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Abstract

Calcined Ti-MCM-41 was silylated by trimethylchlorosilane in the vapor phase for 22831 MAS NMR spectroscopic study showed that
Ti-MCM-41 silylated for 2-5 h exhibited a peak at 11 ppm, which was assigned tg)gSHDSi(OSi} species. Further silylation of Ti-MCM-41
for 5-9 h gave an additional peak at 5.1 ppm, which was assigned to novel titanium specieg)aSICHIi(OSi). Ti-MCM-41 silylated for 5 h
showed relatively high activity in hydroxylation of benzene and epoxidation of 1-octene compared with calcined Ti-MCM-41. More important
Ti-MCM-41 silylated for 9 h gave much higher activity than Ti-MCM-41 silylated for ¥5i MAS NMR spectra showed the presence of the
titanium species of (CE)3SiOTi(OSiy in Ti-MCM-41 silylated for 5-9 h, and these can be better catalytically active sites than conventional
titanium species in Ti-MCM-41.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction mesoporous titanosilicates with better catalytically active tita-
nium species are always desirable.

Selective catalytic oxidation is an important industrial proc- Therg are a numbe.r of apprpaches for preparing meso-
ess in the production of fine chemicals in organic reactionPOrous titanosilicates with catalytically active titanium species

[1-6]. After the synthesis of microporous TS-1 by Enichem[12-21} Florexample,_MCM.-41 grafted by an organic titanium
Company[1], the catalysts for selective oxidation have focused>0U'c€® (titanocene dl.chlonde.:) shows much 'h|gher' catalytic
mainly on titanium-substituted microporous zeolites, such ggctivity than c_onventmnal T"MC_M'MIZZ]' T"_SUbSt'tUtEd )

Ti-ZSM-12, Ti-ZSM-48, and Ti-Bet&7—9]. All of these micro- SBA-15 materials through fluoride-accelerating hydrolysis

porous titanosilicates show remarkable catalytic performanc&@W Nigh activity in the epoxidation of styreiie3]. An or-

however, they cannot effectively catalyze bulky molecules, be'gered mesoporous titanosilicate with Ti species similar to those

cause of the limitations of micropore size. The discovery of " TS_'; can be synthe5|z_ed by the asse_mbly of prefo_r meq t-
titanium-containing mesoporous silicates, typically Ti-MCM- tanosilicate precursors with surfactant micelle. It exhibits high
41, offers an opportunity to use titanosilicates as versatile catCtVity in the oxidation of both smaller n"!oIeCl_JIes, such as
lysts for the conversion of bulky moleculg]. Unfortunately, phenol and styrene, and bulky molegules I_|l§e trimethylphenol
when compared with TS-1, the catalytic activities of meso-11:24,25] Notably, the mesoporous titanosilicates prepared by
porous titanosilicates for oxidations are relatively low, whichthese routes are somewhat complex.

severely hinders their practical applicatifdri]. Therefore, the Recently, it has been found that a simple silylation of Ti-
MCM-41 can effectively increase catalytic activity and selec-

tivity in oxidations[26—30] According to Notar{27], postsyn-
* Corresponding author. Fax: +86 431 5168624. thetic silylation of titanium-containing molecular sieve results
E-mail address: fsxiao@mail jlu.edu.cifF.-S. Xiao). in a significant increase of catalytic activity and selectivity in

0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.08.003


http://www.elsevier.com/locate/jcat
mailto:fsxiao@mail.jlu.edu.cn
http://dx.doi.org/10.1016/j.jcat.2005.08.003

424 K. Linet al. / Journal of Catalysis 235 (2005) 423-427

oxidation. Corma et a[28] observed that silylation of the sur- speed of 2min~1, and scanning regions oP41C°. Infrared
face of Ti-MCM-41 produces a very hydrophobic catalyst, in-(IR) spectra of the samples were recorded on a Perkin—Elmer
creasing the activity of epoxidation of cyclohexene. Tatsumi eET-IR spectrometer (PE 430) with a resolution of 1 ¢n?9Si
al.[29] also reported that titanium-containing mesoporous maMAS NMR spectra were recorded on a Bruker MSL-400WB
terials modified by trimethylsilane showed enhanced catalytispectrometer, and chemical shifts were referenced to tetram-
activity in the oxidation of alkenes and alkanes withQ4. ethylsilane (TMS).
Sever et al[30] described vapor-phase silylation processes that
were more cost-effective than liquid-phase processes. But all.3. Catalytic tests
of these studies focused mainly on improving hydrophobicity
in ordered mesoporous titanosilicates through the formation of Hydroxylation of benzene and epoxidation of 1-octene were
surface groups of (C§)3SiOSi(OSi} during silylation. carried out in a 50-mL glass reactor and stirred with a mag-

In the present study, it is very interesting to note that Ti-netic stirrer. In a typical experiment, 12.8 mmol of benzene (or
MCM-41 silylated for 9 h exhibited much higher activity and 8.9 mmol of 1-octene), 50 mg of catalyst, and 5 mL of sol-
selectivity in the hydroxylation of benzene and epoxidation ofvent were mixed, followed by addition of 12.8 mmol o$®h;
1-octene than provided by conventional Ti-MCM-43Si MAS (or 8.9 mmol of BO,). After the reaction for 4 h at 6TC, the
NMR spectroscopy suggested the formation of better catalytproducts were analyzed by gas chromatography (GC-14C, Shi-
ically active titanium species in Ti-MCM-41 by vapor phase madzu) with a flame ionization detector.
silylation for 5-9 h.

3. Resultsand discussion
2. Experimental
3.1. X-ray diffraction (XRD) and infrared spectroscopy (IR)
2.1. Preparation of samples
Fig. 1 shows XRD patterns and IR spectra of calcined Ti-

2.1.1. Ti-MCM-41 MCM-41, Ti-MCM-41(S9), and Ti-MCM-41-S. Notably, after

Ti-MCM-41 was synthesized from the template of cetyl- vapor phase silylation by TMCS inJNat 200°C for 9 h, Ti-
trimethylammonium bromide (CTAB) in titanosilicate gels MCM-41(S9) and Ti-MCM-41-S still show three diffraction
formed by tetraethyl orthosilicate (TEOS) and tetrabutyl ortho-peaks, indexed as (100), (110), and (200) reflections, indicat-
titanate (TBOT) under ammonia aqueous solution (molar rationg that the ordered hexagonal mesostructure of Ti-MCM-41
of SiOy/TiO2/CTAB/NH3H2O/H,O = 40/1.0/5.1/525/2372). was stable for vapor phase silylatiofigs. 1B and 1§ How-
After calcination at 550C for 4 h, the template in as-synthe- ever, compared with calcined Ti-MCM-4140o = 4.16 nm),
sized Ti-MCM-41 was removed, and the molar ratio of Si to Tithe value ofd(100) for Ti-MCM-41(S9) and Ti-MCM-41-S

for calcined Ti-MCM-41 was 65. shifted to 3.84 nm, indicating a decrease in mesopore size. Pos-
sibly, the shift ofd1gg is related to the connection of trimethylsi-
2.1.2. Slylation of Ti-MCM-41 Iyl groups on the surface of mesopores in Ti-MCM-41. IR spec-

The silylation was carried out in a fixed reactor. After thetra show that Ti-MCM-41(S9) and Ti-MCM-41-S exhibit obvi-
fixed reactor was heated to 200, the vapors of trimethylchlo- ous bands at 760 and 845 tin(Figs. 1E and 1F which are
rosilane (TMCS) in N were passed through the bed of Ti- assigned to characteristics of trimethylsilyl grojips]. These
MCM-41 for 2-9 h. The silylated Ti-MCM-41 samples with IR results indicate that trimethylsilyl groups of TMCS are re-
various silylation times were denoted as Ti-MCM-41(SN), ally anchored on the surface of mesopores in Ti-MCM-41, in
where N represents silylated hours. After silylation, the samgood agreement with XRD results.
ples were washed with methanol and deionized water until no
chloride was detected. 3.2. S MASNMR spectroscopy

For comparison, silylated pure silica MCM-41 and Ti-

MCM-41(Si/Ti = 100, molar ratio) samples were prepared Fig. 2shows?°Si MAS NMR spectra of calcined Ti-MCM-
by a silylation method similar to that for Ti-MCM-41(S9). 41, Si-MCM-41(S9), Ti-MCM-41(S5), Ti-MCM-41(S9), Ti-
The samples were denoted as Si-MCM-41(S9) and Ti-MCM-MCM-41(100)(S9), and Ti-MCM-41-S samples. Calcined Ti-

41(100)(S9), respectively. MCM-41 exhibits two peaks, at112 and—102 ppm Fig. 24),
which are attributed toQ* [Si(OSi)y] and Q3 [Si(OSi)sOH
2.1.3. Titanation of silylated MCM-41 or Si(OSi}OTi], respectively{32]. Notably, after silylation by

Titanation of silylated MCM-41 was done by postsynthesisTMCS in N, at 200°C for 9 h, Si-MCM-41(S9) had a new peak
using TBOT as a Ti sourcl9]. The product was denoted as at 11 ppm in addition to the peaks atl12 and—102 ppm

Ti-MCM-41-S. (Fig. 2B), which was assigned to (GhtSiOSi(OSi} species
[33,34] Very interestingly, after silylation by TMCS in Nat
2.2. Characterization 200°C for 5 h, Ti-MCM-41(S5) exhibited another new peak, at

5.1 ppm, that was quite different from the peak at 30.9 ppm as-
X-ray powder diffraction measurements were performed orsociated with?®Si NMR spectrum of liquid TMCSKig. 2C).
a Siemens D5005 instrument with Cy-Kadiation, scanning To our knowledge, the peak at 5.1 ppm has not been observed
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Fig. 1. XRD patterns of (A) Ti-MCM-41, (B) Ti-MCM-41(S9), (C) Ti-MCM-41-S, and IR spectra of (D) Ti-MCM-41, (E) Ti-MCM-41(S9), and (F) Ti-MCM-41-S.

associated with 5.1 ppm in silylated Ti-MCM-41 were formed
mainly at the silylation time of 5-9 hScheme )L In con-

A trast, the 5.1-ppm peak in Ti-MCM-41-S formed by titanation
of silylated MCM-41 cannot be observelig. 2F). Moreover,

B Ti-MCM-41(100)(S9) with a high SiTi ratio exhibits a rela-
tively weak peak at 5.1 ppm in ti€Si MAS NMR spectrum

G compared with Ti-MCM-41(S9)ig. 2E). These results further

D confirm that the peak at 5.1 ppm is strongly related to the Ti
concentration in the samples, and it can be reasonably assigned

E to (CHs)3SiOTi(OSi) species.

F It is worth mentioning the change i@*/ Q3 ratios for vari-

——T ous samples. Th@*/ 03 ratio in Ti-MCM-41 was estimated

100 30 0 50 -100 -150  -200 -250 as 2.4. When Ti-MCM-41 was silylated for 5 h, Ti-MCM-
Chemical shifts (ppm) 41(S5) exhibited a2/ Q8 ratio of 4.4. These results indicate
Fig. 2. 2951 MAS NMR spectra of (A) T-MCM-41, (B) Si-MCM-41(S9), that pfartiaIQ3_ species are transfo_rmed inQ)‘_1 species during_
(C) Ti-MCM-41(S5), (D)Ti-MCM-41(S9), (E) Ti-MCM-41(100)(S9), and silylation, which means that partially terminal OH groups in
(F) Ti-MCM-41-S. mesoporous walls [Si(OSPH, 03] react with TMCS to form
(CH53)3SiOSi(OSi} species ¢4). When Ti-MCM-41 was sily-
before. Considering the composition of Ti-MCM-41(S5) and lated for 9 h, Ti-MCM-41(S9) also showed@f'/ 0° ratio (4.7)
Si-MCM-41(S9), the peak at 5.1 ppm can be reasonably assimilar to that of Ti-MCM-41(S5). This phenomenon may be
signed to (CH)3SiOTi(OSi) species $cheme L When the related to the fact that silylation for 5-9 h in Ti-MCM-41(S9)
silylation time was increased to 9 h, Ti-MCM-41(S9) showed aoccurs mainly between titanol [(OH)Ti(OSQSi(OSi}, 09
relatively strong peak at 5.1 pprfif). 2D), compared with Ti- and TMCS, and this kind of silylation cannot affect thé/ 03
MCM-41(S5) Fig. 2C). These results indicate that the speciesratio (Scheme L Ti-MCM-41-S also exhibited almost the same

Sli (CH3)3S\i S]i (CH3)3S\i Sli §i(CH3
OH O OH o o O H I 0

. l. I . . Silylation . . [ . . Silylation . . I . .
S-0— %1— O-Si—O—-T+O—-Si ———> S+-0O— %1— O-Si—-O—-T+0O—Si —— St+-0O— Si—O-Si-O—T+0O-Si

§Ue e Sy e TR

Q. I I ? I, I 9 ] I,

Si Si Si Si Si Si Si Si Si

Q4/Q3:2~4 QA/ Q3=4~4, 8si(cn;);osa =11 ppm Q4/ Q3=4~7, Ssi(CHmOSi:H ppm

3 sicpori =5-1 ppm

Scheme 1. Proposed silylation of silanols and titanols with trimethylchlorosilane in Ti-MCM-41.
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Table 1
Activities and selectivities in oxidations over various catalysts
Catalyst SiTi Reactions Conversion TOF® Selectivity
(mol) (%) 1 (%)
Ti-MCM-41 65 Benzene hydroxylati&”l 4.3 109 595
Ti-MCM-41(S9) 71 Benzene hydroxylatifn 187 519 926
Ti-MCM-41-S 79 Benzene hydroxylatiBn 8.9 275 899
Ti-MCM-41(S5) 70 Benzene hydroxylatiBn 10.8 300 869
Ti-MCM-41(S2) 68 Benzene hydroxylatiBn 71 189 793
Ti-MCM-41 65 1-Octene epoxidatién 5.3 9.4 692
Ti-MCM-41(S9) 71 1-Octene epoxidatibn 9.7 187 904
Ti-MCM-41-S 79 1-Octene epoxidatién 5.9 127 799
Ti-MCM-41 65 1-Octene epoxidatidn 48 85 885
Ti-MCM-41(S9) 71 1-Octene epoxidati%n 138 266 986
Ti-MCM-41-S 79 1-Octene epoxidatién 5.2 112 955

& Turnover frequency is moles of substrate converted per mole Ti active site of the catalyst per hour. The active site numbers of various catalyatschomes
the basis of the amount of Ti (moles) determined by ICP and chemical analysis.

b Reaction conditions: 10 mL of 0 as a solvent, reaction temperature at 60benzene/pO, = 1/1 (molar ratio), reaction time at 4 h, catalyst/benzer&
(weight ratio), selectivity for phenol.

¢ Reaction conditions: 5 mL of methanol as a solvent, reaction temperaturé @t @eoctene/HHO, = 1/1 (molar ratio), reaction time at 4 h, catalyst/1-octene
5% (weight ratio), selectivity for 1,2-epoxyoctane.

d Reaction conditions: 5 mL of methanol as a solvent, reaction temperatur@ @ &6octene/TBHR= 1/1 (molar ratio), reaction time at 4 h, catalyst/1-octene
5% (weight ratio), selectivity for 1,2-epoxyoctane.

0*/ Q3 ratio (4.5), suggesting similar silylation of silanols with MCM-41-S exhibited slightly higher activities (5.9% forbB,

TMCS in these samples. and 5.2% for TBHP). However, Ti-MCM-41(S9) gave much
higher activities (9.7% for b0, and 13.8% for TBHP) than
3.3. Catalytic tests Ti-MCM-41-S and Ti-MCM-41. Similar to hydroxylation of

benzene, the high activity for Ti-MCM-41(S9) can also be at-
Table 1presents activities and selectivities in the hydroxyla-tributed to the unique species of (g3SiOTi(OSi) appearing

tion of benzene epoxidation of 1-octene over various catalystat 5.1 ppm in thé°Si MAS NMR spectrum.
with HoO5. In benzene hydroxylation, Ti-MCM-41 showed low It is also interesting to note that Ti-MCM-41(S9) was very
conversion (4.3%) and selectivity (59.5%). However, a seriegctive in the epoxidation of 1-octene with TBHP, indicating that
of silylated Ti-MCM-41 samples exhibited relatively higher 1-octene easily reacts with the bulky oxidant of TBHP. In con-
activities (7.1-18.7%) and selectivities (79.3-92.6%). Interesttrast, TS-1 catalyst was completely inactive for this reaction for
ingly, conversion and selectivity in the reaction increased withthe limitation of pore sizg5]. These results suggest that Ti-
silylated time from 2 h to 9 h. The hydrophilic/nydrophobic MCM-41(S9) is a potentially active catalyst for the oxidation

property of Ti-MCM-41 plays a very important role in the cat- of both bulky reactants and bulky oxidants.
alytic performance in oxidatiof26—30] However, the highest

conversion (18.7%) for Ti-MCM-41(S9) cannot be simply as-4 conclusions

signed to the change in hydrophilic/hydrophobic property for
the sample, because Ti-MCM-41-S with the same silylated time : - )
showed a conversion of only 8.9%. The big difference in cat- Hexagonal mesoporous fitanosilicate [Ti-MCM-41(S9)]

alytic conversion between Ti-MCM-41(S9) and Ti-MCM-41-S W';hthzestit;; dca:)tal;\//t;c?)llry a;gg/: gitla?;:cn)"lns(lgesh)w a}rs%;?c&isssfully
suggests that there may be new catalytically active titaniu M Y vapor p Y '

species in Ti-MCM-41(S9). As observed 8%6i MAS NMR MR spectrum of Ti-MCM-41(S9) exhibited a unique peak

spectroscopyHig. 2), there was a unique peak at 5.1 ppm as-appeanng ats.1 ppm t_hat was aSS|g_ned to:(gSiOﬂ(OSQ;

signed to (CH)aSiOTi(OSi) in Ti-MCM-41(S9). The highest species formeq by thcﬁT |nt.eract|on of tltano!s with TMCS. Based

conversion and selectivity in benzene hydroxylation possibI)P n th_e c_atalytlc activity in the hydroxylation Of. be’ﬁze”e an_d

could be attributed to both an increased hydrophobicity on th poxidation Of. 1—qctene, we propose that the tlta_mlum SPecles

mesopore surfaces and the formation of better catalytically a 6=51 ppr_n) n T"M(.:M'M(.SQ) are more catalytically active

tive titanium species in Ti-MCM-41(S9). In comparison, Ti- than those in conventional Ti-MCM-41.

MCM-41(S5) (10.8%) with very weak peak at 5.1 ppm showed

a conversion similar to that of Ti-MCM-41-S (8.9%), confirm- Acknowledgments
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