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Abstract

The effects of preparation method and precipitator on the catalytic properties of Ag/TS-1 in the gas-phase epoxidation of propylene were
investigated in a fixed bed, quartz reactor. The Ag/TS-1 catalysts were characterized by XRD, UV–vis, FT-IR and TEM. The results show that
the catalysts prepared by both deposition-precipitation (DP) and impregnation (IMP) methods exhibit catalytic activity and selectivity in the
reaction. 0.48% propylene conversion with 57.88% selectivity to PO is obtained over Ag/TS-1 catalyst prepared by IMP method. However,
DP method is optimum. Alkaline metal carbonate is a suitable precipitator. Using K2CO3 as the precipitator, the catalyst exhibits high activity
and selectivity; using Cs2CO3 as the precipitator, the stability of the catalyst is improved; the propylene conversion and the selectivity to PO
are 1.28% and 84.12%, 1.11% and 85.41% at 31 and 54 min, respectively. Besides the dispersion of silver particles, pH value of precipitators
as well as the interaction between silver species and the support are the key factors for the gas-phase epoxidation of propylene.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Propylene oxide (PO) is one of the most important
chemical feedstocks for the production of polyether polyol
polymers, such as polyurethane. Commercially, PO is
manufactured either by chlorohydrin or the co-production
(Halcon) routes, which has many disadvantages[1,2]. The
invention of titanium silicalite (TS-1)[3,4] opened a new
route for the selective oxidation of olefins using dilute H2O2
as an oxidant, but the cost of H2O2 is quite high. Ethylene
epoxidation using oxygen as an oxidant has been commer-
cialized for many years, but many critical issues related to
propylene epoxidation have not yet been solved.

In analogy to ethylene epoxidation, researchers have paid
more attention to the direct synthesis of PO by oxygen or air
in the gas phase. This is mainly focused on supported[5–15]
and non-supported catalysts[16–18]. For the supported cat-
alysts reacted at ambient pressure, it mainly focused on Au
[5–10] and Ag catalysts[11]. Using these two supported
catalysts, researchers reported that only DP method could
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get selective catalyst; while using IMP[10,11] or sol–gel
method[11], no PO was detected in the gas-phase epoxi-
dation of propylene. It is noteworthy that all the catalysts
were prepared by using NaOH or Na2CO3 as the precipita-
tor, when DP method was adopted. Haruta and coworkers
[8,9] investigated the effect of precipitator on the propylene
epoxidation, and found that NaOH was the best depositing
agent to prepare the catalysts. On a TS-1-supported Au cat-
alyst, the propylene conversion and the PO selectivity were
0.71% and 93%, respectively[5]. When Au/Ti–MCM-48
was used as the catalyst, about 5% propylene conversion
with higher than 90% PO selectivity was obtained[9]. How-
ever, de Oliveira et al.[11] reported that both NaOH and
Na2CO3 could be used for the preparation of Ag/TiO2. Over
Ag/TiO2 catalyst prepared with Na2CO3 as the precipita-
tor, 0.4% propylene conversion with about 90% selectivity
to PO was obtained. It is reported that on the modified Ag
catalysts, potassium is usually used to improve the catalytic
properties[19–22]. Some researchers explained that K+ has
stronger basicity that killed the acid sites of the catalyst sur-
face, and thus increases the selectivity to PO. While Lam-
bert and coworkers[23] reported that as a promoter, when
K loading is 1.7%, the silver particle size distribution can
be changed and achieved maximum selectivity and activity
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over K–Ag/CaCO3 catalyst. The propylene conversion and
the selectivity to PO are 6% and 15.2%, respectively.

In this paper, the effects of preparation method of Ag/TS-1
catalysts, such as DP, IMP and ion-exchange (IE) methods
and precipitators, such as Na2CO3, K2CO3 and Cs2CO3, on
the propylene epoxidation in the gas phase are investigated.

2. Experimental

2.1. Catalyst preparation

TS-1 was synthesized according to the literature[24].
Ag/TS-1 was prepared by DP[25], IMP and IE method. In a
typical preparation for the Ag/TS-1 catalyst by DP method,
1.5 g TS-1 was mixed with 200 mL of 0.05 mol/L Na2CO3
solution, and then 100 mL 2.8 mmol/L AgNO3 solution was
added drop by drop into the mixture. When the addition was
finished, the mixture was continuously stirred for 1 h. Solid
sample was separated by filtration, washed with distilled wa-
ter, dried at 90◦C overnight and then calcined at a rate of
1◦C/min from room temperature to 450◦C, and maintained
at 450◦C for 5 h in air. For the isovolumetric IMP method,
1.5 g TS-1 was added to the suitable amount of AgNO3 so-
lution, stayed at the room temperature for 10 h, and then
dried, calcined at the same conditions as those used in DP
method. For the IE method, 1.5 g TS-1 was added to 100 mL
AgNO3 solution, stirred at 70◦C for 2 h. Solid sample was
separated by filtration, washed with distilled water, and then
dried, calcined at the same conditions as those used in DP
method. The same process was repeated for three times.

2.2. Catalyst characterization

X-ray powder diffraction patterns were collected on
a D/max-2400 Diffractometer using Cu K� radiation.
UV–vis characterization was conducted on a Jasco V-550
by using the diffuse reflectance technique in the range of
190–800 nm. IR measurements were recorded on a Nicolet
20DXB FT-IR spectrometer. The sample was ground with
KBr and pressed into thin wafers. The transmission elec-
tron microscopy (TEM) was obtained on a JEX-2000EX,
accelerated voltage 100 kV. ICP analysis was performed on
ICP 1014.

Table 1
Effect of preparation method of Ag/TS-1 on the gas-phase epoxidation of propylene

Preparation method Actual Ag loading (%) XC3H6 (%) Selectivity for products (%)

Aldehyde PO Propanal Acetone

IMP 1.56 0.48 9.12 57.88 28.88 4.12
IE 1.35 0.03 41.39 0 0 58.61
DP 0.37 0.78 1.98 94.85 3.16 0

The Ag content in Ag/TS-1, 2 wt.%; Ag/TS-1 calcined at 450◦C in air, 0.6 g; 150◦C; atmospheric pressure;VC3H6:VO2:VH2:VN2, 1:2:3:12; space velocity,
4000 h-1; nSi/nTi , 33; reaction time, 70 min.

2.3. Catalytic test

The catalytic activity tests in the gas-phase epoxidation of
propylene were carried out in a vertical fixed-bed quartz re-
actor with an inner diameter of 8 mm. About 0.6 g Ag/TS-1
catalyst was placed in the middle of the reactor with quartz
beads support at each end. The typical reaction conditions
were as follows—150◦C, atmospheric pressure, space ve-
locity: 4000 h−1, VC3H6 : VO2 : VH2 : VN2 = 1 : 2 : 3 : 12.
Analysis of the products was carried out by GC–MS (HP
6890 GC/5973 MSD) and GC (GC7890F, FID detector with
50 m× 0.25 mm× 0.4�m PEG20M capillary column and
GCSRI 8610C, TCD detector with 2.5 m× 3 mm GDX-101
packed column). The conversion of propylene (XC3H6) and
the selectivity to PO (SPO) were calculated by the carbon
balances[17].

3. Results and discussion

3.1. Effect of preparation method

The catalytic properties of Ag/TS-1 catalysts prepared by
different methods are shown inTable 1. It can be seen from
Table 1that the catalyst prepared by IE method hardly has
any activity. Among the three methods, the Ag/TS-1 catalyst
prepared by DP method is optimum, 0.78% propylene con-
version with 94.85% PO selectivity is obtained. However,
on the catalyst prepared by IMP method, 0.48% propylene
conversion and 57.88% PO selectivity are obtained. At the
same conditions, over Ag/Ti–MCM-41 catalyst prepared by
IMP method, it exhibited 0.14% propylene conversion with
20.86% selectivity to PO. Therefore, it can be concluded that
the catalysts prepared by both DP method and IMP method
can get selective catalyst for the gas-phase epoxidation of
propylene.

3.2. Effect of precipitator

Table 2shows the effect of precipitator on the propylene
epoxidation over Ag/TS-1 catalysts in the gas phase. It can
be seen fromTable 2that precipitator has an important influ-
ence on the catalytic properties of the catalyst. The Ag/TS-1
samples prepared by using alkali metal carbonate as the
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Table 2
Effect of precipitator on the propylene epoxidation over Ag/TS-1 in the
gas phase

Precipitator XC3H6 (%) Selectivity for products (%)

Aldehyde PO Propanal CO2

Na2CO3 0.78 1.98 94.85 3.16 0
K2CO3 0.69 3.27 96.73 0 0
NaOH 1.29 10.60 0 19.73 58.15
KOH 1.29 8.69 0.64 9.47 78.08
NH4OH 0.34 12.55 4.09 70.73 0
TPAOH 0 0 0 0 0

2 wt.% Ag/TS-1 calcined at 450◦C in air, 0.6 g; 150◦C; atmospheric pres-
sure; space velocity, 4000 h−1; VC3H6:VO2:VH2:VN2, 1:2:3:12; the initial
pH value for DP, 11.7;nSi/nTi is 33; reaction time, 70 min.

precipitator are superior to those prepared by using alkali
metal hydoxides as the precipitator. Although TPAOH and
NaOH have similar basicity, the activities of Ag/TS-1 sam-
ples prepared by using these two precipitators are clearly
different. Using TPAOH as the precipitator, the prepared
Ag/TS-1 does not show any catalytic activity. Moreover, it
is noteworthy that the existence of K+ benefits the forma-
tion of PO both for the alkali metal carbonate and the alkali
metal hydroxide precipitators, which is not in agreement
with Haruta and coworkers’ observation[7].

From the results it can be seen that the precipitators
containing CO32− are better than that containing OH−.
0.07 mol/L (NH4)2CO3 was then used to prepare the cata-
lyst, which result is shown inTable 3. It can be seen that
both the activity and the selectivity are quite poor. It is
proposed that besides the anion ions, the basicity of the
precipitator also has an important effect on the catalytic
properties. Therefore different precipitator concentrations
of Na2CO3 and K2CO3 were investigated, and found that
0.07 mol/L K2CO3 is optimum.

Using K2CO3 or (NH4)2CO3 as the precipitator, Ag2CO3,
KNO3 and Ag2CO3, NH4NO3 are formed in the mixture,

Table 3
Effect of precipitator on the gas-phase epoxidation of propylene over Ag/TS-1

Precipitator t (min) XC3H6 (%) Selectivity for products (%)

Aldehyde PO Propanal CO2

0.07 mol/L K2CO3 6 1.88 1.06 90.92 0 8.02
24 0.77 0 90.22 0 9.78
51 0.44 0 100 0 0

0.07 mol/L Cs2CO3 6 2.53 9.56 62.67 0 27.78
31 1.28 5.17 84.12 0 10.71
54 1.11 4.02 85.41 0 10.57

0.07 mol/L K2CO3 + a little NH4NO3 6 1.39 2.41 68.38 0 29.22
30 1.29 1.84 86.99 1.57 9.60
54 1.05 1.47 88.57 1.14 8.82

0.07 mol/L (NH4)2CO3 + a little KNO3 30 0.39 13.03 5.21 51.77 19.72
53 0.30 7.82 5.15 58.41 14.06
6 0.50 17.11 26.53 5.44 35.20

0.07 mol/L (NH4)2CO3 27 0.29 8.88 5.46 54.81 17.92
50 0.26 9.12 3.72 52.64 20.35

Notes are the same as inTable 2except without maintaining the same initial pH value.

respectively. In order to further identify the effect of the pH
value (or the cations), 0.07 mol/L K2CO3 + a little NH4NO3
(the same mole amount as that of AgNO3 used in the prepa-
ration) and 0.07 mol/L (NH4)2CO3 + a little KNO3 (the
same mole amount as that of AgNO3 used in the prepara-
tion) were then used to prepare Ag/TS-1 catalysts. The re-
sults are shown inTable 3.

It can be seen fromTable 3 that the difference of the
catalytic properties with K2CO3 or (NH4)2CO3 as the pre-
cipitator is not due to the existence of KNO3 or NH4NO3,
but would be the effect of cations or the pH value of the
solution. Compared with that using K2CO3 as the precip-
itator, the stability of Ag/TS-1 prepared with Cs2CO3 has
been improved, while the PO selectivity decreases slightly.
It can be seen that the catalytic activity decreases gradually
with time on stream. The results related to the catalyst de-
activation and regeneration have been reported in literature
[26].

3.3. Characterization of Ag/TS-1 prepared by different
methods

XRD patterns of Ag/TS-1 prepared by different meth-
ods do not show obvious difference. TEM photographs of
Ag/TS-1 prepared by different methods are shown inFig. 1.
It can be seen that the silver particles are much uniform
prepared by IMP method (Fig. 1(b)), while the catalyst pre-
pared by IE method (Fig. 1(c)) shows an evident decrease in
density and the silver particles are small and inhomogenous,
which size are 1–2, 5–7 and 13–15 nm, respectively. The Ag
particles prepared by IMP method are 1–3 nm smaller than
that prepared by DP method, but their catalytic properties
have an obvious difference.

During the preparation of Ag/TS-1 catalysts with IE, IMP
and DP methods, different silver compounds were formed,
which are AgNO3 and Ag2CO3, respectively. When the
catalysts were calcined at 450◦C in air, perhaps different
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Fig. 1. TEM photographs of Ag/TS-1 prepared by different methods.

structures, states and some different interaction between sil-
ver species and TS-1 support were formed.

Fig. 2 shows the UV–vis spectra of Ag/TS-1 prepared
by different methods, respectively. Due to the absorbance
of titanium species in the range of 190∼400 nm[27], it is
difficult to identify the absorbance of silver species in this
region. Therefore the absorbance of silver species is mainly
studied at 400–800 nm. It can be seen fromFig. 2 that the
absorbance between 400 and 800 nm has an obvious differ-
ence and is gradually shifted to high wavelength with DP,
IMP and IE methods. Moreover, the absorbance of Ag/TS-1
prepared by IE method is lower than that of the other two,
that is to say, due to the basic nature of TS-1, few amount of
silver ions were exchanged on it. The ICP analysis showed
that the actual Ag loading is only 0.37% (Table 1). This may
be another reason for the low activity.

Fig. 3exhibits the FT-IR spectra of Ag/TS-1 prepared by
different methods. In FT-IR spectra, the peak centered at
960 cm−1 is ascribed to the framework titanium species and
its intensity shows the relative amount of the species[27]. It
can be seen fromFig. 3 that the intensity of the framework
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Fig. 2. UV–vis spectra of Ag/TS-1 prepared by different methods: (1)
IE; (2) IMP; (3) DP.

titanium decreases in the order of IE, DP and IMP, due to
the silver species covering, which result is in agreement with
that of ICP analysis and UV–vis spectra. Therefore, it can
be concluded that besides the dispersion of silver particles,
the interaction between silver species and TS-1 plays an
important role in the gas-phase epoxidation of propylene.

3.4. Characterization of Ag/TS-1 prepared with different
precipitators

The aim of using alkaline material is to deposit Ag+ on
TS-1 during the preparation of the catalyst. With various an-
ions (CO3

2− or OH−) in the precipitators, different precip-
itates, Ag2CO3 or AgOH (usually existed as Ag2O), would
be formed on the support. Because these precipitates de-
compose via various routes during the following calcination
in air, there would be difference in the interaction between
silver species and TS-1 support. The difference may be the
source of the different catalytic properties of Ag/TS-1 cata-
lysts.
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Fig. 3. FT-IR spectra of Ag/TS-1 prepared by different methods.
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Fig. 4. UV–vis spectra of Ag/TS-1 prepared by different precipitators
with the same pH value: (1) TPAOH; (2) K2CO3; (3) KOH; (4) NaOH;
(5) Na2CO3; (6) NH4OH.

Fig. 4 shows the UV–vis spectra of Ag/TS-1 prepared
with different precipitators with the same pH value of the
solution. It can be seen that there is a big difference among
the spectra. Using Na2CO3 or K2CO3 as a reference, it can
be seen that the absorbance of silver species on Ag/TS-1 pre-
pared by using NH4OH, NaOH, KOH or TPAOH as the pre-
cipitator is shifted to a higher wavelength in UV–vis spectra.
When using K2CO3 as the precipitator, the absorbance of
silver species has a little shift to high wavelength, compared
with the Ag/TS-1 catalyst deposited by Na2CO3. This indi-
cates that the interaction between silver species and the sup-
port is different. The ICP analysis indicates that the amount
of K+ or Na+ is 1.23% and 0.22% in Ag/TS-1 catalysts, re-
spectively, when using K2CO3 or Na2CO3 as the precipita-
tor. When the catalyst was calcined at 450◦C in air, perhaps
due to the existence of K+ remained in the catalyst, K2O
was formed. The interaction between K2O and silver species
may decrease the transferring energy of electrons from silver
surface, thus makes a shift of the wavelength and increases
the catalytic activity. In addition, that the silver particle size
of Ag/TS-1 prepared with K2CO3 is a little smaller than that
prepared with Na2CO3 can increase the PO selectivity[26].
More basic nature of potassium than sodium may also be
another reason for higher PO selectivity.

The UV–vis spectra of Ag/TS-1 prepared with K2CO3,
(NH4)2CO3 + a little KNO3, (NH4)2CO3, K2CO3 + a lit-
tle NH4NO3 as the precipitators are shown inFig. 5. It can
be seen that the addition of KNO3 or NH4NO3 to the solu-
tion does not affect the shape of UV–vis spectra. The silver
species’ absorbance of Ag/TS-1 prepared with (NH4)2CO3
as the precipitator is shifted to a higher wavelength than
that prepared with K2CO3 as the precipitator, which ab-
sorbance is higher than 500 nm. That is to say, although the
precipitators contain the same anions, the silver species of
the prepared Ag/TS-1 catalysts can be existed in different
form. Combined with the above results, it can be concluded
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Fig. 5. UV–vis spectra of Ag/TS-1 prepared with different precipitators: (1)
0.07 M K2CO3; (2) 0.07 M (NH4)2CO3 + KNO3; (3) 0.07 M (NH4)2CO3;
(4) 0.07 M K2CO3 + NH4NO3.

that the interaction between silver species and TS-1 support
plays an important role in the reaction.

4. Conclusions

The gas-phase epoxidation of propylene was carried out in
the presence of hydrogen and oxygen. The effects of prepa-
ration method and precipitators were investigated. Among
the catalyst preparation method, not only DP method but
also IMP methods can prepare selective catalyst. However,
DP method is optimum. Alkaline metal carbonate is a suit-
able precipitator. Besides the dispersion of silver particles,
cations of precipitators as well as the interaction between
silver species and the support are the key factors for the
gas-phase epoxidation of propylene.
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