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a  b  s  t  r  a  c  t

Large-grain  titanium  silicalite  (TS-1,  3.0  �m long),  which  is a  low-cost  catalyst  that  can  easily  be  separated
from the  product  and  exhibits  an  efficient  catalyst  recovery,  was  synthesized  using  tetrapropylammo-
nium  bromide  (TPABr)  as  the  template.  However,  it exhibited  very  poor  catalytic  activity  in the traditional
organic  solvent  compared  with  small-grain  TS-1.  The  epoxidation  of  propylene  to  propylene  oxide  (PO)
using  the  large-grain  TS-1  as  the  catalyst  and  H2O2 as  the  oxidant  in  a supercritical  CO2 (scCO2) medium
was  then  investigated.  The  effects  of  the  CO2 pressure,  reaction  temperature,  propylene  pressure,  cosol-
vent (methanol)  concentration,  and  reaction  time  on the  epoxidation  reaction  in  scCO2 were  investigated
and  compared  with  those  of  the reaction  in  methanol.  The  use  of  scCO2 as  the  reaction  medium  signif-
icantly  improved  the  catalytic  activity  of  the  large-grain  TS-1  and  increased  the PO  yield  from  50.1  to
cCO2

lkaline
83.5%. The  effect  of  alkaline  components  [NaOH,  NaHCO3, urea,  and  (NH4)2CO3]  on  the  epoxidation  reac-
tion in  scCO2 was  also  investigated.  The  addition  of alkaline  components  had  a positive  effect  on  the
selectivity  to  PO  as  well  as to  H2O2 utilization.  The  addition  of  (NH4)2CO3 yielded  the  best  results,  with
the  H2O2 conversion,  PO  selectivity,  H2O2 utilization,  and  PO  yield  reaching  98.7%,  95.2%,  94.3%,  and
88.6%,  respectively.  Therefore,  a novel  approach  to  PO  production  is  introduced,  which  provides  a  basis

eter
as well  as  technical  param

. Introduction

More than four million tons of propylene oxide (PO), an impor-
ant raw material in petrochemical industries, is globally produced
very year. Two traditional methods of manufacturing PO are
he chlorohydrin and cooxidation processes [1].  However, the
hlorohydrin process produces environmentally hazardous chlo-
ic compounds, whereas the co-oxidation process produces a large
umber of by-products [2]. Consequently, developing a novel, clean
rocess for producing PO is needed to replace the currently used

ndustrial processes.
The discovery of titanium silicalite (TS-1), synthesized using

etrapropylammonium hydroxide (TPAOH) as the template, by
aramasso [3,4] opened up an environmentally benign catalytic

rocess for propylene epoxidation using TS-1 as the catalyst, hydro-
en peroxide (H2O2) as the oxidant and methanol (CH3OH) as the
olvent [5–9]. Compared with conventional routes, this innovative
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s  for its  further  industrialization.
© 2011 Elsevier B.V. All rights reserved.

process, which generates a higher PO yield, is more environmen-
tally friendly and requires significantly milder reaction conditions
[5,6]. The epoxidation reaction is considered the most promising
method of PO production and has become one of the new research
areas in green chemistry. However, the high cost of the raw mate-
rials (mainly TPAOH) and the difficult separation of the catalyst
from the catalyzed products have largely restricted the industrial
application of this reaction.

By contrast, the large-grain TS-1 (3.0 �m in length), which is
synthesized using tetrapropylammonium bromide (TPABr) as the
template and silica sol–gel as the silicon resource [10], has notable
advantages, namely, easy separation from the catalyzed products
and lower cost. The price of TPABr is only about one-eighth that
of TPAOH. However, the catalytic activity of the large-grain TS-1 in
the direct oxidation of propylene to PO in the presence of H2O2 in a
CH3OH medium is poor compared with that of the small grains [11].
PO cannot rapidly transfer from zeolite because of its poor diffusion
in the traditional solvent (CH3OH), which results from the nearly
10-fold longer pore channel in the large grains. This phenomenon

results in the occurrence of a number of side reactions (also cat-
alyzed by TS-1) between PO and the conventional CH3OH solvent.
These by-products can combine to form larger molecules, which
can then cover the active sites of TS-1 and deactivate the catalyst

dx.doi.org/10.1016/j.molcata.2011.10.020
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:wylong@tsinghua.edu.cn
dx.doi.org/10.1016/j.molcata.2011.10.020
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12]. Therefore, given the obvious advantages of using large-grain
S-1, the improvement in its catalytic activity will be highly bene-
cial to the industrial production of PO.

Recently, the use of supercritical CO2 (scCO2: Tc = 31.06 ◦C,
c = 7.38 MPa  [13]) as a reaction medium has received considerable
ttention because of its numerous advantages, including innocu-
usness, inertness, low cost, high solubility, and excellent diffusion
14]. For example, the excellent diffusion of scCO2 has extracted the
roduct from molecular sieve catalysts [15], which reduces the side
eactions and maintains the catalytic activity. For these reasons, the
se of scCO2 could resolve some of the difficulties currently being
ncountered with the use of large-grain TS-1 in PO synthesis.

Danciu [1],  Jenzer [16], and Beckman [17,18] reported on the
ynthesis of PO using scCO2 as the solvent, and their results
howed the benefits of scCO2 use. For example, transport limita-
ions across liquid and gas phases were avoided because of the
ood solubility of propylene in scCO2, and the side-reaction prod-
cts were obviously decreased because of the chemical inertness
f scCO2. However, these previous studies focused on the noble
etal-promoted, small-grain TS-1 (such as Pd-Pt/TS-1) and the pro-

uction of H2O2 in situ by H2 and O2, which were then directly used
s an oxidant for propylene epoxidation. Published data involving
olely large-grain TS-1 as the catalyst and H2O2 as the oxidant in a
cCO2 medium are not available.

In the current study, we report on the use of large-grain TS-
 to catalyze the epoxidation of propylene in scCO2. The effects
f several parameters, such as CO2 pressure, propylene pressure,
eaction temperature, reaction time, and the alkaline components
NaOH, NaHCO3, urea, and (NH4)2CO3], were examined to improve
he PO yield in this system. The results of the epoxidation reac-
ions in scCO2 catalyzed by large- and small-grain TS-1 were then
ompared with those in a traditional organic solvent.

. Experimental

.1. Catalyst preparation and characterization

Small-grain TS-1 was prepared according to a previously
eported method [19]. Large-grain TS-1 was synthesized under pre-
iously reported conditions [11]. X-ray diffraction (XRD) patterns
ere obtained using a D/MAX-rA diffractometer with a Cu K� radia-

ion, a 30 mA  electric current, and a 30 kV voltage. Scanning electron
icroscope (SEM) images were obtained using a JSM-6490LV (JEOL

td.) and a HITACHI S-4500 electron microscope.

.2. Phase behavior

The phase behavior of the reaction system was  determined in
n 80 mL  self-made high-pressure reactor with viewing windows
laced in a super thermostat water bath. Opalescence was observed
t the critical temperature and pressure. A specific amount of
H3OH or of another component (like propylene) was added. The
ystem was pressurized with CO2 and the mixture was  stirred. The
hase behavior was observed with the naked eyes through the
iewing windows. The reactor was heated when the phase interface
isappeared, and then slowly cooled down until the opalescence
eappeared. The pressure and temperature at this point were
ecorded as the critical pressure and temperature, respectively.
he phase behaviors of a series of different components were

xamined to determine the range of critical pressure and critical
emperature in this reaction. The values recorded for the pressure
nd the temperature were accurate to 0.01 MPa  and 0.1 K, respec-
ively.
Fig. 1. Experimental apparatus for the catalytic reaction in supercritical CO2 (scCO2).

2.3. Propylene epoxidation

The epoxidation reaction of propylene in scCO2 was  performed
in a 165 mL  customized, high-pressure, stainless supercritical cat-
alytic reactor (Fig. 1). TS-1 (0.40 wt%), aqueous H2O2 (3.00 wt%),
and the cosolvent (CH3OH, 4.84 wt%) were then added to the reac-
tor. The reactor was  sealed and flushed with CO2 three times and
then heated to the desired temperature in the water bath. When
the required temperature was  reached, propylene and CO2 were
sequentially introduced into the reactor to initiate the reaction. The
vessel was  in a state of agitation during the reaction. When the reac-
tion was  completed, the reactor was  rapidly cooled in an ice bath to
terminate the reaction. The gas was  then released, and the pressure
was  slowly decreased. The mixture in the reactor was removed and
separated from the catalyst via centrifugation. The amount of H2O2
was  analyzed via an iodometric titration method [20], and PO was
analyzed using a GC-7890, gas chromatograph (Shanghai Tianmei
Technologies Co. Ltd., China) with a flame ionization detector (FID)
and a stainless steel capillary column (2 m × Ø2  mm I.D., Propark
Q). Propylene glycol (PG) and its monomethyl ethers (MME) were
the by-products and analyzed using the same analytic method used
on PO. In the current paper, the H2O2 conversion (XH2O2 , %), selec-
tivity to PO (SPO, %), H2O2 utilization (UH2O2 , %), and PO yield (YPO,
%) were defined as follows:

XH2O2 (%) =
n0

H2O2
− ni

H2O2

n0
H2O2

× 100

SPO (%) = nPO

nPO + nMME + nPG
× 100

UH2O2 (%) = nPO + nMME + nPG

n0
H2O2

xH2O2

× 100

YPO (%) = nPO

n0
H2O2

× 100

where n0
H2O2

is the number of moles of H2O2 before the reaction

and ni
H2O2

, nPO, nMME, and nPG are the number of moles of H2O2, PO,
MME,  and PG after the reaction, respectively.

3. Results and discussion

3.1. Phase behavior of the reaction system
The critical point data of the reaction system at different molar
ratios of the mixtures, as well as the effects of the different com-
ponents and molar ratios on the phase behavior are indicated in
Table 1.
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Table 1
Effect of different components and molar ratios on phase behavior.

Number Components Molar ratio (mol%) Tc (◦C) Pc (MPa)

1 CO2 100% 31.3 7.33

2  CO2 + CH3OH CO2 CH3OH
33.0 7.4595.44 4.56

3  CO2 + CH3OH + H2O2 + H2O CO2 CH3OH H2O2 H2O
92.2 2.3 1.0 4.3 33.4 7.50
91.3  4.0 0.9 3.8 33.7 7.58

4 CO2 + CH3OH + H2O2 + H2O + C3H6 CO2 CH3OH H2O2 + H2O C3H6

89.8 4.0 5.0 1.2 33.8 7.45
89.0 4.2 5.1 1.7 33.3 7.34

5 Reaction system (mTS-1 = 0.2 g) CO2 CH3OH H2O2 + H2O C3H6

89.2 2.5 6.5 1.8
React start 34.4 7.75

2  h later 33.0 7.50
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ring-opening reaction of PO. As the reaction rate decreased with the
drop in H2O2 concentration, H2O2 decomposition increased, and
the utilization of H2O2 reached its peak before decreasing. Thus,
the maximum PO yield was  obtained during the entire reaction.
Fig. 2. SEM images of (a) sm

As seen in Table 1, when the liquid components such as CH3OH
r CH3OH + H2O2 + H2O were introduced into the one-component
O2, the critical temperature and critical pressure in the system
lightly increased. This result may  be due to the low solubility
f hydrous H2O2, CH3OH, and water in the scCO2 medium. When
ropylene was added to the system, the critical pressure decreased
ecause of the high solubility of propylene in the scCO2 medium.
he interactive forces between propylene and CO2 are greater than
hat between the CO2 molecules. After the introduction of TS-1 in
he system and the reaction was allowed to continue, the critical
emperature and critical pressure presented a downward trend.

 possible reason is that H2O2 is insoluble in supercritical CO2,
hereas PO is partially soluble, and that the intermolecular forces

etween PO and the CO2 molecules are strong, which results in a
ecrease in the system critical pressure with the generation of PO.

.2. Catalyst characterization

The SEM images of the catalysts are shown in Fig. 2a
hows the small-grain TS-1 (BET surface area, 384.56 m2/g; Ti
ontent of the final product, 2.14%) at less than 0.3 �m in
ength. Fig. 2b shows a larger TS-1 grain (SiO2/TiO2 ratio, 35;
ET surface area, 350.00 m2/g) with a particle dimension of
.7 �m × 1.5 �m × 3.0 �m.  Fig. 3 shows the XRD patterns of the
S-1 samples. The characteristic peaks of a mordenite framework
nverted structure indicate that both samples are highly crystalline.

.3. Propylene epoxidation catalyzed by TS-1
.3.1. Propylene epoxidation in CH3OH catalyzed by TS-1 with
ifferent grain-sizes

This stage of the investigation was conducted under the opti-
al  reaction conditions. In brief, 0.2 g TS-1, 2 g aqueous H2O2, and
ain and (b) large-grain TS-1.

60 g CH3OH were added to the reactor. The propylene pressure was
0.65 MPa. CO2 was introduced into the reactor until the pressure
reached 7.65 MPa  at 35 ◦C.

Fig. 4 shows the results of the reaction in CH3OH catalyzed by
TS-1 with different grain sizes. Fig. 4a shows the reaction catalyzed
by small-grain TS-1 in CH3OH. The conversion of H2O2 increased as
time was extended, whereas the reaction rate gradually decreased.
At the same time, the selectivity to PO decreased because of the
Fig. 3. XRD patterns of the small- and large-grain TS-1.
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Fig. 4. Results of propylene epoxidation 

he best results for the H2O2 conversion, selectivity to PO, H2O2
tilization, and PO yield in CH3OH were 83.5%, 92.1%, 92.3%, and
0.9%, respectively. Fig. 4b shows the reaction catalyzed by the

arge-grain TS-1 in CH3OH. Although the increase over time, uti-
ization, and conversion of H2O2 were constantly increasing, the
ield and selectivity to PO exhibited a downward trend. The cat-
lytic properties of the large-grain TS-1 in CH3OH was  significantly
ower than those of the small-grain TS-1. To improve the catalytic
erformance of the large-grain TS-1, the reaction solvent should be
hanged. Therefore, scCO2 was introduced into the reaction system.
.3.2. Effect of the reaction temperature on the epoxidation
eaction in scCO2 catalyzed by large-grain TS-1

The reaction temperature plays an important role in the catalytic
rocess. The effect of temperature on the epoxidation reaction

Fig. 5. Effect of the reaction tem
Reaction time (min)

zed by different-sized TS-1 in methanol.

catalyzed by large-grain TS-1 in scCO2 around the supercritical
temperature was investigated by maintaining constant amounts
of the reactants, CO2, and cosolvents. Several studies on this reac-
tion were conducted either in scCO2 or in CH3OH, and the optimal
reaction conditions were chosen for the subsequent comparison of
the catalytic performance. The results are shown in Fig. 5.

The H2O2 conversion, selectivity to PO, H2O2 utilization, and
PO yield in scCO2 were higher than those in CH3OH. The conver-
sion of H2O2 in the scCO2 reaction system was almost 100% at
temperatures between 40 ◦C and 60 ◦C, improving by 12.9% com-
pared with that in CH3OH at 60 ◦C. The selectivity to PO obviously

decreased in the process. This result may  be due to the solvolysis
of PO, which increased with the rise in temperature. The utiliza-
tion of H2O2 in scCO2 decreased when the temperature increased
from 40 to 60 ◦C, although it was still higher than that in CH3OH.

perature on epoxidation.
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Fig. 6. Effect of CO2 pressure on epoxidation.

he epoxidation reaction was accelerated because the diffusion in
cCO2 is faster than that of CH3OH. However, the decomposition
ate of H2O2 increased with the increase in the reaction temper-
ture, which led to the decrease in H2O2 utilization. The highest
O yield was obtained at 40 ◦C; hence, the reaction temperature in
cCO2 should be close to 40 ◦C.

.3.3. Effect of CO2 pressure on the epoxidation reaction in scCO2
atalyzed by large-grain TS-1

CO2 pressure is also an important parameter in epoxidation. The
ressure changes are obtained by adjusting the amount of CO2.
he optimal reaction conditions were also chosen as the actual
ondition for the subsequent comparison of the catalytic perfor-
ance. Fig. 6 shows the effect of the CO2 pressure on the catalytic

erformance in propylene epoxidation. The CO2 pressure exhib-
ted a significant effect on this reaction. The performance of the
eaction was gradually enhanced until the critical pressure was
eached (7.65 MPa), which may  be due to the increase in the diffu-
ivity of the reactants and the solubility of propylene. On the other
and, H2O2 reacts with aqueous bicarbonate to form percarbonate
HCO4

−), which epoxidizes hydrophilic alkenes [21,22]. However,
urther increasing the CO2 amount in the reaction system clearly
educed the reaction rate, the conversion and utilization of H2O2,
he selectivity to PO, and the PO yield. The experimental results
imply illustrate the effect of dilution by CO2, as excess CO2 can
ower the mole ratio of the reactants. Therefore, the addition of CO2
rom subcritical pressures up to the critical pressure (7.6–7.7 MPa)
ould enhance the diffusivity and control the effect of the diluents

t an acceptable level.

.3.4. Effect of the TS-1 amount on the epoxidation reaction in
cCO2 catalyzed by large-grain TS-1

Different amounts of TS-1 (0.2 wt%, 0.3 wt%, 0.4 wt%, 0.5 wt%,
nd 0.6 wt%) were used in the reaction to investigate the effect
f TS-1 concentration on propylene epoxidation (Fig. 7). The con-
ersion and utilization of H2O2 significantly increased with the
ncrease in TS-1. This result is due to the increased number of
ctive catalytic sites, which enhanced the surface reactions. As the
mount of TS-1 was further increased, the increase in the reaction
ate slowed down because of the gas–liquid mass-transfer effect.
n the other hand, the selectivity to PO gradually declined as the
eaction progressed. The increase in the number of Lewis acid sites
n the TS-1 catalyst, which further increased the side reactions
etween PO, H2O, and CH3OH to form propylene glycol and its
onomethyl ethers, may  have been responsible for the reduction
Concentration of TS-1 (wt%)

Fig. 7. Effect of the TS-1 amount on epoxidation.

in selectivity. Based on these results, 0.4 wt%  was  the optimum TS-1
concentration.

3.3.5. Effect of propylene pressure
Fig. 8 shows the results of propylene epoxidation in scCO2 and

CH3OH at different propylene pressures. The conversion and uti-
lization of H2O2 markedly increased with increasing propylene
pressure in both media; however, the improvement in scCO2 is
greater than that in CH3OH. As the propylene pressure in the
epoxidation reaction was  increased, a higher amount of propy-
lene dissolved in the reaction medium, which then accelerated the
reaction rate. In the traditional solvent, the primary inhibitor to
transport in gas-liquid reaction systems is the low solubility of the
reactant gases in the liquid phase and the low diffusion across the
interface [20]. Although more propylene can dissolve in CH3OH as
the propylene pressure is increased, it cannot diffuse to the active
sites reacting with H2O2 because of its poor diffusion in CH3OH.
Thus, the selectivity to PO in CH3OH decreased as the pressure
increased. Used as a solvent, scCO2 has excellent properties that
facilitate the dissolution and diffusion of propylene to active sites.
Consequently, the selectivity to PO in scCO2 increased with the
increase in propylene pressure. A greater effect of the variation
in the propylene pressure on the reaction was  observed in scCO2
compared with that in CH3OH because of the significant increase
in propylene solubility and diffusion in scCO2.

3.3.6. Effect of the solvent and cosolvent
The cosolvent plays a very important role in adjusting the

properties of supercritical fluids, including the kinetic and ther-
modynamic properties of the reactions. In the present work, the
use of CH3OH as a cosolvent in the epoxidation reaction in scCO2
was  investigated. The solvent effect on the propylene epoxida-
tion with H2O2 over large-grain TS-1 was  investigated. The results
show that the cosolvent concentration had a significant effect on
the epoxidation reaction (Fig. 9). The H2O2 conversion and uti-
lization greatly increased when the CH3OH content was increased.
The epoxidation of propylene was enhanced because of the strong
interaction between CH3OH and the Ti center, which stabilized the
complex through hydrogen bonds to form a five-membered ring
[23]. This kind of structure is stable and suitable for epoxidation;
hence, CH3OH as a cosolvent in the scCO2 system can significantly

enhance the epoxidation activity of the TS-1 catalyst. However,
when the CH3OH content was  greater than 4.84 wt%, the selec-
tivity to PO decreased, which may  be due to the occurrence of
side reactions such as ring-opening between PO and CH3OH, or
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olymerization reactions between PO and the initial CO2. A high PO
ield was maintained when the CH3OH content was in the 4.5 wt%
o 6.5 wt% range.

.3.7. Effect of the reaction time on the epoxidation reaction in
cCO2 catalyzed by large-grain TS-1

The catalytic activities at different reaction times are shown in
ig. 10.  H2O2 conversion increased when the reaction time was
xtended, and the reaction rate was faster in scCO2 than in CH3OH.

2O2 conversion in scCO2 reached 95% within 60 min, whereas the
onversion in CH3OH took 120 min. The use of scCO2 as the reac-
ion medium entirely eliminated the gas–liquid interface, thereby
nhancing the epoxidation rate.
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Fig. 9. Effect of the cosolvent on epoxidation.
essure on epoxidation.

The selectivity to PO in scCO2 clearly decreased within 45 min.
However, as the reaction time was extended to 60 min  or longer, the
selectivity to PO gradually increased and then remained constant.
This behavior is attributed to the pore channel of the large-grain
TS-1 (10-fold longer than that of the small-grain TS-1), which pre-
vented the diffusion of the product out of the channel in time. The
products required more time to diffuse out of the channel; hence,
after 60 min, the selectivity to PO began to again increase, reaching
its highest value at 120 min. On the other hand, the selectivity to
PO in CH3OH consistently decreased because of the poor diffusion
of PO in CH3OH, resulting in the occurrence of more side reactions.
The optimal reaction time for scCO2 was  120 min. The PO yield in
the scCO2 reaction system was maintained at approximately 83.5%,
which is higher than that in CH3OH.

3.3.8. Effect of the alkaline component on the epoxidation
reaction in scCO2 catalyzed by large-grain TS-1

Propylene epoxidation in scCO2 catalyzed by TS-1 can obtain a
higher PO yield if the H2O2 utilization and selectivity to PO can be
improved. Laha [23,24] reported that the introduction of urea to
the epoxidation of styrene can greatly reduce the decomposition of
H2O2. Li [7] also found out that both the selectivity to PO and the
utilization of H2O2 in propylene epoxidation can be increased when
urea is used. Clerici [5] reported that a small amount of an alkaline
component such as Na2CO3 or KHCO3 can inhibit the side reactions
of epoxidation. The current paper investigated the effect of several
alkaline components [NaOH, NaHCO3, urea, and (NH4)2CO3] on the
epoxidation of propylene in scCO2.

Fig. 11 shows the effect of the alkaline components on the

reaction. The four alkaline components significantly increased the
PO selectivity to 90%. However, NaOH and NaHCO3 enhanced
the decomposition of H2O2. By comparison, urea and (NH4)2CO3
increased the selectivity but decreased the decomposition of H2O2.
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Fig. 10. Effect of the re

NH4)2CO3 yielded the best result among the four alkaline compo-
ents.

A similar mechanism underlies the reaction between the large-
nd small-particle TS-1. The mechanism behind the excellent cat-
lytic performance of the large-grain TS-1 can be explained using
cheme 1, as reported by Clerici [5].  In the TS-1 system, equilibrium
xists between the alcohol solvent and the hydrogen peroxide. TS-1
eportedly develops acid centers in the presence of H2O2 in alco-
olic or aqueous solutions. The Ti-OOH species, which is formed

y the interaction between the Ti atom framework and the H2O2
olecule, can form a stable five-membered cyclic structure with

 donor hydroxyl moiety coordinated on Ti (species II) [23]. The

Fig. 11. Effect of the alkaline components on epoxidation in scCO2.
Reaction time (min)

 time on epoxidation.

acid strength in the charge-separated species may  increase because
of increased hydrogen bonding. In addition, the acid centers can
catalyze the epoxide ring opening. If an excess amount of a basic
compound is added, the equilibrium shifts and the active species
II in propylene epoxidation is converted into either species III or
IV. Species IV is inert, and TS-1 loses its catalytic activity in propy-
lene epoxidation. The catalytic activity of the large-grain TS-1 in the
direct oxidation of propylene to PO in CH3OH is poor compared with
that of the small-grain TS-1. However, the introduction of scCO2 to
the reaction system resulted in an excellent diffusion because of the
nearly 10-fold longer pore channel in the large grains, which facili-
tated the rapid transfer of PO from the zeolite. In turn, this diffusion
remarkably improved the catalytic activity of the large-grain TS-1.
This improvement will be of great benefit to the industrial produc-
tion of PO. The mechanism behind the decreased H2O2 utilization
rate with the addition of NaOH and NaHCO3, while these parame-
ters increased with the addition of urea and (NH4)2CO3, is currently
being investigated.

The addition of (NH4)2CO3 increased the H2O2 conversion,
selectivity to PO, H2O2 utilization, and PO yield to 98.7%, 95.2%,
94.3%, and 88.6%, respectively. The selectivity to and yield of PO
increased to 4.3% and 5.1%, respectively, compared with that in
scCO2 without alkaline components. Although the use of scCO2 can
increase the acidity of the reaction medium, it cannot lower the
selectivity to PO because scCO2 facilitates the diffusion of the pro-
duced PO from the TS-1 active site, resulting in the decline of the
ring-opening reaction of PO. In addition, the introduction of alka-
line substances to the reaction resulted in a decrease in the acidity
and an improvement in the reaction selectivity to PO.

Table 2 summarizes the optimum results of the epoxidation

reaction catalyzed by small- and large-grain TS-1 in CH3OH and
in scCO2. In the CH3OH system, the catalysis by the small grain TS-
1 produced better results compared with that by the large-grain
TS-1. This observation may  be attributed to the shorter pore canal
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Table 2
Optimum results under different reaction conditions.

Solvent and TS-1 XH2O2 (%) SPO (%) UH2O2 (%) YPO (%)

Small TS-1 + MeOH 83.5 92.0 92.3 70.9
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Large TS-1 + MeOH 94.6 68.3 77.6 50.1
Large TS-1 + scCO2 99.5 90.1 93.1 83.5
Large TS-1 + scCO2 + (NH4)2CO3 98.7 95.2 94.3 88.6

nd larger specific surface area of the small-grain TS-1 compared
o the large-grain TS-1. When scCO2 was introduced to the reaction
ystem, the reaction performance significantly improved because
f the excellent transport and solubility properties of scCO2. In
ddition, the alkaline component positively affected the H2O2 con-
ersion, selectivity to PO, H2O2 utilization, and PO yield.

Several studies on the current topic have been published. Clerici
5] reported the synthesis of PO from propylene using CH3OH or
H3OH/water mixtures as the solvent and small-grain TS-1 as the
atalyst. The current study is different from that of Clerici in that
he solvent is CH3OH and the catalyst used is small-grain TS-1. Li
7] reported on the effect of sodium ions on propylene epoxidation
atalyzed by large-grain TS-1 using CH3OH as the solvent. In the
resent study, the results of the epoxidation of PO in scCO2 using

arge-grain TS-1 as the catalyst were obtained. No published results
nvolving solely large-grain TS-1 as the catalyst and H2O2 as the oxi-
ant in a scCO2 medium are found. The H2O2 conversion, selectivity
o PO, and utilization of H2O2 in scCO2 using the large-grain TS-1 as
he catalyst in the presence of an alkaline component were 98.7%,
5.2%, and 94.3%, respectively. These results are higher compared
ith those reported in literature [7].  When scCO2 was introduced

o the reaction system, the catalytic activity of the large-grain TS-
 was remarkably improved, which will be of great benefit to the

ndustrial production of PO.

. Conclusions

The synthesis of PO from propylene epoxidation catalyzed by
arge-grain TS-1 using H2O2 as the oxidant and scCO2 as the reac-
ion medium was investigated. When the large-grain TS-1 was  used
s the catalyst in the scCO2 system, the H2O2 conversion, selectiv-
ty to PO, H2O2 utilization, and PO yield were 98.7%, 95.2%, 94.3%,
nd 88.6%, respectively. When alkaline components were added,
he results improved by 4.1%, 26.9%, 16.7%, and 38.5%, respec-

ively. The use of scCO2 as the reaction medium can eliminate
he transport limitations and enhance the reaction because propy-
ene is highly soluble in scCO2, which contributes to the excellent
iffusivity of the reactants and products. The H2O2 conversion,

[
[
[
[
[

III IV

f the active species.

selectivity to PO, H2O2 utilization, and PO yield improved by 15.2%,
3.2%, 2.0%, and 17.7%, respectively, compared with the results of
the reaction catalyzed by the small-grain TS-1 in CH3OH. ScCO2
enhanced the catalytic performance of the large-grain TS-1 to a
level comparable to that of the more expensive small-grain cat-
alysts, thereby making the use of large-grain TS-1 feasible in the
synthesis of PO from propylene on a large scale. The reaction mech-
anisms of the large- and small-grain TS-1 activities are similar, and
the exceptional mass-transfer and diffusion performance of scCO2
significantly improved the catalytic performance of TS-1, especially
that of the large-grain TS-1. The current study presents a potentially
novel approach to the production of PO using a low-cost, easily sep-
arated catalyst and provides a basis as well as technical parameters
for the further industrialization of this process.
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