ni(NO3)2·6H2O, and
Ru(NO)(NO3)3] aqueous solution. The impregnated TiO2
catalysts were then dried at 80◦C and finally calcined at
500◦C for 6 h.

2.2. Catalyst characterizations

X-ray diffraction (XRD) was used to identify phases
present in the calcined samples. A Rigaku RINT-2100 rotat-
ing anode XRD system generating monochromated Cu K�
radiation with continuous scanning mode at rate of 2◦/min
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ites for the formation of peroxotitanium complexes, it
een believed to be one of the active catalysts for the co
red epoxidation reaction.

Recently in our previous work, the nanocrystalline me
orous TiO2 synthesized by a surfactant-assisted tem

ng sol–gel system of tetraisopropyl orthotitanate mod
ith acetylacetone in the presence of laurylamine hydroc

ide behaving as a mesopore-directing agent was rep
19]. In this work, the mesoporous TiO2 synthesized by th
ombined sol–gel process with surfactant template wa
he first time applied as an active catalyst for cyclohex
poxidation intert-butanol–H2O2 system. The synthesiz
esoporous TiO2 exhibited superior catalytic performan

o non-mesoporous commercial TiO2 powders, i.e. Ishihar
T-01 and Degussa P-25, in terms of both cyclohexene
ersion and cyclohexene oxide selectivity. The effect of m
etal oxide additives loaded onto the mesoporous TiO2 was
lso investigated. RuO2 was preliminarily found to be ver
fficient additive, and its optimum amount was sought.
lausible reaction pathways were also proposed based
xperimental observations.

. Experimental

.1. Catalyst synthesis

Typical synthesis procedure of mesoporous TiO2 catalys
as explained in our previous report[19]. In brief, a spec

fied amount of acetylacetone (abbreviated as ACAC)
nd operating conditions of 40 kV and 40 mA was u
o obtain XRD patterns. A nitrogen adsorption sys
BEL Japan BELSORP-18 Plus) was employed to m
ure adsorption–desorption isotherms at liquid nitrogen
erature of−196◦C. The Brunauer–Emmett–Teller (BE
pproach using adsorption data over the relative pre
anging from 0.05 to 0.35 was utilized to determine spe
urface area. The Barrett–Joyner–Halenda (BJH) app
as used to yield mean pore size and pore size distrib

rom desorption data. The sample was degassed at 200◦C for
h to remove physisorbed gases prior to the measure
he sample morphology was observed by a transmission

ron microscope (TEM, JEOL JEM-200CX) and a scann
lectron microscope (SEM, JEOL JSM-6500FE) operat
00 and 15 kV, respectively. The elemental mapping ove
esired region of the catalyst was detected by an en
ispersive X-ray spectrometer (EDS) attached to the SE

.3. Catalytic activity measurement

The catalytic activity test was carried out without p
autions against atmospheric air containing oxygen. W
round-bottom glass reactor fitted with a reflux conde

nd placed in a temperature-controlled chamber, the ca
20 mg) was added to a solution of cyclohexene (0.5
mmol) in tert-butanol (5 ml). The reaction mixture w
agnetically stirred at 1000 rpm and heated under r
ntil the reaction temperature (60◦C) was finally maintained
he reaction was then started by the addition of 30 w
queous H2O2 (0.1 ml, 1.25 mmol) into the mixture. After 3
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of further stirring, aliquot was withdrawn from the reaction
mixture, filtered, and subjected to a gas chromatograph (Shi-
madzu, GC-14B, Porapack Q, N2 as carrier gas) equipped
with a flame ionization detector (FID) for determination of
product composition. Control experiments, reacting cyclo-
hexene intert-butanol with H2O2 in the absence of catalyst,
were also comparatively performed. Identification of the
products was examined using a gas chromatograph–mass
spectrometer (Hewlett Packard, G1800A) with an electron
ionization detector. The analysis revealed that the main
products from the reaction are cyclohexene oxide (desired
product), cyclohex-2-en-1-ol (undesired product), and
cyclohex-2-en-1-one (undesired product). Selectivity is
always given with respect to the converted cyclohexene. For
the sake of comparison, the catalytic activity test with the
commercially available non-mesoporous TiO2 powders, i.e.
Ishihara ST-01 and Degussa P-25, was also investigated.

3. Results and discussion

3.1. Catalyst characterizations

The N2 adsorption–desorption measurement at liquid N2
temperature of 77 K was used to study mesoporosity of
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Fig. 1. (a) N2 adsorption–desorption isotherm and mesopore size distribu-
tion (inset) of synthesized TiO2 catalyst and (b) N2 adsorption–desorption
isotherms of Ishihara ST-01 and Degussa P-25.

type II sorption behavior, which is generally obtained with
non-porous or macroporous (large pore diameter of >50 nm)
materials. Moreover, it has to be emphasized that this type of
isotherm indicated the absence of predominant mesoporous
structure in both commercial TiO2 powders.

The textural properties, namely BET surface area, mean
pore diameter, and total pore volume, of the synthesized
mesoporous TiO2, Ishihara ST-01, and Degussa P-25 cat-
alysts are comparatively given inTable 1. The meso-
porous TiO2 catalyst possessed quite high surface area of
101 m2 g−1 with mean pore diameter and total pore volume of

T
T ihara ST-01, and Degussa P-25 catalysts

C meter (nm) Total pore volume (cm3 g−1) Crystallite sizeb (nm)

M 0.22 11.1
I –a 10.4
D –a 20.7 (Anatase), 29.9 (rutile)

cating the absence of mesoporous structure.
) in case of Degussa P-25) diffraction peak using Sherrer formula.
he catalysts.Fig. 1 depicts the N2 adsorption–desorptio
sotherm and pore size distribution of the synthesized T2
atalyst, compared with the isotherms of Ishihara S
nd Degussa P-25. The isotherm of the synthesized2

n Fig. 1(a) revealed a typical type IV sorption behav
epresenting the predominant mesoporous structure ch
eristic according to the classification of IUPAC[20]. A sharp
ncrease in adsorption volume of N2 was observed and locat
n the P/P0 range of 0.45–0.85. This sharp increase ca
ttributed to the capillary condensation, indicating the g
omogeneity of the sample and fairly small pore size s

heP/P0 position of the inflection point is related to the p
ize. As shown in the inset ofFig. 1(a), the pore size di
ribution obtained from BJH method was very narrow
onomodal in the mesopore region (2–50 nm), indicatin
ood quality of the mesoporous catalyst prepared by this

hetic system. All loaded TiO2 catalysts also exhibited th
UPAC type IV sorption pattern of mesoporous character
ith narrow pore size distribution. In contrast, the isothe
f both commercial TiO2 powders inFig. 1(b) were com
letely different from that of the synthesized TiO2 catalyst
wing to IUPAC classification, they were associated w

able 1
extural properties and crystallite size of synthesized mesoporous TiO2, Ish

atalyst BET surface area (m2 g−1) Mean pore dia

esoporous TiO2 101 6.34
shihara ST-01 300 –a

egussa P-25 52 –a

a N2 adsorption-isotherm corresponds to IUPAC type II pattern, indi
b Estimated from line broadening of anatase (1 0 1) (and rutile (1 1 0
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Table 2
Textural properties and crystallite size of unloaded and 1 mol% metal oxide-loaded mesoporous TiO2 catalysts

Catalyst BET surface area (m2 g−1) Mean pore diameter (nm) Total pore volume (cm3 g−1) Crystallite size (nm)

Unloaded TiO2 101 6.34 0.22 11.1
FeOx/TiO2 82 8.38 0.21 11.6
CoOx/TiO2 74 8.38 0.21 12.7
NiOx/TiO2 76 8.38 0.21 12.5
RuO2/TiO2 73 8.38 0.20 13.5

6.34 nm (within mesopore region) and 0.22 cm3 g−1, respec-
tively. Even though there was no mesoporous characteristic
observed in both commercial TiO2 powders, the Ishihara ST-
01 had about three-fold higher in surface area than the meso-
porous TiO2 but approximately half of the mesoporous TiO2
in the case of Degussa P-25, which were resulted from spe-
cific commercial synthetic processes. When various 1 mol%
metal oxide additives were loaded onto the mesoporous TiO2,
aiming to improve the catalytic performance, it can be seen
that the BET surface area, mean pore diameter, and total pore
volume as shown inTable 2were insignificantly changed with
varying the types of metal oxide additives, approximately
73–82 m2 g−1, 8–9 nm, and 0.20–0.22 cm3 g−1, respectively.
Compared with the unloaded TiO2, the TiO2 catalysts with
metal oxide additives exhibited less surface area and pore
volume but larger pore size, primarily resulting from the
stabilization of the mesoporous TiO2 catalyst at 500◦C to
remove surfactant template prior to the impregnation pro-
cess, in which calcination step is required again at final stage
to activate the metal oxide additives.

Since the catalytic activity test revealed that among loaded
TiO2 catalysts, RuO2-loaded mesoporous TiO2 provided the
highest cyclohexene oxide (desired product) selectivity as
shown later, the amount of RuO2 loaded was varied up to
2 mol% to study the optimum loading amount. The textural
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Fig. 2. XRD patterns of synthesized mesoporous TiO2, Ishihara ST-01, and
Degussa P-25 catalysts.

1 mol%, the pore size again became decreased to locate at
slightly higher level than the unloaded mesoporous TiO2. At
these high loading amounts, the RuO2 population may be
sufficiently large to reduce the pore dimension, although the
same two-step calcination was performed. In addition, it is
worth noting that the pore diameter of all loaded catalysts was
still in the mesopore region even after passing the loading and
two-step calcination processes.

The crystalline phases of the catalysts were investigated
using XRD analysis. The comparison of XRD patterns of the
synthesized mesoporous TiO2 with both commercial TiO2
powders is shown inFig. 2. The main peaks at 2θ of 25.2,
37.9, 47.8, 53.8, and 55.0◦, which represent the indices of
(1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) planes, respectively,
are ascribed to structure of anatase TiO2. It is evident that the
mesoporous TiO2 and Ishihara ST-01 structurally contained
pure anatase phase. Besides, the diffractogram also shows
that the mesoporous TiO2 catalyst is highly crystalline. How-

T
T oporous TiO2 catalysts

A n pore diameter (nm) Total pore volume (cm3 g−1) Crystallite size (nm)

0 4 0.22 11.1
1 8 0.20 13.5
1 6 0.18 13.8
2 6
roperties of the RuO2-loaded catalysts were also inv
igated as summarized inTable 3. It is obvious that th
ET surface area gradually decreased with increasin
mount of RuO2 loaded, plausibly due to the blockage
esopore dimension with higher RuO2 content. This subs
uently caused the decrease in total pore volume, which

n the similar manner to the surface area. Nevertheles
rend of mean pore diameter was relatively different. W
mol% RuO2 was loaded onto the mesoporous TiO2, the
ore size was increased as previously explained that it
e attributable to the effect of two-step calcination. Howe
ith further increase in the RuO2 loading amount beyon

able 3
extural properties and crystallite size of various mol% RuO2-loaded mes

mount of RuO2 loaded (mol%) BET surface area (m2 g−1) Mea

101 6.3
73 8.3

.5 70 6.7
67 6.7
 0.16 14.0
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Fig. 3. XRD patterns of 1 mol% metal oxide-loaded mesoporous TiO2 cat-
alysts.

ever, in case of Degussa P-25, the existence of peaks at 2θ of
27.4, 36.1, 41.2, and 54.3◦, which correspond to the indices
of (1 1 0), (1 0 1), (1 1 1), and (2 1 1) planes, respectively,
signifies the structure of rutile TiO2. Hence, the Degussa P-
25 structurally constitutes the mixture of anatase and rutile
phases with 77% anatase content calculated using Spurr and
Myers method[21]. The crystallite sizes of TiO2 estimated
from line broadening of anatase (1 0 1) diffraction peak (and
also rutile (1 1 0) diffraction peak in case of Degussa P-25)
using Sherrer formula[22] are presented inTable 1. The crys-
tallite size of the mesoporous TiO2 was about 11 nm, slightly
larger than that of Ishihara ST-01. However, the average
crystallite size of Degussa P-25 was approximately two-fold
larger than that of the mesoporous TiO2.

After being loaded with various 1 mol% metal oxides, the
XRD patterns of the mesoporous TiO2 catalysts are shown in
Fig. 3. For the RuO2-loaded mesoporous TiO2, the presence
of small diffraction peaks at 27.6◦ and 35.2◦ is indexed to
RuO2 (1 1 0) and (1 0 1) planes, respectively. However, the
presence of diffraction peaks corresponding to other metal
oxide additives, i.e. Fe, Co, and Ni oxides, could not be
observed, probably due to the smaller content on a rela-
tive mass basis and high dispersion degree. Therefore, the
mesoporous TiO2 catalysts with these oxide additives are
rather designated as FeOx/TiO2, CoOx/TiO2, and NiOx/TiO2,
although the stable forms of these oxides under atmospheric
a ite
s xi-
m
l ne
o this
c d
i
c
d ively
u

Fig. 4. XRD patterns of various mol% RuO2-loaded mesoporous TiO2 cat-
alysts.

adsorption–desorption and XRD analyses, the synthesized
TiO2 catalyst by this synthetic method can be recognized as
nanocrystalline mesoporous material.

The information about morphological structure of the syn-
thesized catalyst could be obtained by both TEM and SEM
analyses. As a representative, TEM image of 1 mol% RuO2-
loaded mesoporous TiO2 catalyst shown inFig. 5 demon-
strated the formation of nanocrystalline TiO2 aggregates
composed of three-dimensional disordered primary particles.
RuO2 was observed as deposited particles dispersed on TiO2
particles. The observed TiO2 particle sizes of 10–15 nm were
consistent with the crystallite size estimated from XRD anal-
ysis, elucidating that each grain corresponds in average to
a single crystallite. In the same manner, the particle size of
the RuO2 single crystallite was approximately 2–3 nm with
some aggregations. EDS focusing on the desired region of the
catalyst under SEM operation was used to verify the disper-
ir are Fe3O4, Co3O4, and NiO, respectively. The crystall
izes of TiO2 estimated from line broadening were appro
ately 11–14 nm as shown inTable 2. In the case of RuO2-

oaded mesoporous TiO2 exhibiting the highest cyclohexe
xide selectivity as explained later, the XRD patterns of
atalyst with different amounts of RuO2 loaded are depicte
n Fig. 4. The loaded mesoporous TiO2 still maintained highly
rystalline anatase structure with the presence of RuO2 phase
etected. The crystallite size of the catalysts was relat
nchanged of about 14 nm as included inTable 3. From N2
 Fig. 5. TEM image of 1 mol% RuO2/TiO2 catalyst.
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Fig. 6. SEM image and elemental mapping of 1 mol% RuO2/TiO2 catalyst.

sion of RuO2 in the bulk materials. From elemental mapping
mode as depicted inFig. 6, highly and uniformly dispersed
Ru-containing species through the bulk mesoporous TiO2
were attained. In addition, the presence of highly mesoporous
structure could also be evidently seen by SEM analysis.
Owing to N2 adsorption–desorption, TEM, and SEM results,
the mesoporous structure of the synthesized catalyst can be
attributed to the pores formed between nanocrystalline TiO2
particles due to their aggregation, which is in the same line
as the nanocrystalline mesoporous TiO2 reported in several
literatures[23–27].

3.2. Catalytic activity and reaction pathway

Epoxidation of cyclohexene was initially studied without
(control) and with TiO2 catalysts, i.e. synthesized meso-
porous TiO2, Ishihara ST-01, and Degussa P-25. The conver-
sion and product selectivity results are shown inFig. 7. After
the reaction course, it was observed that in the absence of the
catalyst, the auto-oxidation of cyclohexene occurred in the
investigated system with cyclohexene conversion of 15% and
comparable selectivity to cyclohexene oxide and cyclohex-
2-en-1-ol. The cyclohexene conversion increased in the pres-
ence of the TiO2 catalysts. It should be astonishingly noted
that the mesoporous TiO2 catalyst provided the highest cyclo-

hexene conversion of 39%, approximately two-fold higher
than that of both commercial TiO2 powders. The cyclohex-
ene oxide selectivity in the case of mesoporous TiO2 was also
higher. The product selectivity in the case of both commercial
TiO2 powders was rather varied with not only low cyclohex-
ene oxide selectivity but also very high cyclohex-2-en-1-one
selectivity. According to these preliminary results, the meso-
porous TiO2 catalyst was verified to have superior catalytic
performance to both commercial TiO2 powders in terms of
both conversion and desired product selectivity. Although
the Ishihara ST-01 possesses higher surface area than the
mesoporous TiO2, the mesoporosity contained in the syn-
thesized TiO2 seems to play much more significant role in
enhancing reactant accessibility and surface reaction through
the mesoporous structure. In case of the Degussa P-25, the
absence of mesopore with low surface area as well as the
presence of rutile phase can disadvantageously influence on
the observed low catalytic performance. Even if the effect of
rutile phase is not yet clearly understood, the less degree of
hydroxylation (i.e. less number of surface hydroxyl groups)
of the rutile structure rather than the anatase one[28–30]
may be considered as a probable drawback in the formation
of peroxotitanium complex. Therefore, it can be inferred that
the synthesized nanocrystalline mesoporous TiO2 is quite a
promising catalyst for cyclohexene epoxidation.
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Fig. 7. Cyclohexene epoxidation catalyzed by synthesized mesoporous
TiO2, Ishihara ST-01, and Degussa P-25 catalysts: (a) cyclohexene con-
version and (b) product selectivity.

Further study was focused on the effect of various 1 mol%
metal oxide additives loaded onto the mesoporous TiO2,
intending to achieve the improvement of the catalytic perfor-
mance.Fig. 8 shows the conversion and product selectivity
results over these catalysts. It can be seen that although the
loaded mesoporous TiO2 provided somewhat lower cyclo-
hexene conversion than the unloaded one, FeOx- and RuO2-
loaded mesoporous catalysts showed higher cyclohexene
oxide selectivity and lower cyclohex-2-en-1-ol selectivity.
Particularly, RuO2-loaded mesoporous TiO2 gave the high-
est cyclohexene oxide selectivity up to 78.3% accompanying
with relatively low cyclohex-2-en-1-ol selectivity of only
15.6%. In these comparative studies, CoOx-loaded meso-
porous TiO2 catalyst showed the worst catalytic perfor-
mance in this epoxidation reaction, yielding large amount of
cyclohex-2-en-1-ol. Besides, NiOx-loaded mesoporous TiO2
catalyst exhibited only moderate catalytic performance com-
pared with the RuO2-loaded one, which allowed very high
desired product selectivity with considerably low undesired
product selectivity. As there were no dominant differences in
their textural properties, it can be, therefore, pointed out that

Fig. 8. Cyclohexene epoxidation catalyzed by 1 mol% metal oxide-loaded
mesoporous TiO2 catalysts: (a) cyclohexene conversion and (b) product
selectivity.

RuO2-loaded mesoporous TiO2 is an active catalyst in the
investigated cyclohexene epoxidation reaction. From previ-
ous works, Ru-containing catalysts have also been found to
be very effective for epoxidation reaction and used in many
epoxidation systems[31,32].

Since high cyclohexene oxide selectivity is primarily
focused as a target, the amount of RuO2 loaded onto the
mesoporous TiO2 catalyst was considered as the main factor
needed to be examined prior to further investigations. The
RuO2 loading amount was increased from 1 mol% as pre-
viously studied to 1.5 and 2 mol%, aiming to acquire the
catalytic improvement. The conversion and product selectiv-
ity over these catalysts are illustrated inFig. 9. Unfortunately,
the increment in the amount of RuO2 loaded beyond 1 mol%
not only resulted in lower cyclohexene conversion but also
lower cyclohexene oxide selectivity and higher undesired
product selectivity. These results might be related to their
textural properties shown inTable 3. As the pore size and
pore volume were decreased in some extents when the RuO2
loading amount was higher than 1 mol%, the reactant acces-
sibility into the mesoporous structure could be reduced. The
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Fig. 9. Cyclohexene epoxidation catalyzed by various mol% RuO2-loaded
mesoporous TiO2 catalysts: (a) cyclohexene conversion and (b) product
selectivity.

less accessible reactants could lead to the lower cyclohexene
conversion than that in the case of 1 mol% RuO2-loaded cata-
lyst. Because more extent of cyclohexene was left in the bulk
solution outside the mesoporous reactive surface, it might
undergo auto-oxidation more easily to yield higher undesired
product contents, corresponding to higher undesired product
selectivity. Hence, 1 mol% RuO2-loaded mesoporous TiO2
was evaluated as very active cyclohexene epoxidation cat-
alyst in this investigated system, providing acceptably high
cyclohexene oxide selectivity up to almost 80%.

Based on the experimental observations, the proposed
pathway for cyclohexene epoxidation at TiO2 surface is
schematically shown inFig. 10. As the reaction was
performed intert-butanol–H2O2 system with excesstert-
butanol,tert-butyl hydroperoxide was expected to be abruptly
in situ generated at the early stage. Upon the exposure of TiO2
surface with this in situ generatedtert-butyl hydroperox-
ide,tert-butyl peroxotitanium complex is formed because the
apparent color change to yellowish was observed in case of
all the bare TiO2 powders, as also reported by Sensarma et al.
on yellow peroxotitanium complex[33]. The peroxotitanium

Fig. 10. Proposed pathway for cyclohexene epoxidation at TiO2 surface.

complex (Ti–OH) formed by the direct reaction between TiO2
and H2O2 should have been considered as another candidate
for an active species, however, catalytic activity test in inert
solvent of CH3CN instead oftert-butanol showed only poor
activity (14% conversion) and poor selectivity (6%) to cyclo-
hexene oxide (20 mg catalyst, 0.5 ml cyclohexene, 0.1 ml
H2O2, 60◦C, 3 h). This result suggested that the Ti-OO-t-Bu
is a plausible active species. Additionally, although in case of
the RuO2-loaded mesoporous TiO2 catalyst, the color change
was not clearly observed as a result of the dull color of RuO2,
the formation of thetert-butyl peroxotitanium complex was
supposed to also occur on the TiO2 surface. The cyclohex-
ene epoxidation is then proceeded by oxygen transfer from
the tert-butyl peroxotitanium complex to the cyclohexene
double bond. The consumed complex is finally regenerated
by tert-butyl hydroperoxide. From the experimental results
that among various catalysts the highest cyclohexene oxide
selectivity was observed in the presence of the RuO2-loaded
mesoporous TiO2 catalyst, the improvement of the selectivity
due to the RuO2 loading may be probably attributed to: (1)
the assistance of RuO2 to form thetert-butyl peroxotitanium
complex and (2) the additional formation oftert-butyl perox-
oruthenium complex due to the ability of ruthenium to form
a variety of high-valent oxo complexes[31].

Furthermore, the observed result of cyclohexene conver-
sion in the absence of catalyst shown inFig. 7 implies that
t and
a the
p xide
a ence
o ative
[ tion
i is
o -
p an
i -
o ich
i icals
f eact
he auto-oxidation of cyclohexene was also taken place
ccordingly accompanied with the epoxidation reaction in
resence of catalysts. The formation of cyclohexene o
nd cyclohex-2-en-1-ol during the reaction in the abs
f catalyst suggests that free radical pathway is oper

34]. The proposed pathway for cyclohexene auto-oxida
s illustrated inFig. 11. The liquid-phase auto-oxidation
rdinarily chain reaction of molecular O2 and organic com
ound radicals initially produced by the reaction with

nitiator. In this case, the in situ generatedtert-butyl hydroper
xide functions as a major source of the initiator, wh

s thermally decomposed to generate active free rad
or auto-oxidation reaction. These free radicals then r
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Fig. 11. Proposed pathway for cyclohexene auto-oxidation.

with cyclohexene to form organic compound radical, which
is propagated through the reaction with molecular O2 to
form intermediate peroxide radical. Due to the low stabil-
ity of this intermediate radical at the temperatures required
for the reaction, it undertakes homolytic decomposition to
afford non-radical products, mainly cyclohexene oxide and
cyclohex-2-en-1-ol, since the primary products of olefin auto-
oxidations are epoxides, alcohols, and carbonyl compounds
[34]. Additionally, cyclohexene also inevitably undergoes
the oxidation with the initiator radical, i.e.tert-butoxy radi-
cal, to form cyclohex-2-en-1-ol, which is further oxidized to
cyclohex-2-en-1-one.

Overall, the mesoporous TiO2 synthesized by this com-
bined sol–gel process with surfactant template exhibited high
potential to be used as cyclohexene epoxidation catalyst,
compared with non-mesoporous Ishihara ST-01 and Degussa
P-25. In this study, as to search the efficient metal oxide
additive to improve its catalytic activity, high cyclohexene
oxide selectivity could be attained over 1 mol% RuO2-loaded
mesoporous TiO2. The ongoing works about the optimiza-
tion of various experimental reaction conditions over this
RuO2-loaded catalyst are in progress in order to obtain better
catalytic performance.

4

-
r red
v s of
L x-
e e
c eso-
p ion
a rous

commercial TiO2 powders, i.e. Ishihara ST-01 and Degussa
P-25. The Fe, Co, Ni, and Ru oxide additives were loaded onto
this mesoporous TiO2 catalyst by incipient wetness impreg-
nation process, aiming to increase its catalytic performance.
It was found that 1 mol% RuO2-loaded mesoporous TiO2
catalyst was an active catalyst with satisfactory cyclohex-
ene oxide selectivity. The reaction pathways, which could
suitably explain the catalytic activity for the cyclohexene
epoxidation, were also proposed.
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