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Abstract

Nanocrystalline mesoporous Tiased catalysts prepared by a surfactant-assisted templating sol—gel process were tested on epoxidation
of cyclohexene inert-butanol-HO, system. The mesoporous BiGhowed exceptional potential for epoxidation of cyclohexene, exhibiting
both higher cyclohexene conversion and higher cyclohexene oxide selectivity than non-mesoporous commgepaided, 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 synthesized
mesoporous Tig aiming to enhance the catalytic performance. Among metal oxide-loaded catalysts|dad€d mesoporous Tivas
proved to possess noticeably high catalytic performance based on cyclohexene oxide selectivity. The 1 mpléadtadOmesoporous
TiO, was the best catalyst, showing the highest cyclohexene oxide selectivity and lowest cyclohex-2-en-1-ol (undesired product) selectivity.
Plausible reaction pathways were also proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction mesoporous oxide support rather than a commercial support
for noble or transition metals has some beneficial effects on
After mesoporous Ti@ was first synthesized by a the catalytic performance. The mesoporous support would
sol—gel process with phosphorous surfactants as templategjive rise to well dispersed and stable metal particles on the
by Antonelli and Ying[1], various methods of surfactant surface upon calcination and reduction and as a consequence
templating have been developed for the preparation of meso-would show an improved catalytic performariéé
porous structures of TigJ2—4]. Since mesoporous materials Epoxidation reactions are indispensable for the chemical
normally possess large surface area and narrow pore sizeéndustry because of the ease, with which they can be used
distribution, which advantageously make them a versatile to convert olefins to oxygenated molecules, so-called epox-
candidate in the catalysis field, the utilization of mesoporous ides, by oxygen transfer reaction. Epoxides are valuable and
TiO2 in many catalytic reactions becomes feasibly attractive. versatile commercial intermediates used as key raw mate-
It is generally anticipated that the use of a high surface arearials for a wide variety of products owing to the numerous
reactions they may underd6,7]. Epoxidation reactions of
T Comesnonding author. Tel- 481 72 751 9656 fax: +81 72 751 9630 alkenes generally require the presence of a catalyst. However,
i u R . : fax: . . . . . .
o Co—corfesponging author. Tel.: +81 774 38 3504, fax: +81 774 38 3508. several side reactions can take place, such as oxidationin the
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down of the G-C double bonds. Cyclohexene epoxidation to firstintroduced into tetraisopropyl orthotitanate (abbreviated
yield cyclohexene oxide is one of the most difficult cases, as TIPT) with the same mole. Afterwards, 0.1 M laurylamine
in which the first two problems, namely allylic oxidation hydrochloride (abbreviated as LAHC) aqueous solution was
and epoxide ring-opening, occur considerably. As cyclohex- added into the ACAC-modified TIPT solution, in which the
ene oxide is an important organic intermediate consumed inmolar ratio of TIPT to LAHC was adjusted to avalue of 4. The
the production of pharmaceuticals, plant-protection agents, mixture was kept continuously stirring at 40 overnight to
pesticides, and stabilizers for chlorinated hydrocard8ihs obtain transparent yellow sol. Then, the gel was formed by
much effort has been dedicated to the development of newplacing the TiQ sol into an oven kept at 8@ for 1 week.
active and selective cyclohexene epoxidation catalysts thatSubsequently, the gel was dried overnight at@Q@o elim-
circumvent the side reactions and the subsequent formationinate the solvent. The dried sample was calcined at’600
of large amounts of by-products. for 4h to remove LAHC template, and consequently, pro-
Following the success in the synthesis of microporous duce the mesoporous TiOMetal oxide (Fe, Co, Ni, and
titanosilicate catalysts, such as TS-1 for the selective oxida- Ru oxides)-loaded Ti@catalysts were prepared by incipient
tion of many organic compounds withpB» [9,10], titanium- wetness impregnation of the synthesized mesoporous TiO
containing catalysts, such as Ti-silicas and Ti-zeolites have with an appropriate amount of the corresponding metal nitrate
been widely studied for the cyclohexene epoxidafidn-14} [FEe(NG3)3-9H20, Co(NGy)2-6H20, Ni(NOs)2-6H20, and
because titanium is capable of generating peroxometal inter-Ru(NO)(NG;)3] aqueous solution. The impregnated %iO
mediates, which facilitate the oxygen transfer to cyclohexene. catalysts were then dried at 80 and finally calcined at
Its oxide form, titanium oxide or titania (Ti§), has beenalso  500°C for 6 h.
greatly utilized as a support for vapor-phase epoxidation of
propylend15,16] However, to our knowledge, the utilization ~ 2.2. Catalyst characterizations
of TiOy, especially, with mesoporous structure in the cyclo-
hexene epoxidation has not yet been intensely investigated. X-ray diffraction (XRD) was used to identify phases
Since TiQ has been extensively used in multiple applications present in the calcined samples. A Rigaku RINT-2100 rotat-
in the field of catalysis, especially, photocataly4i,18]and ing anode XRD system generating monochromated Gu K
its surface contains a number of OH groups behaving as theradiation with continuous scanning mode at rate gfrin
sites for the formation of peroxotitanium complexes, it has and operating conditions of 40kV and 40 mA was used
been believed to be one of the active catalysts for the consid-to obtain XRD patterns. A nitrogen adsorption system
ered epoxidation reaction. (BEL Japan BELSORP-18 Plus) was employed to mea-
Recently in our previous work, the nanocrystalline meso- sure adsorption—desorption isotherms at liquid nitrogen tem-
porous TiQ synthesized by a surfactant-assisted templat- perature of—196°C. The Brunauer—-Emmett—Teller (BET)
ing sol—gel system of tetraisopropyl orthotitanate modified approach using adsorption data over the relative pressure
with acetylacetone in the presence of laurylamine hydrochlo- ranging from 0.05 to 0.35 was utilized to determine specific
ride behaving as a mesopore-directing agent was reportedsurface area. The Barrett—Joyner—Halenda (BJH) approach
[19]. In this work, the mesoporous Tidynthesized by this  was used to yield mean pore size and pore size distribution
combined sol—gel process with surfactant template was for from desorption data. The sample was degassed &t €y
the first time applied as an active catalyst for cyclohexene 2 h to remove physisorbed gases prior to the measurement.
epoxidation infert-butanol-HO, system. The synthesized The sample morphology was observed by a transmission elec-
mesoporous Ti@ exhibited superior catalytic performance tron microscope (TEM, JEOL JEM-200CX) and a scanning
to non-mesoporous commercial Hi@owders, i.e. Ishihara  electron microscope (SEM, JEOL JSM-6500FE) operated at
ST-01 and Degussa P-25, in terms of both cyclohexene con-200 and 15 kV, respectively. The elemental mapping over the
version and cyclohexene oxide selectivity. The effect of many desired region of the catalyst was detected by an energy-
metal oxide additives loaded onto the mesoporous Tas dispersive X-ray spectrometer (EDS) attached to the SEM.
also investigated. RuOwas preliminarily found to be very
efficient additive, and its optimum amount was sought. The 2.3. Catalytic activity measurement
plausible reaction pathways were also proposed based on the
experimental observations. The catalytic activity test was carried out without pre-
cautions against atmospheric air containing oxygen. Within
a round-bottom glass reactor fitted with a reflux condenser

2. Experimental and placed in a temperature-controlled chamber, the catalyst
(20mg) was added to a solution of cyclohexene (0.5ml,
2.1. Catalyst synthesis 5mmol) in ter-butanol (5ml). The reaction mixture was

magnetically stirred at 1000 rpm and heated under reflux
Typical synthesis procedure of mesoporouslo@talyst until the reaction temperature (6G) was finally maintained.
was explained in our previous rep¢i9]. In brief, a spec- The reaction was then started by the addition of 30 wt.%
ified amount of acetylacetone (abbreviated as ACAC) was aqueous KHO> (0.1 ml, 1.25 mmol) into the mixture. After 3h
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of further stirring, aliquot was withdrawn from the reaction 150 ——5
mixture, filtered, and subjected to a gas chromatograph (Shi- = 120
madzu, GC-14B, Porapack QMs carrier gas) equipped 120 |2 "
with a flame ionization detector (FID) for determination of g 0
product composition. Control experiments, reacting cyclo- 5:; w
hexene inert-butanol with HO» in the absence of catalyst, 90 2 .
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Pore radius / nm

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 0 02 0.4 0.6 0.8 1
the sake of comparison, the catalytic activity test with the Relative Pressure, P/P,
commercially available non-mesoporous Figowders, i.e.
Ishihara ST-01 and Degussa P-25, was also investigated.

60 -
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3. Results and discussion
3.1. Catalyst characterizations

The N, adsorption—desorption measurement at liquyd N
temperature of 77K was used to study mesoporosity of
the catalystsFig. 1 depicts the N adsorption—desorption
isotherm and pore size distribution of the synthesizedh TiO
catalyst, compared with the isotherms of Ishihara ST-01
and Degussa P-25. The isotherm of the synthesized TiO
in Fig. 1(a) revealed a typical type IV sorption behavior,
representing the predominant mesoporous structure charac-
teristic according to the classification of IUPAZD]. A sharp ) ) o S
increase in adsorption volume ofMas observed andlocated 719+ 1+ (&) M adsorption—desorption isotherm and mesopore size distribu-

. . . tion (inset) of synthesized TiOcatalyst and (b) N adsorption—desorption

in the P/Pg range of 0.45-0.85. This sharp increase can be syierms of Ishihara ST-01 and Degussa P-25.

attributed to the capillary condensation, indicating the good

homogeneity of the sample and fairly small pore size since

the P/Pg position of the inflection point is related to the pore type Il sorption behavior, which is generally obtained with
size. As shown in the inset ¢fig. 1(a), the pore size dis-  non-porous or macroporous (large pore diameter of >50 nm)
tribution obtained from BJH method was very narrow and materials. Moreover, it has to be emphasized that this type of
monomodal in the mesopore region (2—50 nm), indicating the isotherm indicated the absence of predominant mesoporous
good quality of the mesoporous catalyst prepared by this syn-structure in both commercial Tilpowders.

thetic system. All loaded Ti@catalysts also exhibited this The textural properties, namely BET surface area, mean
IUPAC type IV sorption pattern of mesoporous characteristic pore diameter, and total pore volume, of the synthesized
with narrow pore size distribution. In contrast, the isotherms mesoporous TiQ Ishihara ST-01, and Degussa P-25 cat-
of both commercial Ti@ powders inFig. 1(b) were com- alysts are comparatively given ifable 1 The meso-
pletely different from that of the synthesized TiCatalyst. porous TiQ catalyst possessed quite high surface area of
Owing to IUPAC classification, they were associated with 101 n¥ g—1 with mean pore diameter and total pore volume of

Adsorbed amount / mI(STP)g"

0 0.2 0.4 0.6 0.8 1

Relative Pressure, P/P,

Table 1

Textural properties and crystallite size of synthesized mesoporous [Bidhara ST-01, and Degussa P-25 catalysts

Catalyst BET surface area frg~1) Mean pore diameter (nm) Total pore volume fogr?l) Crystallite siz8 (nm)
Mesoporous TiQ 101 6.34 0.22 11.1

Ishihara ST-01 300 a -2 10.4

Degussa P-25 52 a -2 20.7 (Anatase), 29.9 (rutile)

a N, adsorption-isotherm corresponds to IUPAC type Il pattern, indicating the absence of mesoporous structure.
b Estimated from line broadening of anatase (10 1) (and rutile (11 0) in case of Degussa P-25) diffraction peak using Sherrer formula.
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Table 2

Textural properties and crystallite size of unloaded and 1 mol% metal oxide-loaded mesoporpuat@lgsts

Catalyst BET surface area fg—1) Mean pore diameter (nm) Total pore volume fogTl) Crystallite size (nm)
Unloaded TiQ 101 6.34 0.22 11.1

FeQ./TiO, 82 8.38 0.21 11.6

CoQ,/TiO, 74 8.38 0.21 12.7

NiO,/TiO» 76 8.38 0.21 12.5

RuG,/TiO, 73 8.38 0.20 13.5

6.34 nm (within mesopore region) and 0.22%gn?, respec-
tively. Even though there was no mesoporous characteristic
observed in both commercial Ti@owders, the Ishihara ST-
01 had about three-fold higher in surface area than the meso-
porous TiQ but approximately half of the mesoporous 3%iO
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, TiO
aiming to improve the catalytic performance, it can be seen A Ishihara ST-01
that the BET surface area, mean pore diameter, and total pore A e e
volume as shown ifiable 2were insignificantly changed with ]
varying the types of metal oxide additives, approximately Mesoperous Ti0:
73-82nt g1, 8-9nm, and 0.20-0.22 &g, respectively. A A ]
Compared with the unloaded TiOthe TiQ, catalysts with 10 20 30 2 50 60 0 50
metal oxide additives exhibited less surface area and pore
volume but larger pore size, primarily resulting from the
stabilization of the mesoporous TiQatalyst at 500C to Fig. 2. XRD patterns of synthesized mesoporous;Tiéhihara ST-01, and
remove surfactant template prior to the impregnation pro- Degussa P-25 catalysts.
cess, in which calcination step is required again at final stage
to activate the metal oxide additives. 1mol%, the pore size again became decreased to locate at
Since the catalytic activity test revealed that among loaded slightly higher level than the unloaded mesoporous,Ti&
TiO; catalysts, Ru@loaded mesoporous Tiprovided the  these high loading amounts, the Rufopulation may be
highest cyclohexene oxide (desired product) selectivity as sufficiently large to reduce the pore dimension, although the
shown later, the amount of RyQoaded was varied up to  same two-step calcination was performed. In addition, it is
2mol% to study the optimum loading amount. The textural worth noting that the pore diameter of all loaded catalysts was
properties of the Ru@loaded catalysts were also inves- stillin the mesopore region even after passing the loading and
tigated as summarized imable 3 It is obvious that the  two-step calcination processes.
BET surface area gradually decreased with increasing the The crystalline phases of the catalysts were investigated
amount of Ru@ loaded, plausibly due to the blockage of using XRD analysis. The comparison of XRD patterns of the
mesopore dimension with higher Rp@ontent. This subse-  synthesized mesoporous Ti®ith both commercial TiQ
quently caused the decrease in total pore volume, which waspowders is shown iffFig. 2 The main peaks atg2of 25.2,
in the similar manner to the surface area. Nevertheless, the37.9, 47.8, 53.8, and 5%.0which represent the indices of
trend of mean pore diameter was relatively different. When (101),(004),(200), (105), and (2 11) planes, respectively,
1mol% RuQ was loaded onto the mesoporous TiGhe are ascribed to structure of anataseJiDis evident that the
pore size was increased as previously explained that it couldmesoporous Ti@and Ishihara ST-01 structurally contained
be attributable to the effect of two-step calcination. However, pure anatase phase. Besides, the diffractogram also shows
with further increase in the RyQoading amount beyond  thatthe mesoporous Ti@atalyst is highly crystalline. How-

Degussa P-25

b

Intensity / a.u.

2 theta / degree

Table 3
Textural properties and crystallite size of various mol% Rd@xded mesoporous Tixatalysts

Amount of RuQ@ loaded (mol%) BET surface area{g2) Mean pore diameter (nm) Total pore volume fant) Crystallite size (nm)

0 101 6.34 0.22 111
1 73 8.38 0.20 13.5
15 70 6.76 0.18 13.8

2 67 6.76 0.16 14.0
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Fig. 4. XRD patterns of various mol% Ruy@oaded mesoporous Ty at-

Fig. 3. XRD patterns of 1 mol% metal oxide-loaded mesoporous Ted- alysts

alysts.
adsorption—desorption and XRD analyses, the synthesized

ever, in case of Degussa P-25, the existence of peaksadt 2 1102 catalyst by this synthetic method can be recognized as

27.4, 36.1, 41.2, and 54,3which correspond to the indices ~nanocrystalline mesoporous material.
of (110), (101), (111), and (211) planes, respectively, The information about morph_ologlcal structure of the syn-
signifies the structure of rutile T®D Hence, the Degussa P-  thesized catalyst could be .obtalned 'by both TEM and SEM
25 structurally constitutes the mixture of anatase and rutile @nalyses. As a representative, TEM image of 1 mol% RuO
phases with 77% anatase content calculated using Spurr andfaded mesoporous TiCcatalyst shown irFig. 5 demon-
Myers method21]. The crystallite sizes of Ti@estimated strated the formauo_n of r_1anocr_ysta|l|ne 'E|C_aggregate_s
from line broadening of anatase (1 0 1) diffraction peak (and composed of three—dlmensmn_al dlsorQered primary partlclgs.
also rutile (11 0) diffraction peak in case of Degussa P-25) RUO; was observed as deposited particles dispersed on TiO
using Sherrer formulf22] are presented ifable 1 The crys- particles. The observed Ti(article sizes of 10-15 nm were
tallite size of the mesoporous Ti@vas about 11 nm, slightly co_nsistenjc wit_h the crystallite si;e estimated from XRD anal-
larger than that of Ishihara ST-01. However, the average YSiS, elucidating that each grain corresponds in average to
crystallite size of Degussa P-25 was approximately two-fold & single crystallite. In the same manner, the particle size of
larger than that of the mesoporous FiO the Ru@ single crystallite was approximately 2—3 nm with
After being loaded with various 1 mol% metal oxides, the SOmMe aggregations. EDS focusing on the desired region of the
XRD patterns of the mesoporous Fi@atalysts are shownin  catalyst under SEM operation was used to verify the disper-
Fig. 3. For the Ru@-loaded mesoporous TiDthe presence
of small diffraction peaks at 2726and 35.2 is indexed to
RuG; (110) and (101) 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 Ti@ catalysts with these oxide additives are
rather designated as FgiO,, CoQ,/TiO2, and NiQ./TiO,
although the stable forms of these oxides under atmospheric
air are Fg0Oy4, Co304, and NiO, respectively. The crystallite
sizes of TiQ estimated from line broadening were approxi-
mately 11-14 nm as shown Trable 2 In the case of Ru®
loaded mesoporous Tig&xhibiting the highest cyclohexene
oxide selectivity as explained later, the XRD patterns of this
catalyst with different amounts of Ry@oaded are depicted
in Fig. 4 The loaded mesoporous TiGtill maintained highly
crystalline anatase structure with the presence of faiase
detected. The crystallite size of the catalysts was relatively
unchanged of about 14 nm as includedrable 3 From N\ Fig. 5. TEM image of 1 mol% Rug@TiO, catalyst.
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Fig. 6. SEM image and elemental mapping of 1 mol% RI@D, catalyst.

sion of Ru@ in the bulk materials. From elemental mapping hexene conversion of 39%, approximately two-fold higher
mode as depicted iRig. 6, highly and uniformly dispersed than that of both commercial TiCQpowders. The cyclohex-
Ru-containing species through the bulk mesoporous, TIO ene oxide selectivity in the case of mesoporous; M@s also
were attained. In addition, the presence of highly mesoporoushigher. The product selectivity in the case of both commercial
structure could also be evidently seen by SEM analysis. TiO, powders was rather varied with not only low cyclohex-
Owing to N; adsorption—desorption, TEM, and SEM results, ene oxide selectivity but also very high cyclohex-2-en-1-one
the mesoporous structure of the synthesized catalyst can beselectivity. According to these preliminary results, the meso-
attributed to the pores formed between nanocrystalline TiO porous TiQ catalyst was verified to have superior catalytic
particles due to their aggregation, which is in the same line performance to both commercial Ti@owders in terms of
as the nanocrystalline mesoporous Ji@ported in several  both conversion and desired product selectivity. Although

literatureq23-27] the Ishihara ST-01 possesses higher surface area than the
mesoporous TiQ the mesoporosity contained in the syn-
3.2. Catalytic activity and reaction pathway thesized TiQ seems to play much more significant role in

enhancing reactant accessibility and surface reaction through

Epoxidation of cyclohexene was initially studied without the mesoporous structure. In case of the Degussa P-25, the
(control) and with TiQ catalysts, i.e. synthesized meso- absence of mesopore with low surface area as well as the
porous TiQ, Ishihara ST-01, and Degussa P-25. The conver- presence of rutile phase can disadvantageously influence on
sion and product selectivity results are showFig. 7. After the observed low catalytic performance. Even if the effect of
the reaction course, it was observed that in the absence of theutile phase is not yet clearly understood, the less degree of
catalyst, the auto-oxidation of cyclohexene occurred in the hydroxylation (i.e. less number of surface hydroxyl groups)
investigated system with cyclohexene conversion of 15% and of the rutile structure rather than the anatase [28-30]
comparable selectivity to cyclohexene oxide and cyclohex- may be considered as a probable drawback in the formation
2-en-1-ol. The cyclohexene conversion increased in the pres-of peroxotitanium complex. Therefore, it can be inferred that
ence of the TiQ catalysts. It should be astonishingly noted the synthesized nanocrystalline mesoporous, 183juite a
that the mesoporous Ti@atalyst provided the highestcyclo-  promising catalyst for cyclohexene epoxidation.
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Fig. 7. Cyclohexene epoxidation catalyzed by synthesized mesoporous o )

TiOy, Ishihara ST-01, and Degussa P-25 catalysts: (a) cyclohexene con-Fig. 8. Cyclohexene epoxidation catalyzed by 1 mol% metal oxide-loaded

version and (b) product selectivity. mesoporous Ti@ catalysts: (a) cyclohexene conversion and (b) product
selectivity.

Further study was focused on the effect of various 1 mol% RuQ;-loaded mesoporous Tids an active catalyst in the
metal oxide additives loaded onto the mesoporous,.TiO investigated cyclohexene epoxidation reaction. From previ-
intending to achieve the improvement of the catalytic perfor- ous works, Ru-containing catalysts have also been found to
mance Fig. 8 shows the conversion and product selectivity be very effective for epoxidation reaction and used in many
results over these catalysts. It can be seen that although thepoxidation system81,32].
loaded mesoporous Tiprovided somewhat lower cyclo- Since high cyclohexene oxide selectivity is primarily
hexene conversion than the unloaded one, Fa®d RuQ- focused as a target, the amount of Ruldaded onto the
loaded mesoporous catalysts showed higher cyclohexenemesoporous Ti@catalyst was considered as the main factor
oxide selectivity and lower cyclohex-2-en-1-ol selectivity. needed to be examined prior to further investigations. The
Particularly, Ru@-loaded mesoporous Tigjave the high- Ru®, loading amount was increased from 1 mol% as pre-
est cyclohexene oxide selectivity up to 78.3% accompanying viously studied to 1.5 and 2 mol%, aiming to acquire the
with relatively low cyclohex-2-en-1-ol selectivity of only catalytic improvement. The conversion and product selectiv-
15.6%. In these comparative studies, Gd@aded meso- ity over these catalysts are illustratedrig. 9. Unfortunately,
porous TiQ catalyst showed the worst catalytic perfor- the incrementin the amount of Ru®aded beyond 1 mol%
mance in this epoxidation reaction, yielding large amount of not only resulted in lower cyclohexene conversion but also
cyclohex-2-en-1-ol. Besides, Nj@oaded mesoporous TiO lower cyclohexene oxide selectivity and higher undesired
catalyst exhibited only moderate catalytic performance com- product selectivity. These results might be related to their
pared with the Ru@loaded one, which allowed very high textural properties shown ifiable 3 As the pore size and
desired product selectivity with considerably low undesired pore volume were decreased in some extents when the RuO
product selectivity. As there were no dominant differences in loading amount was higher than 1 mol%, the reactant acces-
their textural properties, it can be, therefore, pointed out that sibility into the mesoporous structure could be reduced. The
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—& Cyclohex-2-en-1-one complex (Ti-OH) formed by the direct reaction betweenliO

8o | and H O, should have been considered as another candidate
for an active species, however, catalytic activity test in inert
o L solvent of CHCN instead oferz-butanol showed only poor

L activity (14% conversion) and poor selectivity (6%) to cyclo-
hexene oxide (20 mg catalyst, 0.5ml cyclohexene, 0.1 ml
40 4 H202 60°C, 3 h). This result suggested that the Ti-@Bu

L is a plausible active species. Additionally, although in case of

20 L the RuQ@-loaded mesoporous Ti@atalyst, the color change
was not clearly observed as a result of the dull color of RuO
» the formation of theerr-butyl peroxotitanium complex was

' | ' supposed to also occur on the piGurface. The cyclohex-
ene epoxidation is then proceeded by oxygen transfer from
the rert-butyl peroxotitanium complex to the cyclohexene
Fig. 9. Cyclohexene epoxidation catalyzed by various mol% Ris@ded double bond. The Consqmed complex is f'”"?‘"y regenerated
mesoporous Ti@ catalysts: (a) cyclohexene conversion and (b) product by zerr-butyl hydroperoxide. From the experimental results
selectivity. that among various catalysts the highest cyclohexene oxide
selectivity was observed in the presence of the Rlgaded
less accessible reactants could lead to the lower cyclohexenanesoporous Ti@catalyst, the improvement of the selectivity
conversion than thatin the case of 1 mol% Rel@aded cata-  due to the Ru@loading may be probably attributed to: (1)
lyst. Because more extent of cyclohexene was left in the bulk the assistance of RyQo form theters-butyl peroxotitanium
solution outside the mesoporous reactive surface, it might complex and (2) the additional formationsefs-butyl perox-
undergo auto-oxidation more easily to yield higher undesired oruthenium complex due to the ability of ruthenium to form
product contents, corresponding to higher undesired producta variety of high-valent oxo complexgl].
selectivity. Hence, 1 mol% Ru&loaded mesoporous TiO Furthermore, the observed result of cyclohexene conver-
was evaluated as very active cyclohexene epoxidation cat-sion in the absence of catalyst showrFig. 7 implies that
alyst in this investigated system, providing acceptably high the auto-oxidation of cyclohexene was also taken place and
cyclohexene oxide selectivity up to almost 80%. accordingly accompanied with the epoxidation reaction in the
Based on the experimental observations, the proposedpresence of catalysts. The formation of cyclohexene oxide
pathway for cyclohexene epoxidation at piGurface is and cyclohex-2-en-1-ol during the reaction in the absence
schematically shown inFig. 10 As the reaction was of catalyst suggests that free radical pathway is operative
performed inzert-butanol-HO, system with excesserz- [34]. The proposed pathway for cyclohexene auto-oxidation
butanolert-butyl hydroperoxide was expected to be abruptly is illustrated inFig. 11 The liquid-phase auto-oxidation is
in situ generated at the early stage. Upon the exposure ef TiO ordinarily chain reaction of molecular Gnd organic com-
surface with this in situ generatedrz-butyl hydroperox- pound radicals initially produced by the reaction with an
ide, rert-butyl peroxotitanium complex is formed because the initiator. In this case, the in situ generated-butyl hydroper-
apparent color change to yellowish was observed in case ofoxide functions as a major source of the initiator, which
all the bare TiQ powders, as also reported by Sensarma et al. is thermally decomposed to generate active free radicals
on yellow peroxotitanium complg83]. The peroxotitanium  for auto-oxidation reaction. These free radicals then react

Product selectivity / %

0 0.5 1 1.5 2
(b) Amount of RuQ, loaded / mol%
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Heat
t-BuOOH —» t-BuO* + °*OH

O + t-BuO*/*OH ——> O + t-BuOH /H,0
3o — O
@ a — @ O
00- OOH
Nonradical products (mainly cyclohexene oxide
* N and cyclohex-2-en-1-0l) + O,

Fig. 11. Proposed pathway for cyclohexene auto-oxidation.

with cyclohexene to form organic compound radical, which commercial TiQ powders, i.e. Ishihara ST-01 and Degussa
is propagated through the reaction with molecular t© P-25.The Fe, Co, Ni, and Ru oxide additives were loaded onto
form intermediate peroxide radical. Due to the low stabil- this mesoporous Ti@catalyst by incipient wetness impreg-
ity of this intermediate radical at the temperatures required nation process, aiming to increase its catalytic performance.
for the reaction, it undertakes homolytic decomposition to It was found that 1 mol% Rufloaded mesoporous TiO
afford non-radical products, mainly cyclohexene oxide and catalyst was an active catalyst with satisfactory cyclohex-
cyclohex-2-en-1-ol, since the primary products of olefin auto- ene oxide selectivity. The reaction pathways, which could
oxidations are epoxides, alcohols, and carbonyl compoundssuitably explain the catalytic activity for the cyclohexene
[34]. Additionally, cyclohexene also inevitably undergoes epoxidation, were also proposed.
the oxidation with the initiator radical, i.eert-butoxy radi-
cal, to form cyclohex-2-en-1-ol, which is further oxidized to
cyclohex-2-en-1-one. Acknowledgements

Overall, the mesoporous Tisynthesized 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 Deguss
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% Rul@aded
mesoporous Ti@ The ongoing works about the optimiza-
tion of various experimental reaction conditions over this
RuO:-loaded catalyst are in progress in order to obtain better
catalytic performance.
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