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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. Usii@¥as the precipitator, the catalyst exhibits high activity
and selectivity; using GE0; 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 get selective catalyst; while using IMRO,11] or sol—gel
method[11], no PO was detected in the gas-phase epoxi-

Propylene oxide (PO) is one of the most important dation of propylene. It is noteworthy that all the catalysts
chemical feedstocks for the production of polyether polyol were prepared by using NaOH or M203 as the precipita-
polymers, such as polyurethane. Commercially, PO is tor, when DP method was adopted. Haruta and coworkers
manufactured either by chlorohydrin or the co-production [8,9] investigated the effect of precipitator on the propylene
(Halcon) routes, which has many disadvantafde2]. The epoxidation, and found that NaOH was the best depositing
invention of titanium silicalite (TS-1]3,4] opened a new  agent to prepare the catalysts. On a TS-1-supported Au cat-
route for the selective oxidation of olefins using dilutg®d alyst, the propylene conversion and the PO selectivity were
as an oxidant, but the cost 0,8, is quite high. Ethylene  0.71% and 93%, respective[]. When Au/Ti-MCM-48
epoxidation using oxygen as an oxidant has been commer-was used as the catalyst, about 5% propylene conversion
cialized for many years, but many critical issues related to with higher than 90% PO selectivity was obtairjéfl How-
propylene epoxidation have not yet been solved. ever, de Oliveira et al[11] reported that both NaOH and

In analogy to ethylene epoxidation, researchers have paidNa;COs could be used for the preparation of Ag/Bpi@ver
more attention to the direct synthesis of PO by oxygen or air Ag/TiO» catalyst prepared with N&O3 as the precipita-
in the gas phase. This is mainly focused on suppdgetl5] tor, 0.4% propylene conversion with about 90% selectivity
and non-supported cataly4i—18] For the supported cat- to PO was obtained. It is reported that on the modified Ag
alysts reacted at ambient pressure, it mainly focused on Aucatalysts, potassium is usually used to improve the catalytic
[5—-10] and Ag catalyst§11]. Using these two supported propertieg19-22] Some researchers explained that Kas
catalysts, researchers reported that only DP method couldstronger basicity that killed the acid sites of the catalyst sur-

face, and thus increases the selectivity to PO. While Lam-

mspondmg author. Tels86 411 88993908: bert aqd c_oworker{523] reported that as a prpm_oter_, when
fax: +-86 411 83689065. K loading is 1.7%, the silver particle size distribution can
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over K—Ag/CaCQ catalyst. The propylene conversion and 2.3. Catalytic test
the selectivity to PO are 6% and 15.2%, respectively.

In this paper, the effects of preparation method of Ag/TS-1  The catalytic activity tests in the gas-phase epoxidation of
catalysts, such as DP, IMP and ion-exchange (IE) methodspropylene were carried out in a vertical fixed-bed quartz re-
and precipitators, such as Ma0O3, KoCO3z and CsCOs, on actor with an inner diameter of 8 mm. About 0.6 g Ag/TS-1
the propylene epoxidation in the gas phase are investigatedcatalyst was placed in the middle of the reactor with quartz

beads support at each end. The typical reaction conditions
were as follows—150C, atmospheric pressure, space ve-

2. Experimental locity: 4000 L, Vegrg : Vo, @ Vi, @ VN, = 1:2:3: 12,
Analysis of the products was carried out by GC-MS (HP
2.1. Catalyst preparation 6890 GC/5973 MSD) and GC (GC7890F, FID detector with

50m x 0.25mmx 0.4um PEG20M capillary column and
TS-1 was synthesized according to the literat[24]. GCSRI 8610C, TCD detector with 2.5m3 mm GDX-101
Ag/TS-1 was prepared by DR5], IMP and IE method. Ina  packed column). The conversion of propylet&:{H,) and
typical preparation for the Ag/TS-1 catalyst by DP method, the selectivity to PO $c) were calculated by the carbon
1.5g TS-1 was mixed with 200 mL of 0.05 mol/L NaO3 balanceg17].
solution, and then 100 mL 2.8 mmol/L AgNQolution was
added drop by drop into the mixture. When the addition was
finished, the mixture was continuously stirred for 1 h. Solid 3. Results and discussion
sample was separated by filtration, washed with distilled wa-
ter, dried at 90C overnight and then calcined at a rate of 3.1. Effect of preparation method
1°C/min from room temperature to 45C, and maintained
at 450°C for 5h in air. For the isovolumetric IMP method, The catalytic properties of Ag/TS-1 catalysts prepared by
1.59g TS-1 was added to the suitable amount of AgNG- different methods are shown rable 1 It can be seen from
lution, stayed at the room temperature for 10 h, and then Table 1that the catalyst prepared by IE method hardly has
dried, calcined at the same conditions as those used in DPany activity. Among the three methods, the Ag/TS-1 catalyst
method. For the IE method, 1.5g TS-1 was added to 100 mL prepared by DP method is optimum, 0.78% propylene con-
AgNO;3 solution, stirred at 70C for 2 h. Solid sample was  version with 94.85% PO selectivity is obtained. However,
separated by filtration, washed with distilled water, and then on the catalyst prepared by IMP method, 0.48% propylene
dried, calcined at the same conditions as those used in DPconversion and 57.88% PO selectivity are obtained. At the
method. The same process was repeated for three times. same conditions, over Ag/Ti-MCM-41 catalyst prepared by
IMP method, it exhibited 0.14% propylene conversion with
2.2. Catalyst characterization 20.86% selectivity to PO. Therefore, it can be concluded that
the catalysts prepared by both DP method and IMP method
X-ray powder diffraction patterns were collected on can get selective catalyst for the gas-phase epoxidation of
a D/max-2400 Diffractometer using Cu oK radiation. propylene.
UV-vis characterization was conducted on a Jasco V-550
by using the diffuse reflectance technique in the range of 3.2. Effect of precipitator
190-800 nm. IR measurements were recorded on a Nicolet
20DXB FT-IR spectrometer. The sample was ground with ~ Table 2shows the effect of precipitator on the propylene
KBr and pressed into thin wafers. The transmission elec- epoxidation over Ag/TS-1 catalysts in the gas phase. It can
tron microscopy (TEM) was obtained on a JEX-2000EX, be seen fronTable 2that precipitator has an important influ-
accelerated voltage 100kV. ICP analysis was performed onence on the catalytic properties of the catalyst. The Ag/TS-1

ICP 1014. samples prepared by using alkali metal carbonate as the
Table 1
Effect of preparation method of Ag/TS-1 on the gas-phase epoxidation of propylene
Preparation method Actual Ag loading (%) XcgHg (%) Selectivity for products (%)
Aldehyde PO Propanal Acetone
IMP 1.56 0.48 9.12 57.88 28.88 412
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, 2wt.%; Ag/TS-1 calcined at 48Din air, 0.6 g; 150C; atmospheric pressur&cyHe:Vo,:Vh,: W, 1:2:3:12; space velocity,
4000 h1; ngi/ni, 33; reaction time, 70 min.
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Table 2 respectively. In order to further identify the effect of the pH
Effect of precipitator on the propylene epoxidation over Ag/TS-1 in the \,5)e (or the cations), 0.07 mol/LiC Oz + a little NHsNO3

gas phase (the same mole amount as that of Agh@sed in the prepa-
Precipitator  Xcgng (%)  Selectivity for products (%) ration) and 0.07 mol/L (NK)>CO3 + a little KNOs (the
Aldehyde PO Propanal GO same mole amount as that of Agh@sed in the prepara-
tion) were then to prepar - . -
NeoCOs 078 o3 oigs 316 o salt) e eh e g;_egl 03p epare Ag/TS-1 catalysts. The re
K2COs 0.69 3.27 9%.73 0 0 S aré shown inabie _
NaOH 1.29 10.60 0 19.73 58.15 It can be seen fronTable 3that the difference of the
KOH 1.29 8.69 0.64 947 78.08  catalytic properties with KCOz or (NH4)2COg3 as the pre-
NH4OH 0.34 12.55 4.09 70.73 0 cipitator is not due to the existence of KN@r NH4NOs3,
TPAOH 0 0 0 0 0

but would be the effect of cations or the pH value of the

2wt.% Ag/TS-1 calcined at 45 in air, 0.6 g; 150C; atmospheric pres-  solution. Compared with that using,KO3 as the precip-

sure; space velocity, 4000k Verg:Vo,: Vi, Vi, 1:2:3:12; the initial itator, the stability of Ag/TS-1 prepared with 303 has

PH value for DP, 11.7nsi/nr; is 33; reaction time, 70 min. been improved, while the PO selectivity decreases slightly.
It can be seen that the catalytic activity decreases gradually

precipitator are superior to those prepared by using alkali \yith time on stream. The results related to the catalyst de-

metal hydoxides as the precipitator. Although TPAOH and activation and regeneration have been reported in literature
NaOH have similar basicity, the activities of Ag/TS-1 sam- [26.

ples prepared by using these two precipitators are clearly
different. Using TPAOH as the precipitator, the prepared 3.3. Characterization of Ag/TS 1 prepared by different
Ag/TS-1 does not show any catalytic activity. Moreover, it methods
is noteworthy that the existence offKbenefits the forma-
tion of PO both for the alkali metal carbonate and the alkali  XRD patterns of Ag/TS-1 prepared by different meth-
metal hydroxide precipitators, which is not in agreement ods do not show obvious difference. TEM photographs of
with Haruta and coworkers’ observati¢r. Ag/TS-1 prepared by different methods are showhign 1
From the results it can be seen that the precipitators It can be seen that the silver particles are much uniform
containing CQ@2%~ are better than that containing OH prepared by IMP method~{g. 1(b)), while the catalyst pre-
0.07 mol/L (NH;)2CO3 was then used to prepare the cata- pared by IE methodHig. 1(c) shows an evident decrease in
lyst, which result is shown iTable 3 It can be seen that density and the silver particles are small and inhomogenous,
both the activity and the selectivity are quite poor. It is which size are 1-2, 5-7 and 13-15 nm, respectively. The Ag
proposed that besides the anion ions, the basicity of theparticles prepared by IMP method are 1-3 nm smaller than
precipitator also has an important effect on the catalytic that prepared by DP method, but their catalytic properties
properties. Therefore different precipitator concentrations have an obvious difference.
of NapCO3 and KyCO3 were investigated, and found that During the preparation of Ag/TS-1 catalysts with IE, IMP
0.07 mol/L K;COgs is optimum. and DP methods, different silver compounds were formed,
Using KoCOs or (NH4)2COs as the precipitator, AGCOg, which are AgNQ and AgCO;s, respectively. When the
KNO3; and AgCOs, NH4NO3 are formed in the mixture, catalysts were calcined at 450 in air, perhaps different

Table 3

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

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

Aldehyde PO Propanal CO

0.07 mol/L K,COs 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 C3COs 6 2.53 9.56 62.67 0 27.78
31 1.28 5.17 84.12 0 10.71
54 111 4.02 85.41 0 10.57

0.07 mol/L K,CO3 + a little NH4NO3 6 1.39 241 68.38 0 29.22
30 1.29 1.84 86.99 157 9.60
54 1.05 1.47 88.57 1.14 8.82

0.07 mol/L (NH;)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 (NH)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 Table 2except without maintaining the same initial pH value.
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Fig. 1. TEM photographs of Ag/TS-1 prepared by different methods.

structures, states and some different interaction between siltitanium decreases in the order of IE, DP and IMP, due to
ver species and TS-1 support were formed. the silver species covering, which result is in agreement with
Fig. 2 shows the UV-vis spectra of Ag/TS-1 prepared that of ICP analysis and UV-vis spectra. Therefore, it can
by different methods, respectively. Due to the absorbancebe concluded that besides the dispersion of silver particles,
of titanium species in the range of 19800 nm[27], it is the interaction between silver species and TS-1 plays an
difficult to identify the absorbance of silver species in this important role in the gas-phase epoxidation of propylene.
region. Therefore the absorbance of silver species is mainly
studied at 400-800 nm. It can be seen frbig. 2the_1t the _ 3.4. Characterization of Ag/TS-1 prepared with different
absorbance between 400 and 800 nm has an obvious d'ffer'preci pitators
ence and is gradually shifted to high wavelength with DP,
IMP and |IE methods. Moreover, the absorbance of AQ/TS-1  The aim of using alkaline material is to depositAgn

prepared by IE method is lower than that of the other two, 15.1 quring the preparation of the catalyst. With various an-
that is to say, due to the basic nature of TS-1, few amount of ;s (CQ2~ or OH") in the precipitators, different precip-

silver ions were exchanged on it. The ICP analysis showed ;e A@COs or AgOH (usually existed as A@), would
that the actual Ag loading is only 0.37%able ). Thismay  pe formed on the support. Because these precipitates de-

be another reason for the low activity. compose via various routes during the following calcination
_Fig. 3exhibits the FT-IR spectra of Ag/TS-1 prepared by i air there would be difference in the interaction between
different methods. In FT-IR spectra, the peak centered at g er species and TS-1 support. The difference may be the

1 . . . . .
960 cnT is ascribed to the framework titanium species and g rce of the different catalytic properties of Ag/TS-1 cata-
its intensity shows the relative amount of the spef2&$. It

) . ) lysts.
can be seen frorfig. 3that the intensity of the framework

09 _ IE
X

08} ~
(O]

07F g DP

06} ‘g

os! 2
a IMP
|_

04F

Absorbance

03}
\959.6

02

0l1fF

1 I(l)

OD 1 1 1
200 300 400 500 600 700 800 . .
Wavelength [nm] 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. UV-vis spectra of Ag/TS-1 prepared by different methods: (1)
IE; (2) IMP; (3) DP. 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 Fig. 5. UV-vis spectra of Ag/TS-1 prepared with different precipitators: (1)
with the same pH value: (1) TPAOH; (2)2K0s; (3) KOH; (4) NaOH; 0.07 M K;COg3; (2) 0.07 M (NH:)2COz + KNOg; (3) 0.07 M (NH)2COs;
(5) NaxCOs; (6) NH4OH. (4) 0.07M KCOz + NHsNO3.

that the interaction between silver species and TS-1 support
Fig. 4 shows the UV-vis spectra of Ag/TS-1 prepared plays an important role in the reaction.
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 N&€0Os or K,CO; as a reference, it can 4. Conclusions
be seen that the absorbance of silver species on Ag/TS-1 pre-
pared by using NiHOH, NaOH, KOH or TPAOH as the pre- The gas-phase epoxidation of propylene was carried outin
cipitator is shifted to a higher wavelength in UV—-vis spectra. the presence of hydrogen and oxygen. The effects of prepa-
When using KCOs as the precipitator, the absorbance of ration method and precipitators were investigated. Among
silver species has a little shift to high wavelength, compared the catalyst preparation method, not only DP method but
with the Ag/TS-1 catalyst deposited by MzOs. This indi- also IMP methods can prepare selective catalyst. However,
cates that the interaction between silver species and the supPP method is optimum. Alkaline metal carbonate is a suit-
port is different. The ICP analysis indicates that the amount able precipitator. Besides the dispersion of silver particles,
of K* or Na* is 1.23% and 0.22% in Ag/TS-1 catalysts, re- cations of precipitators as well as the interaction between
spectively, when using ¥COs or N&CO; as the precipita-  Silver species and the support are the key factors for the
tor. When the catalyst was calcined at 480in air, perhaps  gas-phase epoxidation of propylene.
due to the existence of Kremained in the catalyst, 20
was formed. The interaction betweep® and silver species
may decrease the transferring energy of electrons from silverAcknowledgements
surface, thus makes a shift of the wavelength and increases
the catalytic activity. In addition, that the silver particle size  The project was sponsored by the Ministry of Education
of Ag/TS-1 prepared with KCOs is a little smaller thanthat ~ for the Scientific Research (99150) and the National Key
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More basic nature of potassium than sodium may also be
another reason for higher PO selectivity.
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