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ABSTRACT

The photocatalytic epoxidation of propylene by molecular oxygen is one of the best methods to pro-
duce propylene oxide (PO) from the environmental viewpoints. The key is using photo-energy to
achieve high PO selectivity and yield at mild conditions. A series of photocatalysts including SiO.,
TiO,, V-Ti/MCM-41, V,05/SiO2, Au/TiO, and TS-1, were used to evaluate their performance in the
photo-epoxidation. The photocatalytic epoxidation of propylene was carried out in the gas mixture of
C3Hg:05:N; =1:1:18 at atmospheric pressure. In addition to PO, other products, such as propionalde-
hyde, acetone, acetaldehyde, ethanol and methanol, were detected. The results indicated that the most
favorable photocatalysts for photocatalytic epoxidation were silicates supported group. The highest PO
formation rate of 114 wmol g cat~! h—! with selectivity of 47% was obtained over V-Ti/MCM-41 on stream
after 4 h at 50 °C and atmospheric pressure under UVA irradiation of 0.2 mW/cm?. In addition, the selec-
tivity of products was very stable on stream. A possible reaction mechanism was proposed based on the

knowledge of species presented during the photocatalytic reaction.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As the development of third world countries continues, chem-
icals demand worldwide reaches an unprecedented level. More
specifically, the epoxidation of hydrocarbons becomes more impor-
tant in the industrial production of chemicals, which are used
as key intermediates for polymer and organic syntheses. For
instant, propylene oxide (PO), the second most important chemical
intermediate, has become increasingly important to the chemical
industry since 1950s [1-3]. In 1991, the global PO consumption
was approximately 3.9 million tons and reached to 6.0 million tons
in 2009. Although the global PO consumption has been decreased
by 5.6% in 2009 due to economic crisis, it is predicted that average
annual growth of over 7% will be seen from 2009 to 2014 as demand
recovers [4].

thermocatalyst

epoxidation by using molecular oxygen under high temperature
and/or high pressure as shown in Eq. (1).

O\

CH; —CH= CHQ?Ll > CH;—CH-— CH,
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2 2 high temp., high pressure

(1)

In 2004, Jin et al. reported that PO selectivity of 60.3% was
achieved over the 20%Ag-4%Mo0Os3/ZrO, catalyst under 400°C,
0.1MPa and GHSV=7500h"! [5]. In 2008, Suo et al. obtained
PO selectivity of 17.9% with 0.9% propylene conversion at the
initial 10 min of reaction over Au/SiO, catalyst at 325°C, and
GHSV =6000h-" [6]. The other approaches on exploring the selec-
tive catalytic epoxidation of propylene via the mixture of hydrogen
and oxygen are shown in Eq. (2).

o\
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Indeed, there has been great experimental and theoretical
studies performed recently focusing on gas-phase propylene
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In 2005, Cumaranatunge and Delgass enhanced Au content in
Au/TS-1 and achieved 10% conversion, 76% selectivity by using a
gas mixture at 473K [7]. In 2007, the study from Oyama and co-
workers achieved a conversion of 1.4%, a PO selectivity of 99%,
and a H, efficiency of 17% under 423K and 0.1 MPa by using
gold supported on a Ti-containing silicate mesoporous material
[8]. The approaches developed for the thermocatalysts by using
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hydrogen-oxygen mixture or only molecular oxygen are very clean
and have shown good activity performance. However, the extra
energy lost in the reaction, low hydrogen efficiency and safety con-
sideration that requires H,O, production facilities to be restricted
in size have made these approaches only a temporary solution.

Itis well known that photo-energy is the Earth’s ultimate energy
source and friendly to environment. Following the excellent pio-
neer work of Fujishima and Honda in 1972 [9], scientific and
engineering interests in TiO,, particularly in the field of photo-
catalysis, have grown significantly [10-16]. However, there are only
few researches on photo-epoxidation in the presence of photocata-
lysts and their performances are not advanced yet [17-23].1n 2000,
Yoshida et al. investigated more than 50 types of silica-supported
metal oxides for their photo-oxidation activities and found that
TiO,/SiO, was the most effective photocatalyst attaining 4.7% in PO
yield and 19.2% in PO selectivity under batch reaction with 200 W
Xe lamp irradiation and at 318 £ 5K [18]. In 2006, Amano et al.
proposed V,05 (0.1%)/SiO, as the best photocatalyst until now,
which has demonstrated a PO formation rate of 85 pmol g cat~! h~!
and a PO selectivity of 37% under continuous reaction at 303 K and
with UV-C light of 240 <A <440 nm [19]. From economic and envi-
ronmental viewpoints, most of the current studies on epoxidation
require further improvements. Although there were two new epox-
idation processes developed recently, a cumene-hydroperoxide
process (2003 in Japan) and a hydrogen peroxide (H,0,) epoxi-
dation process (2008 in Belgium), they still based on multi-stage
liquid-phase reactions and required hydrogen. The photocatalytic
epoxidation of propylene is a promising process because it is envi-
ronmentally friendly, and the process can be carried out under mild
conditions in the absence of hydrogen; however, its performance
still needs to be improved.

It is expected that direct epoxidation process to produce PO
with the aid of light energy over photocatalysts will be a promising
approach for the production of chemicals in the future. Therefore,
the main strategy being considered in this study is to develop a
direct gas-phase one-pass reaction under mild conditions. Our aim
is to explore the selective photocatalytic epoxidation of propylene
via an ideal oxidant, i.e., molecular oxygen. The key is using photo-
energy to achieve high PO selectivity at mild conditions, as show in
Eq. (3).
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(3)

The objective of this study is to evaluate the direct gas-phase
photocatalytic epoxidation on a series of photocatalysts such as
5102, Ti02, V—Ti/MCM—41, V205/Si02, AU/TIOZ and TS-1 at mild
conditions. The optimal reaction conditions were also studied
for photocatalytic epoxidation by comparing the selectivities and
yields of PO for different photocatalysts. The mechanism of photo-
catalytic epoxidation was also proposed based on the knowledge
of species present during the photocatalytic reaction.

2. Experimental
2.1. Preparation of photocatalysts

Titanium dioxide (TiO, ) powder used in this study was commer-
cial P25 (Degussa). The photo-deposition of Au particles on TiO,
was carried out by the method suggested in the literature [24].
HAuCly solution and TiO, were mixed together and adjusted to
pH 5.5 by using 0.1 M Na,COs3 before illumination. The solution
was irradiated with a 200 W mercury-arc lamp for 120 min with

stirring. The photocatalyst was filtered and washed before drying
in an oven at 393 K and calcined in a flow of air at 773K for 5 h.

Amorphous SiO, was prepared from tetraethyl orthosilicate
(TEOS, Aldrich, 98%) by using the sol-gel method. The pH of a mix-
ture containing ethanol, TEOS, and deionized water was adjusted
to approximately 2 by HCI (0.1 M) solution and the mixture was
stirred for 2 h. After that, it was dried in an oven at 393 K and cal-
cined in a flow of air at 973K for 5 h to yield the amorphous SiO,
powder.

Titanium silicalite-1 (TS-1) was prepared by the hydrothermal
crystallization of gel from tetraethylorthosilicate (TEOS, Aldrich,
98%) and titanium (IV) tetrabutoxide (TBOT, Alfa Aesar, 98%) in
the presence of tetrapropylammonium hydroxide (TPAOH, 20% in
water, Fluka) with a small amount of polyoxyethylene sorbitan
monolaurate (Tween 20), which was reported by Khomane et al.
[25]. The ratio of Si to Ti for TS-1 was 19:1 in this study.

V505 (0.5wt%)/Si0O, was prepared using the same method as
reported by Amano and Tanaka [26]. First, silicon(IV) oxide (99.5%;
Stream chemical) was stirred with an aqueous solution of NH4VO3
at 353 K for 2 h, followed by evaporation to dryness. Next, the sam-
ples were calcined in dry air at 773 K for 5h.

Mesoporous V-Ti/MCM-41 molecular sieves were syn-
thesized by simple hydrothermal treatment method using
cetyltrimethylammonium bromide (CTAB) as the structure-
directing template. The molar composition of the gel mixture was
Si0,:0.01Ti0,:0.01V,05:0.2CTAB:0.89H,S0,4:120H,0. In a typical
synthesis procedure, 21.2 g of sodium metasilicate monohydrate
dissolved in 100 ml DI water was combined with the appropriate
amount of metal precursors like titanium oxysulfate hydrate
and/or vanadyl sulfate hydrate (dissolved in 20 ml of 2 M H;S04)
for the titanium and vanadium sources, respectively. The resulting
mixture was stirred vigorously for 30 min. Then, approximately
20ml of 2M H,S04 was added to the above mixture to adjust the
pH to 10.5 with constant stirring to form a uniform gel. After stir-
ring, the solution containing 7.28 g of CTAB dissolved in 25 ml of DI
water was added slowly into the above mixture and the combined
mixture was stirred for three additional hours. The resulting gel
mixture was transferred into a Teflon coated autoclave and kept in
an oven at 145 °C for 36 h. After cooling to the room temperature,
the resulting solid was recovered by filtration, washed with DI
water and dried in an oven at 110°C for 8 h. Finally the organic
template was removed by calcination at 550°C for 10 h.

2.2. Characterization

The light absorption of photocatalysts was fully characterized
by reflective diffusive UV-vis spectroscopy (UV-vis DRS, Varian
Cary 100). BaSO4 was used as a standard reflection reference. Scan-
ning electron microscopy (SEM) was carried out on Nova Nano SEM
230 instrument. Transmission electron microscopy (TEM) was per-
formed on Hitachi H-7100 electron microscope instrument. Powder
X-ray diffraction (XRD, Xray-MO3XHF, Ultima IV) was used for crys-
talline structure and calculation of photocatalyst sizes. All peak data
measured by XRD analysis were checked and assigned to known
crystalline phases by comparing with those of JCPDS database. The
X-ray photoelectron spectroscopy (XPS) was carried out to deter-
mine the chemical composition of the elements and the chemical
status of various species on the Thermo Theta Probe instrument.
The specific surface area of photocatalyst was measured by Micro-
metrics, ASAP 2000. The atomic structure of V-Ti/MCM-41 and TS-1
was studied by X-ray absorption spectroscopy (XAS) at the National
Synchrotron Radiation Research Center in Hsin Chu, Taiwan. For Ti
K-edge and V K-edge spectra, they were analyzed in fluorescence
mode on beam-line 16A. The analysis was performed using ARS
DE-202G Closed Cycle Cryostat with Lytle detector. The samples
were prepared as powder form, and dispersed on Kapton tape. The
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Fig. 1. The scheme of powder packed-bed reactor.
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energy step used was 0.2 eV, and the counting time per step was
2 s around the absorption edge.

2.3. Direct gas-phase photocatalytic epoxidation of propylene

All photocatalytic epoxidation experiments were conducted
continuously with the reactant gas mixture of C3Hg:05:N, =1:1:18
(controlled by rotameters) at a gas hourly space velocity (GHSV) of
6000 h~! under atmospheric pressure. The photocatalyst (0.02 g)
was spread in a powder packed-bed reactor (0.55cm3) with a
quartz window on top for transmission of light as shown in
Fig. 1. The UV-A (wavelength 320-500 nm) from Exfo S1500 (USA)
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Fig. 2. XRD patterns of different photocatalysts (a) V-Ti-/MCM-41; TS-1 and (b) P25;
Au/TiO;; V,05/SiO;; SiO,.
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Fig. 3. Diffuse reflectance UV-vis spectroscopy of different photocatalysts (a) SiO2,
(b) V-Ti/MCM-41, (c) TS-1, (d) P25, (e) V,05(0.5 wt%)/SiO>, and (f) Au(3 wt%)/TiO,.

equipped with 200 W mercury-arc lamp was used as the irradi-
ation source and guided to reactor by an optical fiber. The light
intensity was measured at the window of the reactor by GOLDILUX
Radiometer/Photometer (UV-A Probe/UV-C Probe). The photoreac-
tor was placed on the hot plate in case high-temperature condition
was required. The feed gases were analyzed periodically using a
gas chromatograph (Young Lin, YL6100 GC) equipped with both a
flame ionization detector (FID) and a thermal conductivity detector
(TCD). A 6-way valve was used to switch the flow of the sample into
the two columns of the GC. A molecular sieve-5A column was used
to separate propylene and oxygenates, including PO, propionalde-
hyde (PA), acetone (AC), acetaldehyde (AA) and alcohol (methanol
and ethanol). The Porapak-N on the other hand was used to sep-
arate O, and CO,. The following (Egs. (4-7)) are the definitions of
propylene conversion, consumption and adsorption rates, and the
selectivity of products for the reaction.

C3Hg consumptionrate = Cs3Hgfeed rate — C3Hgout rate (4)

C3Hg conversionrate

= Z rate of all products covered to C3 products (5)

Mag = 30.00 KX
WD= 6mm

EHT = 5.00 kV
Signal A =SE2

Fig. 4. SEM image of titanium silicalite (TS-1).
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i (b)

Fig. 5. TEM images of photocatalysts: (a) Au(3 wt%)/TiO,; and (b) V-Ti/MCM-41.

C3Hg adsorption rate

= C3Hg consumption rate — C3Hg conversion rate (6)

Product selectivity

_ moles of the formation one C3 product
- moles of all C3 products

x 100% (7)

3. Results and discussions
3.1. Photocatalyst characterization

The X-ray diffraction patterns of various photocatalysts are
shown in Fig. 2. As shown in Fig. 2(a), the main diffraction peaks
of V-Ti/MCM-41 at 20=1.9° and 3.9° confirm the family of meso-
pore structure. The diffraction peaks of TS-1, at 260 =23.2°, 23.8°,
24.3° and 45°, are consistent with the MFI topology structures as
shown in the inset of Fig. 2(a) [27]. The presence of single diffrac-
tive peaks at 20=24.3° in the XRD pattern indicates a change
from monoclinic symmetry (S-1) to orthorhombic symmetry (TS-1)
[28]. In Fig. 2(b), the photocatalysts containing TiO, showed inten-
sive XRD peaks for anatase phase and rutile phase as expected in
P25. Au is highly dispersed on the TiO, which exhibits a char-
acteristic XRD pattern with fine structures at 20=44.38°, 64.56°
and 77.55°. No peak is shown for SiO, due to their amorphous
structure.
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Fig. 6. XPS spectra of: (a) Si 2p: TS-1, V-Ti/MCM-41, V,05/SiO,; (b) Ti 2p: TS-1,
V-Ti/MCM-41 and (c) V 2p: V,05/SiO, V-Ti/MCM-41.

Fig. 3 shows the UV-vis diffusive reflectance spectroscopy of dif-
ferent photocatalysts. There is a slight absorption edge at around
200-380 nm for amorphous SiO, and V-Ti/MCM-41 as shown in the
inset of Fig. 3(a)-(b). The spectrum of TS-1 as shown in Fig. 3(c) is
widely used to confirm the electronic transitions between 02~ and
Ti** in a tetrahedral environment of isolated framework of Ti(IV)
centers. Moreover, the absence of absorption band at 320-400 nm
indicates that no anatase or extra framework of Ti is observed in
TS-1 [7]. For TiO, (P25) shown in Fig. 3(d), the absorption edge is
observed at around 400 nm, which is between the absorption edge
of anatase (387 nm) and rutile (418 nm). For V,05 (0.5 wt%)/SiO,
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Fig. 7. Summary of the Ti K-edge characterization of (a) V-Ti/MCM-41 and (b) TS-1 by X-ray near edge absorption spectroscopy (XANES).

shown in Fig. 3(e), a ligand-metal-charge-transfer (LMCT) band
from 02~ to V>* emerges at around 200-550 nm, which is assigned
to be a tetrahedral VO, monomer [19]. The spectrum of Au/TiO,
is shown in Fig. 3(f). The Au on TiO, significantly affects the
light absorption as compared with bare TiO,, and shows a second
absorption band in the visible-light region at ~600 nm, revealing
surface plasmonic resonance [29].

Fig. 4 shows the SEM micrograph of TS-1, indicating that a small
amount of TiO, aggregated on the SiO, surface in some regions.
Fig. 5(a) and (b) shows the TEM images of Au (3 wt%)/TiO, and V-
Ti/MCM-41, respectively. The size of Au particles is around 10 nm
as shown in Fig. 5(a). With obvious contrast, the nano-structure of
MCM-41 can be observed in Fig. 5(b).

Fig. 6(a) shows the binding energies of Si 2p at 103.2eV and
104.1eV. The peak of TS-1 at 104.1eV belongs to silica oxide

compound. There is no distinguished shift for V-Ti/MCM-41 and
V,05/Si0, at 103.2 eV, which indicates that silicates are mainly
oxides but hex-fluorosilicate and other anion are also included [30].
Fig. 6(b) shows the binding energies of Ti 2p for TS-1 at 457.5¢eV,
confirming the presence of Ti** state. Due to the little amount of Ti
on V-Ti/MCM-41, its peak of Ti 2p could not be observed clearly. The
Ti state of V-Ti/MCM-41 was confirmed by XAS as shown below.
Fig. 6(c) shows the binding energies of V 2p3;; and 2p,), for V-
Ti/MCM-41 and V,05/SiO, at 517.3 eV and 520.9 eV, respectively.
The intensities of peaks were closed to background due to the small
loading of V,05 (0.5 wt%).

The Ti K-edge X-ray absorption spectroscopy of V-Ti/MCM-41
and TS-1 are shown in Fig. 7. Generally, two kinds of information
can be obtained from the X-ray absorption near edge spectroscopy
(XANES). The shift of absorption edge indicates the oxidation state
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Table 1
Photocatalytic epoxidation of propylene.?
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Entry  Catalysts BET surface  Temp. Light CsHg PO formation Selectivity (%)°
area (°0) intensity rate (wmolg~'h-1)
(m?g)P (mW/em?)
Adsorption Conv. rate AA ROH PO PA AC CO,
rate (pmol (pmol
g—l h—l) g—l h—l)
1 P25 50.0 50 0.2 3444.8 619.5 - 7.6 ND ND 0.4 17.6 744
2 Au (3%)[TiO; 379 50 0.1 2900.9 455.4 413 33.7 ND 1.0 5.4 21.7 382
3 SiO, 560.1 50 0.1 2113.6 4.5 0.21 773 ND 106 121 ND ND
4 V,05 (0.5%)/Si0; 50 0.2 1459.9 26.1 - 499 ND ND 50.1 ND ND
5 TS-1 368.9 25 0.2 59.6 254 1.31 31.6 ND 241 ND ND 443
50 0.2 3886.7 50.7 19.69 29.0 09 401 229 71 trace
50 0.1 521.9 55.7 24.08 159 ND 447 323 70 trace
70 0.1 n.s. 59.7 17.91 383 ND 31.0 246 6.1 trace
50 0.05 n.s. 16.9 5.02 385 ND 332 166 12.0 trace
6 V-Ti/MCM-41 790 50 0.2 119725 2435 114.18 213 ND 46.8 262 5.7 ND
25 0.2 n.s. 163.1 54.52 414 23 320 178 65 ND
75 0.2 2013.6 2232 87.92 220 1.7 402 269 92 ND
120 0.2 13624.9 207.5 81.96 11.8 ND 396 451 35 ND
50 04 9323.8 283.0 92.80 243 14 332 226 185 ND
50 0.1 12915.6 121.8 48.35 211 ND 401 298 9.0 ND

ND: not detected by GC.

a Reaction conditions: photocatalyst 0.02 g; feed gas C3Hg:0,:N» =1:1:18 vol% at a gas hourly space velocity (GHSV) of 6000 h~!. The data is the mean value obtained on

stream after 4 h.
b BET surface area was measured by Micromeritics, ASAP 2000.

¢ PO: propylene oxide; PA: propionaldehyde; AC: acetone; AA: acetaldehyde; ROH: ethanol and methanol.

of element. The pre-edge peak shows the information of local
coordination structure [31]. Compared with the Ti(Ill) and Ti(IV),
the average oxidation state of titanium in V-Ti/MCM-41 and TS-1
should be Ti** from the shifts of absorption edges shown in Fig. 7(a)
and (b), respectively. From the pre-edge peaks of Fig. 7(a), the local
coordination structure of Ti%* is suggested to be tetrahedral. As
shown in Fig. 7(b), the pre-edge peak of TS-1_fresh is higher than
that of TS-1_reacted. The local coordination structure of TS-1_fresh
is close to genuine tetrahedral while that of TS-1_reacted is slightly
distorted. This suggests that TS-1 is distorted due to Ti connecting
to propylene or other oxygenates during reaction.
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3.2. Direct gas-phase photocatalytic epoxidation of propylene

Table 1 summarizes the results of photocatalytic epoxidation of
propylene with oxygen over a series of photocatalysts in a continu-
ous packed-bed reactor at mild conditions. The conversion rates
of propylene range from 4.5 to 619.5 wmolgcat~! h~! while PO
selectivity ranges from 1% to 46.8%. In addition to PO, other prod-
ucts, such as propionaldehyde, acetone, acetaldehyde, ethanol and
methanol were detected and their selectivities were calculated. The
most dramatic differences between two supported photocatalysts
(TiO, and SiO,) are in the production of side products and the
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Fig. 8. The effective light of intensity and temperature for photocatalytic epoxidation over TS-1: (a) PO formation rate and (b) PO selectivity.
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PO Selectivity (%)

Y
P
[=]

-
N
o

100

AKX
2
R
A R IR,
,'o:',\.:“:?\
2

80

S
S
O E T RIS
2RI
L
B

X
S

60 23

40

20

PO formation rate (umol.g™.h™)

(b)

T
RN t\“\\\ R
9,

2R
o SIRY
=

I
T

0,
i
RS 5S
L

0.15

3
Light \ntensity (mw/cm )

Fig. 10. The effects of light intensity and temperature on the photocatalytic epoxidation over V-Ti/MCM-41: (a) PO formation rate (b) PO selectivity and (c) C3Hg conversion

rate.



292

50
® MeCHO (a)_V-Ti/MCM-41_0.1mW_50 °C
A PO
Y . —-A
404 @ PA A__——" A "'-~-*——‘—
m ac
’
- ’ R
3 30 / p---____.___,_ L 4 <
~ 1 7
z 'y ™
S 17 Bmm———— ————
£ 204 A ettt °
9 17 7
%] 17 7
17 7
10 A "r o Bl ——— -
we = = -
w o -
A
04 @&
0 50 100 150 200 250
Time on stream (min)
40 - S
® MeCHO (c)_V-T/MCM-41_0.4mW_50°C
A PO R N i -A
¢ PA _’
304 B AC m ,/’
Vv ROH /k\’
—_ ” \N O e e -
= g —am=="Q" "-s--g--sss=R
g " S =7 *
2 20 "ig="" N
= II//' N\
S "
3 wee - -
7 nrs =
n"ee
10 1 ur
w
w
L4
o —_—— = —— ) 2t Al v
04 8 ——
0 50 100 150 200 250

Time on stream (min)

V.-H. Nguyen et al. / Chemical Engineering Journal 179 (2012) 285-294

60
® McCHO (b)_V-Ti/MCM-41_02mW_50 °C
50 A ro A
1 & PA -
B oAc  AmTTTTTT A -A
40 A /
— 4
& ’
2 30 1 PN
= r TS Dl T S——— PY
3 ! /@m————- - -0
L 90 VYA ~=-ao P
A 77 ~e-
Y
177
101 7747 -
4 e e =
w __-W------ -
01 @-"
0 50 100 150 200 250
Time on stream (min)
501 ® MeCHO (d)_V-Ti/MCM-41_0.2mW _120 °C
A PO
& PA g Gt & ----- *
404 B AC IIA ______ A e m == A - A
17
/\; 11
S 30 4 [I[I
‘? 117
R 1"
k3t "
220 4 1"
n n"
14
Vi [ R S S — L )
10 v ° o
L4 ’
Y 4 r'd
. : -=" B B-=m=m--- B=--—— L
0 - &
0 50 100 150 200 250

Time on stream (min)

Fig. 11. The time-dependent behavior of selectivity for the formation of PO (a), PA (4), AC (H), ROH (v) and MeCHO (®) over V-Ti/MCM-41 at different conditions: (a)
0.1 mW/cm?, 50°C; (b) 0.2 mW/cm?, 50°C; (c) 0.4 mW/cm?, 50°C and (d) 0.2 mW/cm?, 120°C.

conversion rate of C3Hg. TiO, support can convert more C3Hg to
total oxidation while SiO, support leads to low oxidation at lower
C3Hg conversion.

The adsorption of propylene was observed for all photocatalysts
during photoreaction after switching on the UV light. Table 1 lists
the average adsorption rates based on the carbon balance in 4h
reaction. The propylene adsorption is the combination of physical
and chemical adsorptions on the supports, which depends on sur-
face area and TiO, content. The amount of propylene adsorbed on
V-Ti/MCM41 was substantial because of the mesoporous nature of
material.

Commercial TiO, (entry 1) shows high photo-oxidation activ-
ity. The C3Hg consumption rate is 619.5 wmolg~! h~! with most
CO, in the products, and no PO is observed. The size of Au particles
is very important on epoxidation. This study also confirms that the
Au particle with size higher than 5.0 nm prefers complete oxidation
of C3Hg to CO; as shown in entry 2 [32]. A considerable amount of
CO, is produced not only from the direct photo-oxidation of propy-
lene, but also from the successive photo-oxidation of oxygenated
products. Hence, only a few PO can be generated over Au/TiO, and
TiO,.

The UV absorption of amorphous SiO, is very low (Fig. 3), thus
very low C3Hg conversion rate was obtained as listed in entry 3 of
Table 1. However, the selectivity to form PO still can reach 10.6%.
The main reason may be the high specific surface area of SiO,,
560.1 m? gcat~!. Therefore, SiO, can harvest more photo-energy
in order to produce sufficient electron-hole pairs on the photo-
catalyst and carry out partial oxidation successfully. The dispersed

vanadium oxide on silica had significantly improved the light
absorption at around 200-550 nm (Fig. 3). As listed in entry 4 of
Table 1, PO still cannot be produced over V,05/SiO, although the
C3Hg conversion rate increased 5 times as compared with amor-
phous SiO».

The most favorable photocatalytic epoxidation was on TS-1
and V-Ti/MCM-41 under various reaction conditions as shown in
entry 5 and 6 of Table 1, respectively. These two photocatalysts
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Fig. 12. The light effect on PO formation, C3Hg conversion and C3Hg adsorption rate
for V-Ti/MCM-41.
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Fig. 13. The formation mechanism of PO and oxygenate products over V-Ti/MCM-41 photocatalyst.

prepared from SiO, supported materials are all active and sta-
ble for the production of PO, despite having significantly different
optimal conditions. For instance, the highest PO formation rate of
114.18 wmol g cat~! h~1 with selectivity of 46.8% was observed for
V-Ti/MCM-41at 50 °C under light intensity of 0.2 mW/cm?.

The photocatalytic epoxidation over TS-1 was studied at dif-
ferent light intensities and temperatures as shown in Fig. 8. The
optimum conditions of 0.1-0.15 mW/cm? and 40-50 °C were found
which can achieve the highest PO formation rate and selectivity.
Further investigations on time-dependent behavior of PO selec-
tivity are shown in Fig. 9. The stable selectivities of products are
achieved under the light intensity of 0.1 mW/cm? as shown in
Fig. 9(a). The XANES (Fig. 7(b)) revealed that the oxidation states
of the Ti species are the same before and after reaction. There-
fore, stable active sites can be maintained during photocatalytic
epoxidation. However, the selectivities are unstable with higher
light intensity as shown in Fig. 9(b). When higher light intensity is
supplied, more elections and holes are generated on the photocat-
alyst. Thus more active intermediate oxygenates may be generated
resulting in unstable selectivities.

V-Ti/MCM-41 exhibited excellent selectivity for the photo-
epoxidation of propylene with molecular oxygen. Fig. 10 shows
the light and temperature effects on photocatalytic epoxidation
for V-Ti/MCM-41. Light intensity and temperature have significant
impacts on photocatalytic epoxidation and there exists an optimum
condition in the range of 0.2-0.3 mW/cm? and 40-60 °C as revealed
in Fig. 10(a). V-Ti/MCM-41 has much lower UV-vis absorption edge
than TS-1 (Fig. 3). Hence, increase in light intensity can significantly
enhances the C3Hg conversion rate as shown in Fig. 10(c). How-
ever, oversupply of light would eventually reduce the selectivity
and formation rate of PO as shown in Fig. 10(a) and (b).

Compare to TS-1, V-Ti/MCM-41 also shows a quite similar
time-dependent behavior in PO selectivity for the photocatalytic
epoxidation. However, as shown in Fig. 11, V-Ti/MCM-41 holds sta-
ble selectivities on stream within a wide range of light intensity,
0.1-0.4 mW/cm?2, while TS-1 can only maintain stable selectivi-
ties at the light irradiation of 0.1 mW/cm?2. The possible reason
is that V-Ti/MCM-41 has the lower UV-vis light absorption than
TS-1, hence more photo-energy is required than TS-1. Although
PO is still the dominant product with increasing light intensity, a
slight increase in acetone and alcohol concentration is observed
at 50°C (Fig. 11(a)—(c)). Increasing temperature to 120 °C substan-
tially increases the amount of propionaldehyde produced while
that of PO remains at the same level (Fig. 11(d)).

Fig. 12 shows the influence of light intensity on PO forma-
tion, C3Hg conversion and C3Hg adsorption rate over V-Ti/MCM-41.
The adsorption rate of C3Hg is significant on V-Ti/MCM-41 due
to its porous structure. The adsorption rate decreases noticeably
with increase in light intensity. Increasing light intensity enhances
the C3Hg conversion rate thus also increases PO formation rate.

However, further increasing light intensity inhibits PO selectivity.
Hence, the PO formation rate starts to decline after reaching an
optimum PO formation rate at 0.2 mW/cm?.

3.3. Proposed mechanism of photocatalytic epoxidation

The intrinsic epoxidation mechanism is still not quite clear.
A possible reaction mechanism is proposed based on the knowl-
edge of species present during the photocatalytic reaction. A pair
of negative electron (e~) and positive hole (h*) is formed in the
photocatalyst with light irradiation as in Eq. (8).

photocatalyst—">e~ + h* (8)

Gas-phase O, is adsorbed and becomes O, ~ when react with an
electron as shown in Eq. (9).

O(g) + €~ — Opags)~ (9)

The species Oyds)~ is stable and not directly active in this
process. Hence, the active species, surface atomic oxyradicals, are
formed by the reaction of the preceding species with the positive
hole as shown in Eq. (10).

03ads) + 1" = 20(aqs)" (10)

In the epoxide reaction, there are several pathways to create the
products. For example, the above surface atomic oxyradicals O(aqs)*
can react with propylene to yield 3 kinds of products (~80-90% for
all products) as listed in Eq. (11).

0
VRN
—> CH;—CH-— CH,
0
. I
CH;~CH=CH, + O ——> CH;—CH,— CH

O
[l

Carter and Goddard [33] proposed the selective oxidation mech-
anism of propylene to epoxide via H-atom abstraction by forming
oxypropenyl intermediate. The product selectivities depend on the
angle of H-atom abstraction from the propylene attacked by O(,qs)*
and the reaction conditions. Fig. 13 displays the mechanism to cre-
ate intermediate species of PO and another product via H-atom
abstraction in a limited space, e.g. inside pore. The oxypropenyl
intermediate of PO is favorable inside the pore while that of pro-
pionaldehyde cannot be formed due to space limitation. Therefore,
we suggested that the selectivity of PO could be increased due to
the pore restriction of MCM-41.
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4. Conclusions

A direct photo epoxidation process to produce PO from propy-
lene by O, with the aid of light energy over photocatalysts is a
promising technology for the production of chemicals in the near
future. Compared to other thermal processes of propylene epox-
idation, no hydrogen is required in the photocatalytic process.
Furthermore, sunlight may be applied in the photo-epoxidation
in the future. In this study, under mild conditions, Ti-V/MCM-41
and TS-1 promote the photocatalytic epoxidation of propylene with
molecular oxygen at steady state in a flow reactor system. The high-
est PO formation rate and PO selectivity achieved on stream after4 h
over Ti-V/MCM-41 is 114 pmolgcat-'h~! and 47%, respectively,
at 50°C and atmospheric pressure. In summary, V-Ti/MCM-41 is
the most favorable photocatalyst for the photocatalytic epoxidation
in this study, and the selectivity of PO could be further enhanced
possibly by solving the pore restriction of reaction intermediate.
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