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bstract

Continuous epoxidation of propylene with 30-wt% hydrogen peroxide in isopropyl alcohol solvent over titanium silicalite (TS-1) zeolite was
arried out and the good selectivity to propylene oxide and stability of TS-1 were obtained. After the reaction of 263 h, the deactivation of the
S-1 catalyst occurred. The spent catalysts were regenerated by calcinations at 550 ◦C for 5 h, washing with isopropyl alcohol solvent or washing
ith dilute hydrogen peroxide, and the activity evaluation of the regenerated catalysts were studied. The deactivated and regenerated catalysts
ere characterized by scanning electron microscopy, X-ray diffraction, Fourier-transform infrared spectroscopy, 29Si magic angle spinning nuclear
agnetic resonance, thermogravimetric analysis and Brunauer–Emmett–Teller method. The compositions deposited on the surface of the catalysts
ere collected by solvent extraction and were analyzed by gas chromatography–mass spectrometry (GC–MS). The results showed that calcination

nd washing with dilute hydrogen peroxide were highly effective regeneration methods and the catalytic activity of TS-1 catalysts can be mostly

ecovered after these treatments. Washing with isopropyl alcohol had a subtle effect in recovering the catalytic activity of the TS-1 catalyst.
he major cause of the deactivation of the TS-1 catalyst for epoxidation is blocking micropores induced by bulky organic by-products formed
y consecutive reactions of target reaction, such as dimerization or oligomerization of propylene oxide, etherification of propylene oxide with
sopropyl alcohol. In addition, leaching of framework titanium also contributes to the deactivation of the catalyst.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Propylene oxide (PO) is one of the most important chem-
cal intermediates for producing polyether polyol polymers,
uch as polyurethane. The commercial chlorohydrin and Hal-
on routes have many disadvantages in view of environmental
nd economic considerations. On the other hand, the epoxida-
ion of propylene with hydrogen peroxide using TS-1 catalyst
s an environmentally friendly alternative route. Under mild
onditions and in methanol medium, a high selectivity of trans-
ormation to PO at a relatively high conversion of propylene

an be achieved [1]. However, the relatively high cost of the
ommercial hydrogen peroxide is an obstacle for the commer-
ialization of epoxidation of propylene with hydrogen peroxide
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o form PO. The method for resolving this problem is to inte-
rate this process with hydrogen peroxide production. Direct
xidation of propylene with hydrogen and oxygen is an interest-
ng approach [2–8], but a proper multicomponent catalyst, the
rucial technique for this integrated process, had not yet been
ound. As an alternative, the integration of propylene epoxi-
ation by hydrogen peroxide and the formation of hydrogen
eroxide by oxidation of secondary alcohols with oxygen is an
ffective method [9–13]. Among the secondary alcohols, iso-
ropyl alcohol is proper for hydrogen peroxide production. But,
t is not known whether isopropyl alcohol is proper as solvent
or the epoxidation of propylene over the TS-1 catalyst.

Although TS-1 gives excellent catalytic activity of the propy-
ene epoxidation, the deactivation of the catalyst occurs with
ime on stream [14,15]. Generally, the activity of TS-1 for propy-

ene epoxidation by 30-wt% hydrogen peroxide in methanol

edium becomes lower due to titanium leaching from the cata-
yst structure [16]. In contrast with many research efforts focused
n finding out new catalytic applications of this zeolite in the

mailto:qingfaw@yahoo.com.cn
mailto:wlytj@yahoo.com.cn
dx.doi.org/10.1016/j.molcata.2007.03.068
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ecent years, only a few reports on the TS-1 deactivation exist
17]. The methods of generating deactivated TS-1 are mainly
ocused on: (1) heat treatment at temperatures from 300 to
00 ◦C in the presence of different media, such as air, vapor and
nert gas [18–24]; (2) oxidation by dilute hydrogen peroxide at
emperatures below 100 ◦C [25–27]; (3) extraction by different
olvents such as methanol in the temperature range from 140 to
40 ◦C [28–30].

The aim of this work was to determine the performance
f the TS-1 catalyst for epoxidation of propylene to PO by
0-wt% hydrogen peroxide in isopropyl alcohol medium and
o investigate the deactivation and regeneration of the spent
S-1 catalyst in order to explore the possibility of the inte-
ration process of PO preparation by propylene epoxidation
nd hydrogen peroxide production by isopropyl alcohol oxi-
ation. To be specific, two objectives are depicted. First, an
xtended test of propylene epoxidation by hydrogen peroxide
n isopropyl alcohol medium up to 260 h is performed over
he TS-1 catalyst in a continuous autoclave reactor to examine
he catalytic performance. Second, in order to the evaluate the
egeneration methods and to examine the deactivation causes,
he deactivated TS-1 catalysts is regenerated by calcination,
ashing with isopropyl alcohol or washing with dilute hydro-
en peroxide and characterized by scanning electron microscopy
SEM), Brunauer–Emmett–Teller (BET) method, X-ray diffrac-
ion (XRD), Fourier-transform infrared spectroscopy (FT-IR),
9Si magic angle spinning nuclear magnetic resonance (29Si

AS NMR) and thermogravimetric analysis (TGA) and the
poxidation reaction over regenerated catalysts performed in a
atch reactor. The compositions deposited on the surface of the
atalysts were separated by solvent extraction and analyzed by
as chromatography–mass spectrometry (GC–MS).

. Experimental

.1. Catalyst preparation

TS-1 zeolite was synthesized according to the procedure
escribed in Ref. [31]. One hundred grams of tetraethyl orthosil-
cate were stirred under N2 atmosphere and 3 g of tetraethyl
itanate was added followed by dropwise addition of 160 g of

25 wt% solution of tetrapropylammonium hydroxide. After
he alcohol had been evaporated off at 80 ◦C, 175 g of distilled
ater was added to the solution. The mixture was transferred

o an autoclave, heated at 170 ◦C under autogeneous pressure
or 3 days. After cooling down to room temperature, the crys-
alline product was separated from the liquid by centrifugation,
ashed with water, dried at 120 ◦C for 12 h, and finally calcined

t 550 ◦C for 6 h in air.

.2. Epoxidation procedure, analytical methods and
atalyst regeneration
Epoxidation was performed in a stirred autoclave reactor
1000 ml). A ceramic tube was placed on the front of the liq-
id outlet to separate TS-1 catalyst from the reaction mixture.
wenty grams TS-1 catalyst and 550 ml isopropyl alcohol were

T
a
e
i
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harged into the reactor. The propylene was then fed and the
ressure was kept at 0.4 MPa. Then the mixture of isopropyl
lcohol and hydrogen peroxide was fed in and out at the flow
ate of 120 ml h−1. In the inlet mixture, the molar ratio of iso-
ropyl alcohol to H2O2 is 0.5. The reaction temperature was
ept at 40 ◦C and the stirring speed was set at 600 rpm. Sam-
les were withdrawn at different times and immediately injected
nto a Hewlett-Packard 4890 gas chromatograph with a 15 m
P-5 capillary column (Flame-Ionization Detector). The H2O2

oncentration was determined by iodometric titration.
After the reaction, the spent catalysts were separated by

entrifugation and dried at ambience temperature and air, and
hen regenerated. For the regeneration with isopropyl alcohol
r hydrogen peroxide, isopropyl alcohol or 30-wt% hydrogen
eroxide was added to a flask containing the spent catalyst. The
ixture was stirred for 4.5 h at 80 ◦C for the regeneration with

sopropyl alcohol and 40 ◦C for the regeneration with hydrogen
eroxide. Then the catalysts were separated from the mixture
sing a centrifuge and dried at 100 ◦C. For the regeneration by
alcinations, the spent catalyst was calcined at 550 ◦C under air
or 5 h.

The catalytic performance of the regenerated samples was
ested in a semi-batch autoclave reactor. Isopropyl alcohol
43.2 g), 30-wt% hydrogen peroxide (4.8 g) and TS-1 catalyst
0.7 g) were added to the reactor, and then propylene was fed.
he reaction was carried out at 40 ◦C and 0.4 MPa for 2 h.

.3. Collection and analysis of coke compositions

The coke compositions deposited on the surface of the deac-
ivated catalysts were collected according to Refs. [32,33].
he deactivated catalysts were extracted firstly with carbon

etrachloride and secondly with dichloromethane. Then, the
xtracted catalyst was dissolved in 40 wt% hydrofluoric acid and
he solution thus obtained was extracted by dichloromethane.
inally, three extracts were concentrated by evaporating the
olvent and analyzed using a Hewlett-Packard 6890N series
as chromatograph and a 5975 inert mass selective detector,
espectively.

.4. Catalyst characterization

XRD patterns were collected on a D/mass-2500 diffractome-
er using nickel-filtered Cu K� radiation (λ = 0.1540 nm). Bragg
ngles between 5◦ and 50◦ were scanned with 0.02◦ step. FT-
R spectra were recorded at room temperature with a Nicolet

agna-IR 560 spectrometer using the KBr wafer technique.
he crystal size was determined by SEM with a JEOL JSM-
400 microscope. TGA analysis was performed on a TA-50
himadzu Thermogravimetric Analyzer to study the mass loss of

he catalysts under oxygen at flow rate of 20 ml min−1. The tem-
erature was ramped from 20 ◦C up to 700 ◦C at a heating rate of
5 ◦C min−1. The BET data was obtained with a Micromeritics

riStar 3000 analyzer. The samples were heated under vacuum
t 120 ◦C for 4 h prior to the nitrogen adsorption–desorption
xperiments. 29Si MAS NMR spectra were recorded on an Infin-
tyPlus spectrometer at room temperature. The parameters of
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ig. 1. Continuous epoxidation results of propylene with H2O2 over the fresh
S-1 catalyst: (a) propylene oxide concentration and yield and (b) H2O2 con-
entration and conversion.

.8 s pulse width, 4 s recycle delay and 400–1500 scan number
ere adopted. The 3-trirnethylsiyl propane sulfonic acid Na salt

DSS) was used as the external reference.

. Results

.1. Catalytic performance for PO synthesis

Fig. 1 shows the TS-1 performance for epoxidation of propy-
ene by H2O2 in the continuous reactor. The yield of PO reaches

plateau at the reaction time of approximately 24 h and then

ecreases rapidly. The maximum yield of PO was 67%. The rel-
tively stable yield of PO over the TS-1 sample in isopropyl
lcohol medium can be obtained after approximately 110 h.
owever, the yield of PO decreased slowly with increasing reac-

t
r
t
e

able 1
ET results of different TS-1 samples

amples Surface area (m2 g−1)

resh 387.2
alcined 371.4
egenerated with H2O2 260.2
egenerated with isopropyl alcohol 199.6
eactivated 160.7
Fig. 2. The H2O2 conversion in catalytic tests.

ion time from 110 to 158 h and then achieved a steady-state
p to 263 h again. The stable yield of PO was 43%. Similarly,
he high conversion of H2O2 was obtained at initial stages of
he reaction because of the high initial activity of TS-1 and
he excess amount of propylene in the reaction mixture. Then

decrease in the conversion of H2O2 as a function of time-
n-stream up to approximately 158 h was observed. The stable
2O2 conversion of 58% was obtained after approximately
58 h. The TS-1 catalyst thus obtained was the deactivated
atalyst.

.2. Regeneration of the deactivated titanium silicalite
atalyst

.2.1. The catalytic performance of regenerated TS-1
amples

The catalytic performance of regenerated catalysts for the
poxidation of propylene was tested in a batch reactor and
he results are presented in Fig. 2. The conversion of H2O2
ver the regenerated catalyst by calcination was reduced to
8% of the corresponding fresh catalyst. The conversions of
2O2 obtained on the catalysts regenerated by H2O2-washing

nd calcination was similar. The TS-1 catalyst regenerated
y isopropyl alcohol washing and the spent TS-1 catalyst
ere similar in the conversion of H O . The results indicated
hat calcination and H2O2 washing had a beneficial effect on
egenerating the catalytic activity of the spent catalyst, while
he regeneration with isopropyl alcohol washing had a subtle
ffect.

Micropore volume (cm3 g−1) External surface area (m2 g−1)

0.171 44.6
0.169 44.1
0.104 39.1
0.083 38.9
0.072 36.4
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ig. 3. The SEM micrograph of catalysts: (a) fresh TS-1, (b) deactivation TS-
, (c) regenerated by isopropyl alcohol, (d) regenerated with H2O2, and (e)
egenerated with calcination.

.2.2. The SEM analysis
The SEM micrographs of the TS-1 samples are shown in

ig. 3. The crystallites of all samples were uniform and their

hape showed the typical morphology of the MFI structure. The
verage crystal size was roughly 0.2 �m. There is no signifi-
ant change in the morphology on the spent and regenerated
atalysts.

l
a
b
B

ig. 4. The XRD pattern of TS-1 catalysts: (1) fresh catalyst, (2) regenerated with
sopropyl alcohol, (3) regenerated with H2O2, (4) regenerated by calcination,
nd (5) deactivated catalyst.

.2.3. The BET analysis
The BET results on all catalysts listed in Table 1 have a con-

istent order with that of hydrogen peroxide conversion in the
atalytic tests. The surface area and micropore volume of the
eactivated catalyst decreased compared to the fresh sample,
ndicating majority of the channels of the spent TS-1 catalyst
ere blocked and the Ti active sites were occupied by the macro-
olecular by-products. The surface area and micropore volume

f the regenerated catalysts increased compared to the spent one
nd the sample regenerated by calcination gave a relatively high
urface area and micropore volume that were close to those of
he fresh one.

.2.4. The XRD characterization
The X-ray diffraction patterns of the TS-1 samples are shown

n Fig. 4. The main diffraction peaks of all the samples are
he same as that of the typical TS-1 zeolite. The single peak
t 2θ = 24.4◦ indicates a change from monoclinic symmetry
silicate-1) to orthorhombic symmetry (TS-1). The results indi-
ated that the deactivation and regeneration processes had no
ffect on the crystal structure of TS-1. But there were the sig-
ificant difference in the crystallinity and unit cell parameters
etween the fresh and deactivated and regenerated catalysts.
he crystallinity of the samples was calculated according to

he method described in Ref. [34] and the results are listed in
able 2. The relative crystallinity of the spent catalyst decreased
ignificantly. The relative crystallinity of the regenerated sam-
les was higher than that of the spent one but lower than that the
resh one. It indicated that there were some crystal defects in the
egenerated and deactivated samples. These crystal defects may
romote the formation of by-productions due to its high acidity
35].

The unit cell parameters were calculated using the standard
quation for an orthorhombic unit cell [36] and the results are

isted in Table 2. The unit cell volumes of the fresh one, regener-
ted samples by calcination and hydrogen peroxide treatment lie
etween the values of 5340–5405 Å3 reported in literature [36].
ut, the unit cell volume of the regenerated sample by calcina-
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Table 2
The XRD and FT-IR results of different samples

Samples Relative crystallinity Cell parameter (Å) Unit cell volume (Å3) I960/I550

a b c

Fresh 1.00 20.08 (1) 19.92 (2) 13.41 (1) 5373.6 (10) 0.45
Calcined 0.91 20.07 (1) 19.94 (2) 13.42 (1) 5370.1 (10) 0.43
Regenerated with H O 0.90 20.08 (1) 19.85 (2) 13.51 (1) 5384.5 (10) 0.42
R 1) 19.94 (2) 13.44 (1) 5407.2 (10) 0.35
S 1) 20.02 (2) 13.50 (1) 5439.3 (10) 0.19
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egenerated with isopropyl alcohol 0.89 20.17 (
pent 0.78 20.13 (

ion was lower than that of the fresh one, indicating a decrease
n the framework titanium contents on the regenerated catalyst.
n contrast, the unit cell volumes of the deactivated catalyst and
he catalyst regenerated by isopropyl alcohol treatment were not
n the range above.

.2.5. The TGA characterization
TG–DTG curves of the catalysts are shown in Fig. 5. The

S-1 catalyst regenerated by calcination had no weight loss
not shown). The weight loss of the samples increased with
ecreasing H2O2 conversion in catalytic tests. It is seen that
he fresh catalyst has almost no weight loss and the curve is lin-
ar. TG–DTG curves of the spent and regenerated catalysts were
imilar and there were three distinct stages of weight loss in the
emperature range of 50–550 ◦C. Three stages of weight loss
re attributed to desorption of water and PO [37,38], the bulky
olecular by-products deposited on the surface and channels of
S-1 catalysts, respectively. The weight loss of the spent catalyst
t the first stage between 50 and 200 ◦C was higher than that of
he regenerated samples. The weight loss of the H2O2 treatment
ample at the third stage between 400 and 550 ◦C was slightly
ower than that of the sample washed with isopropyl alcohol.
.2.6. The FT-IR characterization
Fig. 6 shows the FT-IR spectra of TS-1 catalysts. The main

bsorption bands are observed at 1230, 1104, 960, 804, 550 and
50 cm−1, which agreed with the FT-IR spectra of TS-1 reported

t
a
H
S

ig. 5. TG–DTG profiles of catalysts: (a) fresh TS-1, (b) deactivated TS-1 catalyst, (
ith isopropyl alcohol.
ig. 6. The FT-IR spectra of TS-1 catalysts: (a) fresh catalyst, (b) spent cata-
yst, (c) regenerated with isopropyl alcohol, (d) regenerated with H2O2, and (e)
egenerated by calcination.

n the literature [39,40]. The bands at 550 and 800 cm−1 are
ssigned to δ(Si–O–Si) and ν(Si–O–Si), respectively. It is well
nown that an absorption band in the 960 cm−1 is assigned to

he stretching mode of the [SiO4] tetrahedral bond with Ti atoms
nd may be considered as the fingerprint of framework titanium.
owever, such assignment has also been interpreted in term of
i–OH groups and may be considered as a structural defect rather

c) TS-1 catalyst regenerated with H2O2, and (d) the TS-1 catalyst regenerated
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han an atom isomorphously substituted for silicon in the silica
ramework [41]. But it is commonly accepted as the character-
stic of asymmetry of Ti- and Si-containing zeolites. A strong
ntensity of band at 960 cm−1 is consistent with a low symmetry
f framework structure. The symmetry of framework structure
f Ti- and Si-containing zeolites decreases with an increase in
he content of Ti [42–45]. Therefore, the decrease in symme-
ry of framework structure is the indirect evidence of titanium
ncorporated into the MFI structure. Table 2 summarized the
eak area ratio of the band at 960 cm−1 to that of 550 cm−1

I960/I550) in the FT-IR spectra for all samples. It was observed
hat the peak area ratio for the spent and regenerated catalysts
as lower than that for the fresh catalyst. However, the ratio

or the catalysts regenerated by calcination and H2O2 treatment
ere close to that for the fresh one. The results indicated that

here was an irreversible change in the framework symmetry of
he TS-1 catalyst during its deactivation process. Table 2 and
ig. 2 show that I960/I550 of all samples was consistent with

heir conversion of H2O2 in the catalytic tests. It implies that
he irreversible change in the framework symmetry of the TS-1
atalyst for the epoxidation reaction of propylene results in its
rreversible deactivation.

For the spent catalyst, it was observed that the peak at
60 cm−1 shifted to 968 cm−1. This was likely caused by the
hange of the coordination structure and vibration of Ti(IV)
tom induced by the bulky by-products deposited in the chan-
els of the catalyst. Boccuti and his co-workers also found that
he peak at 960 cm−1 shifted to higher wave numbers with a sig-
ificant decrease in the intensity due to the absorption of water
r other molecules [46]. In addition, some of stretching bands in
he range of 2900–3000 cm−1 appeared, which can be assigned
o the saturated C–H appeared in the FT-IR spectrum of spent
atalyst. This revealed that some bulky molecular substances
ith saturated C–H existed on the spent catalyst. Maybe, ether-

sh species also exist on the catalyst while they could not be
uthenticated only by FT-IR due to the interference vibration of
he Ti–O, Si–O and C–O bond in the TS-1 catalyst.

.2.7. 29Si MAS NMR characterization
Fig. 7 shows the 29Si MAS NMR spectra of all sam-

les. There are peaks at δ = −113.4 ppm and δ = −116.4 ppm
n all spectra. If only the peak at δ = −113.4 ppm appears,
he zeolite exhibits monoclinic symmetry. The presence of the
= −113.4 ppm peak together with the δ = −116.4 ppm shoul-
er indicates the orthorhombic symmetry of zeolite. The results
eported by Thangaraj and co-workers [47] and by Li and co-
orkers [48] show that S-1 and TS-1 with lower titanium content

xhibit monoclinic symmetry at room temperature. With the
ncrease in the framework titanium content, the symmetry of
S-1 structure gradually changes from the monoclinic struc-

ure to the orthorhombic structure. Therefore, on the basis of
RD patterns, FT-IR spectra and 29Si MAS NMR spectra, it

s concluded that a significant fraction of titanium in these

atalysts is situated in framework positions. Compared to the
resh and regenerated catalysts, an obvious change in chemical
hift of two peaks to high-field side was observed in the spec-
ra of the deactivated catalyst. This might be ascribed to the

G
r
t
t

ig. 7. 29Si MAS NMR of TS-1 catalysts: (a) fresh, (b) calcined, (c) regenerated
ith H2O2, (d) regenerated with isopropyl alcohol, and (e) deactivated.

ore coke components on the deactivated catalyst than on other
amples.

. Discussion

The major product of the epoxidation reaction of olefins
ith hydrogen peroxide in alcohol medium over the TS-1 cata-

yst is the corresponding epoxide. Depending on the reaction
onditions, the following by-products were obtained in vari-
us amounts: diol, ether, organic acid, aldehyde, polymer [1].
mong them, the ether formed by the etherification of epox-

de with alcohol is the major by-product. The steric hindrance
f isopropyl alcohol to the reaction is more serious than that
f methanol. Therefore, the rate of the etherification reaction
s slower in isopropyl alcohol than in methanol because the
eaction rate of etherification is influenced by the steric hin-
rance of alcohol to the reaction. It is well known that the rate
f the epoxidation reaction of propylene with H2O2 is signifi-
antly influenced by the gas–liquid mass transfer because it is a
as–liquid–solid three-phase reaction. A relatively high solubil-
ty of propylene in the liquid medium has a beneficial effect on
he epoxidation reaction. However, the solubility of propylene in

ethanol was lower than that in isopropyl alcohol. Therefore, the
igh PO yield of epoxidation of propylene with hydrogen per-
xide in the isopropyl alcohol medium, which was very close to
hat in the methanol medium, was obtained although isopropyl
lcohol has a serious steric hindrance to epoxidation of propy-
ene than methanol. The results obtained in our work indicated
hat there is a possibility that the integrated process of propylene
poxidation by H2O2 and hydrogen peroxide generation by oxi-
ation of isopropyl alcohol are achieved with a relatively high
ield of PO and stability of the TS-1 catalysts.

In present work, the coke components deposited on the deac-
ivated catalyst was collected by extraction and analyzed by

C–MS. There were three families of the coke components cor-

esponding to their possible origin (presented in Table 3) except
he reactant, solvent and target product in the extracts. But, in
he final dichloromethane extract, only the compounds in fam-
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Table 3
Major components of the coke extracted from the deactivated catalyst

Family no. Molecular weight Compound Formula

1 76 1,2-Propanediol

2 118 Propylene glycol isopropyl alcohol ether

3 134 Dipropylene glycol

e glyc

i
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i
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a
d
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m
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176 Dipropylen

lies 1 and 2 were found and the compounds in family 3 were
ainly found in the first carbon tetrachloride extract. This result

ndicated that the compounds in families 1 and 2 deposited in the
hannels of the deactivated catalyst and the dimeric compounds
nd oligomers deposited mostly on the external surface of the
eactivated catalyst. 1,2-Propanediol and propylene glycol iso-
ropyl ether are formed by hydrolysis of PO and nucleophilic
ddition of alcohol, respectively, catalyzed by the weak acid Ti-
enter (see Scheme 1). According to the method of estimating
olecular dimension with Materials Studio 3.0 software in Refs.

49,50], the kinetic diameter of propylene glycol isopropyl ether
as about 0.66 nm × 0.51 nm. The pore size of TS-1 catalyst
ith an MFI structure are 0.53 nm × 0.56 nm for straight chan-
el and 0.51 nm × 0.55 nm for the sinusoidal channel [51–53].
herefore, the hydrolysis and etherification by-products can be

ormed in the channels and external surface of the catalysts.
owever, as a result of the channel constraints, the by-products

ormed by consecutive reactions of etherification reaction can
nly be formed on the external surface. The molecules of the
y-products formed in the micropores of TS-1 cannot diffuse
ut from the channel of TS-1 immediately and part of them

esided in the micropores. As a result of the blockage of the chan-
el, the deactivation phenomenon of the TS-1 catalyst occurred
ecause most of the active Ti-sites located in the channels of
S-1 [47,54,55].

Scheme 1. By-products of propylene epoxidation by H2O2 over TS-1.

d
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ol monoisopropyl alcohol ether

Among the regeneration methods used in our work, isopropyl
lcohol washing is a physical separation process and its effect
n recovering activity of the deactivated catalyst depends on the
esistance of extraction mass transfer and the solubility of the
eposits in the alcohol. Therefore, the deposits on the external
urface of the catalysts could be removed easily by this method.
ut, it is difficult to remove the deposits in the micropores of the
atalysts, resulting in a relatively low efficiency of the regenera-
ion. The results of our experiments as well as that with refluxing

ethanol [56,4] well confirmed this. Hydrogen peroxide wash-
ng and calcinations at high temperature are chemical reaction
rocesses. The bulky by-products can be oxidized by hydrogen
eroxide to form small molecular compounds [57]. The small
olecules could easily diffuse out from the micropores of the

atalysts. However, minority of bulk by-products might remain
n the micropores because of their complete conversion. At high
emperatures, the complete oxidation reaction of the organic
ompounds with oxygen can occur and a result of a full recovery
n the activity of the TS-1 catalysts should be attained. But, H2O2
onversion over this sample was reduced to 98% of the corre-
ponding fresh catalyst. This result indicated that the irreversible
eactivation of the TS-1 catalyst occurred in epoxidation pro-
ess. This might be ascribed to framework titanium leaching
aused by the solvolysis of polar molecules such as water and
ydrogen peroxide that react with the tetrahedral titanium to
orm octahedral titanium peroxo-species [56]. In addition, the
efects on TS-1 catalyst may also cause titanium leaching from
he crystalline structure of TS-1 during reaction [58–60].

. Conclusions

The epoxidation reaction of propylene with hydrogen per-
xide over the TS-1 catalyst in the isopropyl alcohol medium
an performed with a high yield of PO and stability of TS-1.
he PO yield of 67% and the H2O2 conversion of 91% were

btained after the reaction of approximately 24 h. The major
ause of the deactivation of TS-1 catalysts was the blockage of
he TS-1 catalyst channels caused by bulky by-products formed
y reacting propylene epoxide with isopropyl alcohol and further
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ligomerization. Ti leaching also contributed to the deactivation
f TS-1 catalysts. The effectiveness of the regeneration with the
sopropyl alcohol treatment was low because this method could
nly partly remove the deposits in the micropores of TS-1. Both
he regeneration methods by calcination and the hydrogen per-
xide treatment are very effective in the recovery of the catalytic
ctivity of the TS-1 catalysts, especially the former.

cknowledgements

The supports of the National Natural Science Foundation of
hina (Granted No. G 20446003) and the PhD Specific founda-

ion of the Ministry of Education (Granted No. G 20030056035)
or this research are greatly acknowledged.

eferences
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