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Vapor-phase epoxidation of propene using H, and O, over
homogeneously dispersed gold particles deposited by a deposition—
precipitation (DP) method on the supports Ti-MCM-41 (hexagonal)
and Ti-MCM-48 (cubic) is studied at a space velocity of
4000 h~! . cm~3/g(cat.) and at reaction temperature of 100 or 150°C.
Influences of the various parameters investigated in the case of Ti—
MCM-48 support are Si/Ti (30, 50, 75, and 100) ratios, precipitating
agents (LiOH, NaOH, KOH, RbOH, or CsOH) for Au deposition, pH
(6-8), Au loading (2-25 wt% in solution), and calcination temper-
ature (150-500°C). The supports were characterized by XRD, UV-
vis, FT-IR, and surface area measurements, whereas supported gold
catalysts were characterized by TEM, ICP, and XPS techniques.
Better performance was observed with Ti-MCM-48 (initial conver-
sion = 5.6%, PO selectivity = 92%), due to its three-dimensional
pore system, than with Ti-MCM-41 (initial conversion = 5.1%, PO
selectivity = 88%) in the propene epoxidation at 150°C. GC-MS
investigation of the extracted species using organic solvent from
the used catalyst revealed that acidic as well as oligomeric species
accumulated on the catalyst surfaces. These species are assumed
to cause the catalyst deactivation. Silylation of the catalyst Au/Ti—
MCM-48 prohibits it from getting deactivated faster and also helps
to improve PO selectivity and decrease H, consumption. Based on
the above experimental results, a probable reaction mechanism is
explained. (© 2002 Elsevier Science (USA)

Key Words: epoxidation; propene; propene oxide; gold; Ti-MCM-
41; Ti-MCM-48.

1. INTRODUCTION

Propene oxide (PO), which is also known by other
names, such as propylene oxide, methyl oxirane, and 1,2-
epoxypropane, is an important building block for the man-
ufacture of polyurethane, organic intermediates, and sol-
vents. Industrially PO is produced using two commercial
processes. These are the chlorohydrin process and the hy-
droperoxide process (1). The chlorohydrin process is not
environmentally friendly, as it produces chlorinated organic
by-products as well as calcium chloride, CaCl,. All the
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recently built plants for the commercial production of PO
are, therefore, based on hydroperoxide processes. The dis-
advantage of the hydroperoxide process is, however, the
production of equimolar amounts of the coproduct, either
styrene or tert-butanol, depending on which variant of hy-
droperoxide is used in the process.

In the past, extensive efforts have been made to develop
an alternative direct gas-phase epoxidation process similar
to that for the epoxidation of ethene (2). However, there has
so far been no alternative process developed, probably due
to low yields, low raw-material conversion, low productiv-
ities, numerous by-products, and complex catalyst systems.
One of the most important heterogeneous catalysts, CsCl-
promoted Ag/Al,O3, which is used in the epoxidation of
ethylene, could not be used for higher olefins containing
allylic hydrogen. This is mainly due to the easy abstrac-
tion of methyl hydrogen giving allylic intermediates, lead-
ing to direct combustion, thereby lowering PO selectivity.
Recently Enichem utilized TS-1 (MFI) as a catalyst for the
epoxidation of propene in the liquid phase using hydrogen
peroxide (3-5). However, due to the very high production
cost of H,O; and its handling problems it is desirable to
have the H,O, produced in situ. Toso Co. Ltd. (6) has de-
veloped Pd/TS-1 catalyst for the in situ generation of H,O,
from H, and O,. Recently Hélderich and co-workers (7)
modified the catalyst developed by Toso with platinum and
reported that the improved yield of PO could be ascribed
to the maintenance of palladium in its +2 oxidation state.

Our research work on the catalysis of gold (8-10) has
opened a new stage for the direct epoxidation of propene
using hydrogen and oxygen. We have reported recently, in a
series of papers, on the vapor-phase epoxidation of propene
over highly dispersed nanosize Au particles supported on
TiO, (11, 12), TiO,/Si0; (11, 12), and titanosilicates such as
TS-1, TS-2, Ti-B, and Ti-MCM-41 (13, 14). This finding is
now being followed by a few other researchers (15-17) and
companies (18, 19). We reported recently on the formation
of propanal from propene, H,, and O, at high tempera-
tures (>200°C) (20). Recent findings from our group (21)
also showed the promoting effect of CsCl when physically
mixed with Au/Ti-MCM-41 for the effective utilization of
hydrogen.
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Here, we report on the epoxidation of propene over Au
supported on Ti-MCM-48 (cubic). We already have re-
ported, in a detailed study, on the use of Au/Ti-MCM-41
in propene epoxidation (22). New results on the epoxida-
tion of propene over Au/Ti-MCM-41 (Si/Ti =67), which
were additional to and different from those reported ear-
lier, are included in this paper for comparison purposes. In
the family of M41S materials, first reported by Mobil in 1992
(23, 24), MCM-41 (hexagonal arrangement of unidirec-
tional pores indexed in the space group p6m) and MCM-48
(cubic structure indexed in the space group la3d) are very
widely studied, both as such and when substituted with re-
dox metals such as Ti and V (25). Earlier studies on gas-
phase epoxidation of propene over Au/Ti-MCM-41 (22)
showed the fast catalyst deactivation, partly due to the
monodimentional array of pores in MCM-41. In accordance
with previous reports (26, 27) we are of the opinion that
MCM-48, due to its three-dimentional, branched-pore sys-
tem, would be more resistant to clogging than MCM-41,
which has straight channels. It is, therefore, the aim of
this study to compare propene epoxidation over Au sup-
ported on Ti-MCM-41 and Ti-MCM-48, with emphasis on
the latter system. Various factors affecting catalyst activ-
ity/selectivity in the support Ti-MCM-48, such as Si/Tiratio,
precipitating agent, and pH for Au deposition, Au loading,
and calcination temperature, are discussed in detail. Possi-
ble causes of catalyst deactivation, use of silylation to avoid
faster catalyst deactivation, and probable reaction mecha-
nisms are also discussed.

2. EXPERIMENTAL

2.1. Synthesis of Hexagonal Ti—-MCM-41 Support

Ti-MCM-41 with a Si/Ti atomic ratio of 67 was synthe-
sized according to the patent procedure (28). The molar
composition subjected to hydrothermal synthesis used was
as follows: SiO,, 0.015TiO,, 0.75CTMACI, 0.27TMAOH,
and 71.8H;0. In a typical synthesis, 40.6 g tetraethyl-
orthosilicate (TEOS) and 1.0 g tetrabutylammoniumti-
tanate (TBOT) were hydrolyzed at 80°C for 5 h in N, at-
mosphere under continuous stirring. After cooling to close
to room temperature, 47 g of a structure-directing organic
template, cetyltrimethylammonium chloride (CTMACI),
was added and the mixture was dissolved in 115 ml of
2-propanol (IPA). That mixture was stirred for 1 h and
then a mixture of 10 g tetramethylammonium hydroxide
(TMAOH, 25% aq.) and 35 ml IPA was added dropwise
under vigorous stirring. This mixture was stirred overnight.
Finally the remaining 8.9 g TMAOH and 252 g water were
added and the mixture was heated to 50°C and kept at this
temperature for 8-10 h or until the disappearance of the
IPA. After the water content was adjusted, the resulting
mixture was transferred to a thick teflon bottle and heated
at 100°C under autogeneous pressure and static conditions
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for 10 days. The product was collected by centrifugation,
washed repeatedly with water, dried at 100°C overnight,
and finally calcined at 540°C for 6 h in static air.

2.2. Synthesis of Cubic Ti-MCM-48 Support

Ti—-MCM-48 with various Si/Ti ratios was synthesized un-
der hydrothermal conditions at 100°C in a static teflon bot-
tle for 10 days according to the literature procedure (29).
A typical two-step method for its synthesis is as follows. To
a 44% solution of TEOS in IPA, CTMAOH in methanol
and water (water/methanol molar ratio = 2) was added
to partly hydrolyze TEOS at about 2-5°C. After 1 h, the
IPA solution of TBOT was added to the resultant mixture
very slowly under vigorous stirring. The mixture was then
stirred for 1 h, when the aqueous solution of CTMACI
was finally added. The mixture was heated to 50°C for
about 6-8 h to remove IPA. The molar composition of the
gel subjected to hydrothermal synthesis (100°C, 10 days)
was as follows: SiO,, xTiO,, 1.2CTMAOH, 0.7CTMACI,
and 46.6H, 0, where x = 0.01-0.03, Si/CTMA = 1.0, and
CTMACV/OH = 70/30.

2.3. Deposition of Au onto Supports

Nanoparticles of Au were deposited on the supports
Ti-MCM-41 and Ti-MCM-48 by a deposition—precipitation
(DP) method as described previously (30). In a typical cata-
lyst preparation condition an aqueous solution of HAuCly -
4H,0,0.17 g (8 wt% Au with respect to support), in 200 ml
H,O was heated to 70°C and the pH was adjusted to
7.0 £0.1 using an aqueous alkali hydroxide solution. The
support, weighing 1.0 g, was suspended to it, the pH was
adjusted once again to the same value, and the solution
was aged at the above temperature for 1 h. The suspen-
sion was washed several times with distilled water, dried at
100°C for 2 h, and finally calcined in air at 300°C for 4 h.

2.4. Characterization of the Supports and Gold Catalysts

The supports, Ti-MCM-41 and Ti-MCM-48, were char-
acterized by XRD (Rigaku Rint-2400, Cu-K« radiation,
40 kV, 40 mA), UV-vis (Photal Otsuka Electronics, MC-
2530 UV/vis light source), FT-IR (Nicolet Model 205, KBr
pellets containing 1% finely powdered support pressed at
6 tons/cm?), and specific surface area (Quantasorb Jr.)
measurements to confirm the product identity reported
in the literature (31-34). Nitrogen adsorption isotherms
at —196°C were obtained using a Micromeritics ASAP
2010 volumetric adsorption analyzer. Transmission elec-
tron microscopy (TEM) observations were made using a
Hitachi H-9000 to determine Au particle size and distribu-
tion. XPS (Shimadzu ESCA-KM) was used to determine
the electronic state of Au particles and the catalyst’s surface.
Actual Au and Ti contents in the catalysts were analyzed
by an inductively coupled plasma (ICP) technique.



EPOXIDATION OF PROPENE OVER Au/Ti-MCM-48

2.5. Catalytic Activity Measurements

Catalytic tests were carried out in a vertical fixed-bed
U-shaped quartz reactor (i.d., 10 mm) using a feed con-
taining 10 vol% each C3zHg, Hy, and O, diluted with Ar
passed over the catalyst (0.5 g) bed at a space velocity of
4000 h~! . cm~3/g catalyst. The temperature was controlled
and measured using a glass-tube-covered Cr-Al thermo-
couple located in the center of the catalyst bed. Prior to test-
ing, the catalysts were first pretreated at 250°C for 30 min
in a stream of 10 vol% H; in Ar, followed by 10 vol% O, in
Ar. In the catalytic tests for the samples calcined at different
temperatures, from 150-500°C, the pretreatment was car-
ried out only in a stream of 10 vol% O, in Ar. The feed and
products were analyzed using three online GCs equipped
with TCD (AC and porapak Q columns) and FID (HR-
20M column) detectors equipped with automatic injection
systems. Since the conversions of propene tended to de-
crease during catalytic activity measurements (see Fig. 6),
in principle, the conversions at 30 min after the start of the
reactant gas feed are presented in this paper.

Trimethylsilylation (35) of Aw/Ti-MCM-48 (Si/Ti = 50)
at 150°C was carried out using methoxytrimethyl silane.
Silylation was performed as per the patent procedure (36).
Methoxytrimethyl silane was kept at 0°C and argon was
bubbled at the flow rate of 25 ml/min through the silylating
solution for 15 min. The catalyst was then flushed with pure
argon for about 5 h at 200°C before the catalytic tests were
carried out.

3. RESULTS AND DISCUSSION

3.1. Characterization of Supports and Supported
Au Catalysts

3.1.1. N, adsorption isotherms. Nitrogen adsorption
isotherms for Ti-MCM-41 support are explained in a pre-
vious paper (22). For Ti-MCM-48 the isotherms are shown
in Figs. 1a and 1b for Si/Ti ratios of 30 and 100, respectively.
The isotherms of type IV, typical of mesopore materials,
with H2 hysteresis, are observed. At the relative pressure
near P/Py 0.15-0.25, the isotherm exhibits the inflection
characteristic of capillary condensation within the meso-
pores (37). The BJH cumulative surface area, pore volume,
and pore diameter for Si/Ti = 50 were 1649 m? g~!, 1.3 cm?®
g7, and 3.24 nm, respectively, whereas for SU/Ti = 30
the values were 1053 m?® g=!, 0.76 cm® g~!, and 2.88 nm,
respectively.

3.1.2. XRD, UV-vis, and FT-IR. XRD and UV-vis
spectra for the supports Ti-MCM-41 and Ti-MCM-48 are
compared in Figs. 2 and 3, respectively. Samples give rela-
tively well-defined XRD patterns typical of MCM-41 and
MCM-48 materials, as reported in the literature (31-34).
XRD peaks can be indexed on a hexagonal lattice for
Ti-MCM-41 and on a cubic lattice for Ti-MCM-48 with
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FIG.1. Nitrogen adsorption—desorption isotherm at —196°C for
Ti-MCM-48. (a) Si/Ti=30; (b) Si/Ti = 100.

pore diameters in the range of ca. 37-40 A, as shown in
Table 1. Ti-MCM-41 exhibits a well-defined (1 0 0) reflec-
tion; that and Ti-MCM-48 (2 1 1) and (2 2 0) reflections
can be seen in Fig. 2. UV-vis confirmed the absence of a

@11

Intensity (a.u.)

(110) 200)
Ti-MCM-41

2 4 6 8
20 (degrees)

FIG.2. XRD spectra of Ti-MCM-41 and Ti-MCM-48.
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UV-vis spectra of Ti-MCM-41 [(a) Si/Ti=100/1.5] and
Ti-MCM-48 [(b, ¢) Si/Ti =50 and 100].

segregated TiO; phase at ca. 330 nm for supports with a tita-
nium content <2.0 wt%. According to the literature (31, 32)
the band at 210 nm is assigned to Ti in tetrahedral coordina-
tion whereas the band in the range 270-330 nm is assigned
to the Ti in its octahedral coordination. The broad wave-
length peak for curve c in Fig. 3 may be indicative of Tiin a
distorted tetrahedral environment and the presence of Tiin

L
1200 1000 800
Wavenumber ( cm)

]
1600 1400 600

FIG.4. FT-IR spectra of Ti-MCM for different Si/Ti ratios. (a) Ti-
MCM-41; (b-¢) Ti-MCM-48.

polymeric octahedral coordination is also possible for this
material.

FT-IR spectra (Fig. 4) showed the presence of sharp peak
at 963 cm~! indicative of Ti in its tetrahedral coordination

TABLE 1

Preparation Conditions and Characterization of Gold Supported on Hexagonal Ti-MCM-41 and Cubic Ti-MCM-48

Loading (wt%)
Pore Surface Au by ICP
Si/Ti diameter area (in soln.) Ppting Dauv?
Support ratio (A) (m?.g™1) (Wt%) agent pH Au Ti (nm)
Ti-MCM-41 67 371 970 12 NaOH 7.0 0.42 1.14 2.1
Ti-MCM-48 100 39.1 1117 8 NaOH 7.0 0.04 n.d.c 23
Ti-MCM-48 75 392 n.d. 8 NaOH 7.0 0.06 n.d. n.d.
Ti-MCM-48 50 394 1127 2 NaOH 7.0 0.01 1.10 n.d.
Ti-MCM-48 50 39.4 1127 8 NaOH 7.0 0.09 1.12 22
Ti-MCM-48 50 394 1127 12 NaOH 7.0 0.11 1.15 n.d.
Ti-MCM-48 50 394 1127 16 NaOH 6.0 n.d. n.d. 2.6
Ti-MCM-48 50 394 1127 16 NaOH 7.0 n.d. n.d. 4.7¢
Ti-MCM-48 50 39.4 1127 16 KOH 7.0 n.d. n.d. 24
Ti-MCM-48 50 394 1127 16 NaOH 8.0 0.11 1.15 2.0
Ti-MCM-48 50 394 1127 24 NaOH 7.0 0.30 1.11 n.d.
Ti-MCM-48 50 39.4 1127 16 NaOH 7.0 n.d. n.d. 2.0
Ti-MCM-48 50 39.4 1127 16 LiOH 7.0 0.07 1.00 23
Ti-MCM-48 50 394 1127 16 CsOH 7.0 0.35 1.13 23
Ti-MCM-48 30 39.3 n.d. 8 NaOH 7.0 0.32 n.d. n.d.
¢ By XRD.

> A deviation of +1-3 nm is observed.
“n.d. =not determined.
< Final catalyst calcined at 150°C.
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(22). However, as reported elsewhere (32) the peak at
963 cm~! could also be assigned to Si—-OH groups in ad-
dition to Ti—O-Si bonds and, hence, we calcined materi-
als (MCM-41, MCM-48, Ti-MCM-41, and Ti-MCM-48) at
higher temperature. The peak at 963 cm~! disappeared for
MCM-41 and MCM-48 but was maintained for Ti-MCM
when calcined at 1000°C. The disappearance of the band
in pure silicious MCM-41 and MCM-48 when calcined at
higher temperature may be attributed to the loss of silanol
groups, as reported previously (22). Moreover, the inten-
sity of the peak at 963 cm™!, assumed to be due to silanol
groups, clearly shows an increase in its intensity when tita-
nium is present in MCM-41 and MCM-48. Thus, it is clear
from our earlier (22) and present study that the major part
of titanium is present in the tetrahedral coordination.

3.1.3. ICP and TEM. Actual Au loading by ICP ana-
lysis was very smallin comparison with the Au contentin the
DP solution especially on Ti-MCM-48 (Table 1). TEM ob-
servations showed a homogeneous dispersion of Au with an
average particle size of 2.0-2.6 nm for Au/Ti-MCM-41 and
Au/Ti-MCM-48. Typical TEM images of the Au supported
on Ti-MCM-41 and Ti-MCM-48 are compared in Figs. 5a
and 5b, respectively, whereas the size distributions of Au
particles are shown in Figs. 6a and 6b. Average sizes of Au
particles calculated for various samples are given in Table 1.

a) Au/Li

FIG. 5.
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It may be noted from Table 1 that the Ti-MCM-48 with
a cubic structure deposits less Au loading than hexagonal
Ti-MCM-41.

3.2. Epoxidation of Propene over Au/Ti-MCM Catalysts

The results of propene epoxidation at 150°C over Au/Ti—
MCM-41 and Au/Ti-MCM-48 are compared in Fig. 7. For
both catalysts the initial propene conversion is about 5%
and it decreases with time. The superior performance of
Au/Ti-MCM-48 in terms of activity, PO selectivity, and
also Hj efficiency over that of Au/Ti-MCM-41 can be at-
tributed to its three-dimensional pore system, which should
be more resistant to blockage by extraneous materials like
oligomers of PO than the one-dimensional pore system of
Ti-MCM-41. Koyano and Tatsumi (29) also have shown in
the liquid-phase epoxidation of cyclododecene with H,O,
the higher activity of Ti-MCM-48 over that of Ti-MCM-41.
Anpo et al. (37) also reported higher photocatalytic activ-
ity for Ti-MCM-48 than for Ti-MCM-41 in the reduction of
CO, with H,O to CH3O0H and concluded that the large pore
size and three-dimentional channel structure of MCM-48
results in better dispersion of titanium dioxide and thus the
better results.

The results of the influence of Si/Ti ratio in Ti-MCM-48
on the epoxidation of propene over 8% Au/Ti-MCM-48 at

TEM of (a) Au/Ti-MCM-41 and (b) Au/Ti-MCM-48.
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FIG. 6. Size distribution of Au particles supported on (a) Ti-MCM-41
and (b) Ti-MCM-48.
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FIG. 8. Influence of Si/Ti ratio in Ti-MCM-48 on the epoxidation of
propene over 8 wt% Au/Ti-MCM-48 at 100°C.

100°C are given in Fig. 8. The conversion of H; and O, de-
creases whereas PO selectivity increases with an increase in
Si/Ti ratio. This can be ascribed to the decrease in Au load-
ing with an increase in Si/Ti ratio due to lower Ti content, as
shown in Table 1. The propene conversion passes through
a maximum at a Si/Ti ratio of 50. Along similar lines, we re-
ported earlier for Au/Ti-MCM-41 an increase in Au load-
ing on Ti-MCM-41 with a decrease in Si/Ti atomic ratio
and hence poor PO selectivity at very high Ti and Au load-
ings (please see Table 1 and Fig. 11 of Ref. 22). A further
decrease in Si/Tiratio causes a decrease in propene conver-
sion, which is most probably due to the presence of a poly-
meric anatase TiO, phase, as observed by UV-vis and TEM.
We have also found that the best results in propene epoxi-
dation are obtained when NaOH is used as a precipitating
agent for depositing gold on the supports. The results are
presented in Fig. 9. One probable reason for this could be
uniform and high dispersion of Au nanoparticles coupled
with traces of alkali content. The more basic nature of Na
compared with that of Cs may be another reason for higher
PO selectivity. It should also be noted from Table 1 that the
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FIG.9. Influence of precipitating agent during Au deposition on
Ti-MCM-48 (16 wt% Au in solution, Si/Ti=>50) on the epoxidation of
propene at 150°C.

Au loading on cubic Ti-MCM-48 increases when the pre-
cipitating agent is changed from LiOH to CsOH. The worst
performance of the catalyst occurring when CsOH is used
to deposit gold may, therefore, be related to the highest
gold loading. To run the reaction at higher temperature the e EE—
decrease in both Au and titanium loadings is the most im-
portant parameter. We have also found that a pH of about
7.0 £ 0.1 works best to obtain the better performance of
the catalyst in the propene epoxidation reaction (Fig. 10).
This is most probably due to the higher dispersion of Au
particles and the appropriate amount of Au loading on the
support.

The results of the influence of Au loading in the catalyst
Au/Ti-MCM-48 (Si/Ti = 50) on the epoxidation of propene ]
at 150°C are given in Fig. 11. With an increase in Au load- i E
ing, propene, H,, and O, conversions increase whereas PO : 3
selectivity decreases. Propene conversion almost levels off
at the 16% Au loading in the solution. The low Au loading
of 2.0 wt% in the solution, which gave an actual loading of
0.01 wt% (Table 1), is also not good, as it is not sufficient
to obtain a good yield. At the Au loading below 2 wt% in
solution (0.01 wt% actual) formation of propane was ob-
served. We reported earlier (39) that at the lower Au load- i
ing of <0.2 wt% propane formations occur over Au/TiO, E

—
(9]
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due to the formation of Au particles smaller than 2 nm in 6.0 6.4 6.8 7.2 7.6 8.0
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The results of the catalyst calcination temperature on the pHiol Ausofutio
epoxidation activity are presented in Table 2. Propene con- FIG. 10. Influence of pH during deposition of Au on Ti-MCM-48

version passes through a maximum for the catalyst calcined  (Si/Ti = 50) on the epoxidation activity at 150°C.
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FIG. 11. Influence of Au content in DP solution in the catalyst Au/Ti—

MCM-48 (Si/Ti = 50) on the epoxidation of propene at 150°C.

at 300°C. The increase in PO selectivity with an increase
in catalyst calcination temperature is expected due to the
stronger contact between the support, Ti-MCM-48, and the
Au particles. The surprising fact is that even the catalyst
calcined at 150°C produces PO with a propene conversion
of about 1.7%. At such a low calcination temperature the
reduction of Au(OH)s into its metallic state might not be
completed. Our attempt to detect the presence of Au™ and
Au’t species by XPS for the catalyst calcined at 150°C was
unsuccessful due to highly dispersed Au particles, mostly in-
side the channels, even though the Auloading was very high.
The results in the epoxidation of propene, however, may in-
dicate that the reduction of Au(OH); can take place easily
during pretreatment and/or reaction due to the reducing at-
mosphere. The inferior performance of the catalyst calcined
at 150°C can be correlated to the somewhat lower disper-
sion and bigger size of Au particles, as given in Table 1.

3.3. Catalysts Deactivation and Their Regeneration

A major problem associated with this system is the
fast catalyst deactivation. The experimental results of the
preadsorbed PO or propene on the catalysts before the start
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of the reaction suggests that the catalyst deactivation oc-
curs mainly due to the adsorption of PO, not of propene.
A GC-MS study indicated the presence of a large num-
ber of organic compounds adsorbed on the catalyst sur-
face. These are acetic acid, propanoic acid, 1-acetoxy-2-
propanol, 2-acetoxy-1-propanol, 1-hydroxy-2-propanone,
propylene glycol, propylene carbonate, 2,5-dimethyl-1,4-
dioxane, and so forth. We assume that these species are
formed due to initial PO adsorption on the catalyst sur-
face and its further oligomerization, rearrangement, crack-
ing, coupling, and so forth, on the free titanium and acidic
sites. As in the case of Ti/SiO, support (17), acidic species
such as acetic acid and propanoic acid may also contribute
to the catalyst deactivation. Earlier studies (40) on liquid-
phase epoxidation of propene with H,O, over TS-1 using
methanol solvent shows that the major by-products respon-
sible for catalysts deactivation, 1-methoxy-2-propanol and
2-methoxy-1-propanol, are formed from PO by epoxide
ring opening and reaction with a nucleophile. It should be
noted that the catalyst deactivation in liquid- and gas-phase
epoxidation processes are caused by entirely different by-
products, as mentioned above, thus suggesting different
ways of catalyst deactivation in these two methods. Our
attempts to regenerate the deactivated catalysts by ther-
mal treatment at >250°C in the oxygen stream and also by
dissolving organic moieties from the catalyst surface in or-
ganic solvents such as ethanol and acetone failed to recover
the original activity of the catalysts. Nijhuis et al. (15) also
indicated that the sequential oligomerization of propene
oxide leading to species like dioxanes and heavier hydro-
carbons may be the main cause of the lower epoxidation
yield.

3.4. Silylation of Au/Ti-MCM-48

In the silylation process active hydrogen of silanol is re-
placed by an alkylsilyl group, making the material more
hydrophobic. Corma and co-workers (40) showed earlier
that the hydrophilic nature of Ti-MCM-41 makes it less
active than Al-Ti-beta in aqueous H,O; oxidation of alka-
nes and alkenes. Silylation using various volatile and eas-
ily removable silylating agents has improved hydropho-
bicity of Ti-MCM-41, resulting in large enhancement of
epoxide yield, as reported in recent publications (42-44).
In our study, silylation of the Au/Ti-MCM-48 performed
using methoxytrimethyl silane improved PO selectivity and
also substantially decreased H, consumption, but the initial
propene conversion was also decreased (Fig. 12). The ini-
tial decrease in propene conversion could be related to the
covering of active Au-Ti sites. It would be ideal if hydrogen
was consumed on an equimolar basis to that of propene;
however, due to higher temperature direct hydrogen oxi-
dation takes place preferentially, resulting in low hydrogen
efficiency. That silylation of the catalyst Au/Ti-MCM-48
results in the improvement of hydrogen consumption ef-
ficiency is a good sign and hence critical experiments are
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FIG. 12. Effect of trimethylsilylation of Au/Ti-MCM-48 catalyst on
the propene epoxidation activity. Au in solution, 8 wt%; Si/Ti=50;
temperature = 150°C.

needed to make the commercial feasibility of this process
more realistic.

3.5. Probable Reaction Mechanism

A theoretical prediction of Olivera et al. (44) suggests
that the surface of gold is capable of generating H,O,.
We have, therefore, proposed a probable reaction mech-
anism, as shown in Fig. 13, which is different from that

C3Hg + [Ti4si0y] G=—= [Ti*"-8i0y]—C3H,

Hy + 0y [Au] H,0,

H,0, + [Ti4*-5i0;]

HOO-[-Ti4*-Si0, |—-H

[Ti4*-8i0,]-C3Hg + HOO-—|-Ti4*-Si0,)—H

—H__ A+ o
H3C C\O/CHZ +Hy0 +2[Ti4*-Si0y ]

FIG. 13. Proposed reaction mechanism for propene epoxidation over
Au/Ti-MCM catalysts.
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which we proposed for Au/TiO; (12). Accordingly, hydro-
gen peroxide formed on the surface of gold would form
hydroperoxolike species on the catalyst surface having iso-
lated tetrahedral titanium sites. Hydroperoxolike species
are expected to react with propene preadsorbed on the
SiO; surface, giving PO formation by the same mechanism
as reported for the liquid-phase epoxidation of propene us-
ing hydrogen peroxide (3). Moulijn and co-workers (15)
proposed three different types of mechanisms and finally
concluded that a hydroperoxidelike compound is more
likely to be formed, creating a necessity for hydrogen. Our
proposed mechanism is very similar to that recently pro-
posed by Moulijn and co-workers (15). Detailed and criti-
cal experiments are needed in order to confirm the above
mechanism.

4. CONCLUSIONS

1. XRD, UV-vis, FT-IR, and the very high surface area
of above 1000 m? g~! confirm the structural integrity and
mesoporous nature of the supports Ti-MCM-41 (cubic)
and Ti-MCM-48 (cubic). No segregated TiO; phase in the
supports were observed and Ti was present as an isolated
species in its tetrahedral coordination as long as the tita-
nium content Si/Ti > 50.

2. Finely dispersed Au with an average particle size of
about 2-5 nm can be deposited homogeneously on both
supports, using the DP method followed by calcination in
air at 300°C.

3. The superior performance of Au/Ti-MCM-48 over
that of Au/Ti-MCM-41 in the vapor-phase epoxidation
of propene using H, and O, is attributed to its three-
dimensional (cubic) pore system, which can be more re-
sistant to blockage by extraneous materials like oligomers
of PO and bulkier organic compounds, as evidenced in
a GC-MS study, than the unidimensional pore system of
hexagonal Ti-MCM-41.

4. Inthe case of Ti-MCM-48 support the best results are
obtained when the following parameters are chosen: Si/Ti
mole ratio = 50; precipitating agent = NaOH; Au loading
(in solution) = 16 wt% (0.3 wt% actual); pH of the Au
solution of 7.0 £ 0.1; calcination temperature of the cata-
lyst = 300°C for 4 h in air; pretreatment conditions =
250°C for 30 min each, first in a flow of H, and then in
O, (10 vol%), both diluted with argon; and reaction
temperature =, 150°C.

5. Catalyst deactivation takes place not only due to the
large number of organic compounds on the catalyst surface
but also due to acidic compounds such as acetic acid.

6. Silylation helps improve PO selectivity and H, effi-
ciency, probably due to an increase in the hydrophobicity
of the catalyst.

7. A new reaction mechanism is proposed. Hydrogen
peroxide formed from H,; and O, over the gold surface
is first converted into a hydroperoxolike species on the
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Ti*+*-SiO, surface, which reacts with propene preadsorbed
on the SiO; surface, giving PO.
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