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Abstract

The effects of calcination atmosphere of the Ag/TS-1 catalyst and other Ti-containing supports on propylene epoxidation using oxygen
as the oxidant in a fixed-bed quartz reactor were investigated. The samples were characterized by XRD, UV-vis, ESR, TEM and FT-IR.
The results show that 2wt.% Ag/TS-1 calcined in air is optimum; the Ag/Ti-containing (prepared by chemical vapor deposition (CVD) or
impregnation (IMP) method) catalysts have catalytic activities in the reaction. The framework titanium species plays an important role, while
the extra framework titanium species (280—290 nm) also has weak epoxidation activity in the gas-phase epoxidation of propylene; excessive
extra framework titanium species (280-290 nm) can decrease PO selectivity. The oxidized silver ions are the main active sites for the gas-phase
epoxidation of propylene.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in the 2-ethylanthraquinone (EAQ)/EAHQ system, with
[m-CsH5NC16H33]3 [PO4(WO3)4] as a catalyst at 65C
Propylene oxide (PO) is one of the most important chem- for 5h. Moreover, epoxidation of propylene has been stud-
ical feedstocks, which can be used to produce polyetheried over Pt—Pd/TS-14,5] and Au supported on Ti©[6],
polyol polymers, such as polyurethane. Major conventional TS-1, TS-2, Tig and Ti-MCM-41/48[7-9] catalysts with
manufacturing methods include the chlorohydrin route and in situ generated pD, system. It was found that the im-
the co-production (Halcon) route. The chlorohydrin route proved yield of PO could be ascribed to the maintenance
generates chlorinated by-products, mainly dichloropropane of palladium in its4-2 oxidation state over Pt—Pd/TS-1 and
and CaClJ, which results in serious equipment corrosion only Au particles with diameters smaller than 4nm are
and environment problems. The co-production route is cap- effective for the reaction over Au/Ti©[6], and the poor
ital intensive and its economics depends on the economicPO selectivity for Au/TS-1, Au/TS-2 is due to the low
fortunes of the by-products namely styrene tert-butyl loadings of Au[8], as well as the strong protonic acidity
alcohol. The invention of titanium silicate-1 (TS-1) by of Au/Ti-B [10]. Recently Haruta and coworkers reported
Taramasso et al. opened a new route for the synthesis ofthat over Au/Ti-MCM-48 catalysf9], about 5% propylene
propylene oxidg1,2]. In the epoxidation of propylene with  conversion with 90% PO selectivity could be obtained.
H202, high H,O, conversion and high selectivity to PO In analogy to ethylene epoxidation, much attention has
can be obtained over TS-1 under mild conditions. How- been paid to the direct oxidation of propylene using air or
ever, the cost of b0, is quite high, the process has not oxygen as the oxidant directly. However, if the catalyst for
been commercialized as yet. In order to solve this problem, ethylene epoxidation is used directly for the epoxidation of
in situ generated hydrogen peroxide has been investigatedoropylene, very poor results are obtained. When the catalyst
widely. Xi et al. [3] reported the exciting result of 91% is well modified, better results can be obtained. Over the
propylene conversion based on 2-ethylanthrahydroquinonesilver catalyst modified by K, Cl, Mo, W, Re and Cag,O
(EAHQ) with 94% selectivity to PO based on propylene 3.2% propylene conversion with 59% selectivity to PO is
obtained[11-15] Lu and Zuo[16] found that the propy-
mspondmg author. Tels86 411 88993908: lene co_nversion anq selectivity t.o PO are 54% and 26.3%,
fax: 186 411 83689065, respectively, over silver pellet with 3.8% NaCl as the pro-
E-mail address: guoxw@dlut.edu.cn (X. Guo). moter. Li and coworkerfl7] using 10 wt.% NaCl-modified
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silver catalyst with air as the oxidant can get 12.4% propy-
lene conversion and 31.6% selectivity to PO at 350But
the PO selectivity using oxygen or air as the oxidant is quite
low.

Up to now, there is no report concerned with the epoxida-
tion of propylene over Ag/TS-1 in the hydrogen and oxygen
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2.3. Catalytic test

The catalytic reaction was carried out in a vertical
fixed-bed, quartz reactor with an inner diameter of 8 mm at
atmospheric pressure. About 0.6 g catalyst was placed in the
middle of the reactor with quartz beads support at each end.

system. In this paper, the effects of calcination atmosphereThe typical reaction conditions were as follows: T&)

of Ag/TS-1 catalyst and other Ti-containing supports on the

propylene epoxidation in the presence of hydrogen and oxy-

gen were investigated in detail.

2. Experimental
2.1. Catalyst preparation

TS-1 (hsi/nti = 33) was prepared according to the liter-
ature[18]. Ti-containing supports were prepared by CVD
method and IMP method. For the CVD method prepara-
tion, the Si-1 was purged at 450 by N, for 2 h; cooled to
300°C, and then substituted by Tigh a sealed bottle at the
atmospheric pressure, in the presence paha flow rate of
30 ml/min for 1, 5, 10 and 20 h, respectively. Continuously,
purged at 300C for 2 h, and then cooled down to the room
temperature in the presence op.N-or the IMP method,
tetrabutylorthotitanate (TBOT) was dissolvediipropanol
solution; Si-1 was added to the mixture (the volume ratio
of TBOT:Si-1 = 1:20) for 10h at room temperature, the
weight ratio of TiQ:Si-1 is 5%, and then dried at 9C for
20h, calcined at 90, 200, 300, 450, 6@for 3 h, respec-
tively. The supports were then used directly for preparing
the Ag/Ti-containing catalysts.

Ag/Ti-containing catalysts were prepared by deposition—
precipitation (DP) method, as described in referefic.

In a typical preparation method for Ag/TS-1, 1.5g TS-1
was suspended in the 200 ml 0.05 MJ€&; solution, and
100 ml 2.8 mmol/L AgNQ@ water solution was added to the

suspension under vigorous stirring. When ended, the pH

value of the solution is 11-12. It was separated from the
liquid after 1 h of stirring, and then washed with distilled
water, dried at 90C overnight and finally calcined first by
heating at a rate of AC/min and then maintaining the final
temperature for 5h in air.

2.2. Catalyst characterization

X-ray diffraction patterns were collected on a D/max-2400
diffractometer using Cu K radiation. TEM photographs

were obtained on JEX-2000EX, accelerated voltage 100 kV.

IR measurements were recorded on a Nicolet 20DXB FT-IR

VegHe: Vo, ViV, = 1:2:3:12, space velocity: 4000 h.
Since the concentration of the reactants was within the
explosion limits, safety should be noticed.

Analysis of the products was carried out by GC-MS (HP
6890 GC/5973 MSD) and GC (GC7890F equipped with a
FID detector with 50 mx 0.25 mmx 0.4pm PEG20M cap-
illary column and SRI 8610C equipped with a TCD detector
with 2.5m x 3mm GDX-101 packed column). The activity
of the catalyst was calculated by the carbon balalfités
Xc,H, IS the propylene conversion, and PO formation rate
(Fpo) is calculated on the grams of PO produced per kg cat-
alyst per hour an@po is the selectivity to PO calculated on
the products.

3. Results and discussion
3.1. Characterization of TS-1

The XRD pattern of the synthesized TS+ki(ntj = 33)
shows the characteristic of MFI type structure. The FT-IR
spectrum of the sample exhibits a distinct band at 960'cm
which is attributed to the incorporation of titanium into the
framework. The UV-vis spectrum shows that there are three
absorbance peaks at 213, 280 and 330 nm, which belong to
tetrahedral titanium, hexahedral titanium and anatase, TiO
respectively[20]. The ICP analysis shows that the actual Ti
content of TS-1 is 2.19%.

3.2. Characterization of other Ti-containing supports

XRD patterns of Ti-containing supports prepared by CVD
and IMP methods do not show any changes compared with
that of Si-1. The content of Ti in Ti-containing supports
prepared by CVD substituted for 1, 5 and 20h is 0.35%,
0.55% and 0.78%, respectively.

Fig. 1(a) and (b)is the subtracted UV-vis spectra of
Ti-containing supports prepared by CVD and IMP meth-
ods from Si-1 spectra, respectively. Frdfig. 1it can be
seen that there is no framework titanium species at 213 nm.
With the substitution time increasing, absorbance of the peak
centered at about 280 nm increasegig. 1(a) the peak
centered at about 290 nm does not show any difference in
Fig. 1(b) Moreover, the FT-IR spectra of Ti-containing sup-

spectrometer. The sample was ground with KBr and pressedports prepared by CVD and IMP methodsds. 2 and B

into thin wafers. UV—vis characterization was conducted on

do not show any absorbance at 960¢m

a Jasco V-550. ESR spectra were measured on JES-FE1XG, Table 1 is the crystal cell parameters of Si-1 and

and g value was calculated with Mn$@s a reference. ICP
analysis was performed on ICP 1014.

Ti-containing supports prepared by CVD and IMP methods
(denoted as Ti-CVD and Ti-IMP). The length of Ti—-O bond
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Fig. 1. UV-vis spectra of Ti-containing supports prepared by CVD and IMP methods. (a) CVD method substituted with 1, 5, 10, 20 h; (b) IMP method

calcined at (1) 90C, (2) 450°C, and (3) 600C.
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Fig. 2. FT-IR spectra of Ti-containing supports prepared by CVD method.
(1) 0h, (2) 1h, (3) 5h, (4) 10h, and (5) 20h.
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Fig. 3. FT-IR spectra of Ti-containing supports prepared by IMP method.
(1) 90°C, (2) 450°C, and (3) 600C.

Table 1

Crystal cell parameters of the three samples

Sample a(A) b (A) c (A
Silicalit-1 20.123 20.002 13.437
Ti-CVD 20.140 19.916 13.483
Ti-IMP 20.148 19.904 13.459

is 1.7 A, which is longer than Si-O bond (1.6 A), but the
crystal cell volume of the prepared supports are not aug-
mented, which means that the titanium species did not get
into the framework of Si-1. Therefore, it can be concluded
that the Ti-containing supports prepared by CVD and IMP
methods do not have framework titanium.

3.3. Effect of calcination atmosphere

The effect of calcination atmosphere of Ag/TS-1 on the
propylene epoxidation was investigated, and the results are
listed in Table 2 It can be seen that calcination atmosphere
has an important effect on the catalytic properties. When the
catalyst was calcined in air, it exhibits the optimum catalytic
activity, 0.43% propylene conversion with 92.75% PO selec-
tivity. However, when the catalyst was calcined in nitrogen
or hydrogen, its activity decreases obviously. At the same
time, the catalytic activity decreases gradually with time on
stream. The results related to the catalyst deactivation and
regeneration have been reported in literafd:/&.

ESR spectra of Ag/TS-1 calcined in different atmospheres
show that when Ag/TS-1 was calcined in,Hhere is a sig-
nal at 2.0061, which belongs to Ag21]. While treated in
air or Np, there is no signal in the spectra. However, XRD
patterns of Ag/TS-1 @ = 36-42 was inFig. 4) calcined

| 381

air

39
26(°)

Fig. 4. XRD patterns of Ag/TS-1 calcined in different atmospheres.
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Table 2
Effect of calcination method on the gas-phase epoxidation of propylene
Calcination method XcgHg (%) Fpo (gkgth™1) Selectivity for products (%)
Aldehyde PO Propanal Acrolein
Air 0.43 5348.96 3.17 92.75 4.08 0
N2 0.16 1989.45 0 92.71 7.29 0
Hz 0.06 685.77 0 85.22 7.20 7.57

Note: 2wt.% Ag/TS-1 calcined at 45, 0.4g; 150C; atmospheric pressuréo,:VcgHe: Vh,: VN, = 1:2:3:8; space velocity, 4000h; nsi/ny is 33;
reaction time, 40 min.

be decreased in turn (the more silver particles it has, the
weaker titanium absorbance it is).

TEM (Fig. 6) indicates that when Ag/TS-1 was calcined
in N2, most part of the silver particles becomes quite small,
only about 2—4 nm. The silver particles calcined ip &te
1-3nm smaller than those calcined in air, which is in agree-
ment with XRD and FT-IR. That is to say, when the cata-

\ lyst was calcined in air, the silver species is mainly existed
9601 in oxidized state. Combined with the reaction results, it can
be concluded that the oxidized silver ions are the main ac-
tive sites for the propylene epoxidation in the gas phase; the
2000 1800 1600 1400 1200 1000 800 600 400 catalytic activity of metal silver is quite poor.

Wavenumber (cm")

_ o 3.4. Propylene epoxidation over Ag/Ti-containing catalysts
Fig. 5. FT-IR spectra of Ag/TS-1 calcined in different atmospheres.

Our previous results showed that TS-1 is a good support,
in different atmospheres show that when the catalyst wasand there is a synergy between Ag and TR4d]. Over TS-1,
calcined in air, there is a weak metal silver diffraction peak there are two kinds of titanium species: framework titanium
at 38.2; while calcined in N and H, no silver peak ap- and extra framework titanium, and extra-framework is di-
pears. During the preparation of Ag/TS-1 catalyst, the silver vided into two kinds[22]. Moreover, the previous studies
species was deposited on the titanium sites, and then cov-showed that both anatase Bi@nd rutile TiG are not ef-
ered it. The FT-IR spectra of 2% Ag/TS-1 calcined in dif- fective for the reaction. In order to further understand which
ferent atmospheres is shown fig. 5. It can be seen that  kind of titanium species is synergetic with Ag to favor the
the peak centered at 960 chdecreases in the order of air, formation of PO, different Ti-containing supports were pre-
H, and N, which indicates that the covered Ti species in- pared and the catalytic properties of 2% Ag/Ti-containing
creases accordingly. As a result, the silver particles shouldcatalysts are shown ifables 3 and 4

><15I]K — H0nm X 150K = Sl0nm
(1) Air ; (3)N;

Fig. 6. TEM photographs of Ag/TS-1 calcined in different atmospheres.
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Table 3
Effect of substitution time on propylene epoxidation over Ag/Ti-containing (CVD) catalysts
Substitution time (h) XcgHg (%) Fpo (gkgth™1) Selectivity for products (%)
Aldehyde PO Propanal Acetone
0 7.68 0 0.26 0 0.20 0.48
1 0.29 163.73 7.63 10.83 42.66 10.28
5 0.35 1026.93 5.19 56.28 28.15 10.39
10 0.66 343.83 15.26 10.08 31.33 14.95
20 13.11 8495.57 5.59 12.43 13.39 8.63
207 0.52 1821.22 4.47 67.18 0 0

Notes are the same as Tiable 2except that: catalyst, 0.6 §/c,Hg:Vo,:VH, VN, = 1:2:3:12; reaction time, 70 min.
aReaction temperature, 10G.

Table 4
The catalytic properties of Ag/Ti-containing (IMP) catalysts calcined at different temperature
Calcination temperature°C) XcgHg (%) Fpo (gkg1h™1) Selectivity for products (%)

Aldehyde PO Propanal GO

90 0.81 484.36 12.84 11.47 0 75.69

200 0.17 558.62 19.92 63.03 17.05 0
300 0.14 379.39 31.90 51.98 16.12 0
450 0.29 495.44 40.16 32.77 3.79 0
600 0.20 376.93 36.31 36.15 0 0

Notes are the same as Table 3

It can be seen frorable 3that with the substitution time  as other Ti-containing supports on the catalytic properties
increasing, the propylene conversion increases; the selectivwere investigated in detail. The framework titanium species
ity to PO increases to the maximum, then decreases. Wherplays an important role in the reaction, but the extra frame-
the pure Si-1 was used as the support, the propylene converwork titanium species (centered at about 280—290 nm) also
sion is 7.68%, but there is no PO detected; the main producthas weak epoxidation activity. It can be concluded that ex-
is COp, which selectivity is 98.53%. When Si-1 was substi- cessive extra framework titanium species (hexahedral) can
tuted by TiCl, for 5 h, the PO selectivity is highest, 56.28%. decrease the PO selectivity; the oxidized silver ions favor
While substituted for 20 h, the propylene conversion reachesthe formation of PO in the gas phase.
to 13.11%, but the PO selectivity decreases to 12.43%; how-
ever, the PO selectivity increases to 67.18%, when it reacted
at 100°C. Acknowledgements
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