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Abstract

Direct gas-phase epoxidation of propylene to propylene oxide (PO) by molecular oxygen was studied overmeddified supported-
silver catalyst. The effect of promoter and support on the performance of the Ags-tét@dyst and their role were investigated by XPS, XRD,
SEM, BET surface area, N\HMTPD, CQ-TPD techniques and so on. As the promoter, Mplays a great role of electron- and structure-type
bi-functional promoter. Of all the supports studied, Zi®the most suitable one for the Ag—Meg®@atalyst. The presence of support can
regulate the size of the Ag—MaQ@atrticles and the pore radii of catalyst, and decrease the loading of Ma®~50 wt.% in the unsupported
Ag—MoQO; catalyst to~4 wt.% in the Ag—MoQ/ZrO, catalyst. The properly weak Lewis acidic sites, the larger size of the Ag\aficles
and pore channel on the Ag—MekZrO, catalyst are beneficial to improve epoxidation performance of the catalyst. The effect of the reaction
temperature and space velocity on the catalytic epoxidation of propylene was also investigated. The low temperature or high space velocity
can decrease the deep oxidation of propylene oxide to improve the selectivity to PO. Over the 20%Ag-AZ6GloCatalyst at 400C,
0.1 MPa and space velocity of 7500t the selectivity to PO of 60.3% was achieved with thecOnversion of 4.8%; under the space velocity
of 12000 I, the selectivity to PO was 71.5% with 2.5% Gonversion.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction supported on CaCg{and NO, EtCl and C@as additives
in the feedstock gas, the PO selectivity of 64.0% was at-
Propylene oxide (PO) is a very important raw material for tained with the propylene conversion of 1.5%]. Over
the organic chemical industry, and commercially produced the unsupported-silver catalyst containing NaCl as the pro-
via the well-known process of chlorohydrin or Halcf. moter, 54.0% GHg conversion and 26.3% selectivity to
The former suffers from the bad corrosion of the equip- PO were obtained, in which air was used as an oxygen
ments and environment pollution from waste water produced source[3]. The PO selectivity of 43.4% was achieved with
in process; the latter disadvantageously produces equimolary propylene conversion of 0.19% over the NaCl-modified
amounts of the co-products, whose value lies on a demandyCe,Cu;_, oxide in the presence of {J4]. Some of the
in the market. Many methods of producing PO by oxidiz- heterogeneous molybdenum catalysts can catalyze epox-
ing propylene directly with molecular oxygen or other ox- jdation of alkene by molecular oxygds]. It was lately
idant have been developed. Of all the methods, the directreported an epoxidation of propylene to PO with molecular
gas-phase epoxidation of propylene to PO by molecular oxy- oxygen over the catalyst prepared by impregnating titanium
gen over a solid catalyst is most attractive in view of the sylfate on zirconia, and found that the performance of cata-
economy, green chemistry and safety. lyst was related to its surface acidi§]. We have reported
For the direct gas-phase epoxidation of propylene with the modified silver and Ag—Mo catalysts for the gas-phase
molecular oxygen, silver and copper modified by promoter epoxidation of propylene with oxyge,7,8], and over the
are the effective catalysts, and the support affects obvi- modified Ag—Mo catalyst, the PO selectivity of 53.1% and
ously the performance of catalyst. Using silver catalyst 6.806 G conversion were achieved under no any additive
added in feedstock. Now, the key problem in face of us
* Corresponding author. Fax:86 21 64253703, is still to increase the selectivity to PO under keeping the
E-mail address: gzhlu@ecust.edu.cn (G. Lu). higher conversion of propylene or oxygen.
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For the mechanism of silver catalyzing epoxidation of (0.7849), dried at 110C for 4h and calcined at 30@ for

propylene to PO, Nakatsuji and co-workg€10] suggest

that the route leading to PO also exists on the silver sur-

4 h, to gain the 20%Ag—-4%MofIZ.rO, (wt.%) catalyst.
Method 3. AgNO3 (9.56 g) and @H1206-H20 (dextrose,

face, but the combustion path is more favorable than that1.37 g) were added into distilled water (100ml) to form
of an epoxidation. The formation of epoxide is initiated a mixed solution, and then KOH aqueous solution (10 ml,
by the reaction of olefinic carbon with adsorbed oxygen, 10.0 M) was slowly added into this mixed solution at room
while the combustion is initiated by the abstraction of al- temperature under stirring to produce the silver precipita-

lylic hydrogen by adsorbed oxygen. Roberts e{HL] con-

tion. After aged at 60C for 1h, the precipitate was fil-

sider that in a course of combustion of propylene on silver, tered, washed with the distilled water and dried at 120
the initial step is an acid—base reaction between allylic H for 4 h to get active silver sample. The mixture of the ac-

(acid) and adsorbed oxygen {@(base)). This step leads
to the formation of surface hydroxyl groups (i and
chemisorbed allyl species that are further reacted tp &@
H2O.

In this work, MoG; is used as a promoter of the Ag
catalyst supported on ZgQand the effects of Mo®and

support ZrQ on its performance for an epoxidation are

tive silver (3.16 g) and Zr@(12.00 g) was milled time after

time in the agate mortar and then compressed and broken to

20-40 meshes. The granular samples were impregnated with

the equal-volume aqueous solution of (§sM07024-4H,0

(0.789) and dried at 11 for 4 h, calcined at 300C for

4 h, to gain the 20%Ag—4%MoflZrO, (wt.%) catalyst.
TiOo—ZrO, (atomic ratio 1:1) was prepared by co-

studied. By studying the electron properties, physical texture precipitation. A mixed aqueous solution (300 ml) of TiCl
and surface acid—base properties of the catalysts, the roleg10 ml) and ZrOCG}-8H,0 (29.33g) was slowly added to
of MoO3 and ZrQ on increasing the selectivity to PO are aqueous ammonia (60 ml, 10 M) under vigorous stirring to

discussed.

2. Experimental
2.1. Catalyst preparation

Method 1. A silver—ammonium complex solution was
firstly synthesized by adding A® (3.399) to a mixed
aqueous solution of £HgN» (ethylenediamine, 2.63 g) and
CoH204 (oxalic acid, 5.52 g), A@ZCzH8N22C2H204ZH20
= 1:3:3:20 (mole), and then (NPkM0o7024-4H,O (ammo-

form a precipitation. After aged at the room temperature
overnight, the precipitate was washed with distilled water to
remove Ct (verified by AQNQ), and then dried at 11

for 24 h, calcined at 550C for 4 h.

TiO,—SiO, (atomic ratio 1:1) was prepared by the sol-gel
method. (GH50)4Si (37.86 g) and HN@(0.5 ml, 5 M) were
added into ethanol (300 ml) under stirring at°@for 2 h,
in which a hydrolysis of (gHs0)4Si occurred. Then it was
cooled to room temperature and TiChqueous solution
(40ml, 4.55M) was added into it under vigorous stirring
to form gel. After aged at room temperature for 48 h, the
gel washed with the distilled water to Clfree (verified by

nium molybdate, 0.78 g) was slowly added into this solution AgNO3), dried at 110C for 24 h and calcined at 55C for
under stirring at room temperature; after that the support 4 h.

material (12.00 g) was added to this mixed solution to form

a slurry. The slurry was vigorously stirred with ultrasonic 2.2. Characterization of catalyst

and slowly heated to 6CC. After the water in slurry was
vaporized, it was dried at 12@ for 4h, and calcined at

XPS spectra were measured in a Perkin-Elmer PHI 550

400°C for 4 h to obtain the precursor of catalyst. This pre- ESCA/SAM spectrometer, Mg & radiation (1253.6eV)
cursor was washed with ethanol to remove the residual or-and at 1x 10~2 to 2 x 10-1%Torr, and the binding energy

ganic compounds, and then dried at°80for 2 h, to get the
supported 20%Ag—4%Mogxatalyst. Changing the amount
of Ag20 and (NH;)gM07024-4H20 in the process above,

(284.6 eV) of adventitious C 1s was used as a reference.
XRD patterns were recorded with a Rigaku D/max-2550/PC
powder diffractometer, Cu & SEM micrographs were

the supported catalysts with different composition of Ag obtained on a JEOL JSM-6360LV scanning electron mi-
and MoG; may be prepared. If the support material was not croscopy. BET surface areas were measured in the ST-03A

used, the unsupported Ag—Mg@atalyst was obtained. If it

Instrument of Surface Area and Pore Size Distribution

is not specially noted in the text, the catalyst was prepared (Beijing Analytic Instrument Plant). The experiments of

by method 1.
Method 2. AgNOs (4.97 g) was added to distilled wa-
ter (5ml) to form AgNQ@ aqueous solution, and then

Zr0»(12.00 g) was slowly added into it to form a slurry un-
der vigorously stirring with ultrasonic at room temperature.

After the slurry was heated at 8C to nearly waterless, it
was dried at 110C for 4 h and calcined at 45@ for 4 h to

form the precursor of catalyst. This precursor was impreg-

nated by aqueous solution (5ml) of (WdM07024-4H,0

NH3-TPD and CQ-TPD were conducted on a conventional
flow apparatus, a quartz U-tube reactor and thermal conduc-
tivity detector were used, the flow rate of He was 30 ml/min
and the heating rate was’8/min.

2.3. Activity testing of catalyst

The catalytic epoxidation of propylene was performed in
a micro-reactor—GC system. The size of the stainless steel
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Fig. 1. Effect of MoQ loading on the performance of the Ag—MgO
catalyst. (Reaction conditions: 40GQ, 0.14 MPa and space velocity (SV)
of 4500k 1. Composition of the feedstock: 15.6%ids; 12.2%Q and
balance N without any additive.)

fixed-bed reactor is @5 mm 300 mm, in which 0.5 ml cat-
alyst was filled. The feedstock gas consisted of 22.3P&C
9.0%QG and balance N without any modifier such as nitro-
gen oxide, alkyl halide or carbon dioxide. The compaosition
of feedstock and effluent gas was analyzed by two on-line
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of the MoQ; loading. Over the Mo@free Ag catalyst,
the & conversion of 59.8% was obtained with the PO
selectivity of 0.8%. With an increase of the Mg@on-
tent in the Ag catalyst, the selectivity to PO increased and
the @ conversion decreased. When the content of MoO
reached 40-50wt.%, the activity and selectivity to PO of
catalyst changed little with the increase of the Motn-
tent. At 400°C, 0.14MPa and SV of 45001, over the
50%Ag-50%MoQ catalyst, the conversion of Qand se-
lectivity to PO were 7.1 and 34.3%, respectively. These
results show that the presence of Mp€an obviously im-
prove the performance of the Ag catalyst for the epoxidation
of propylene.

3.2. Sudy of the supported Ag—MoO3 catalyst

3.2.1. Support

The catalytic performance of 20%Ag—4%MeGup-
ported on different materials for the epoxidation of propy-
lene is shown ifmable 1 The results show that the presence
of support obviously affects the epoxidation performance of
the catalyst. Using CaC{as the support, theLzonversion
was nearly 100%, but no PO was detected at°“850/Nhen
TiO,—ZrOy and TiG-SiO, were used as the support, the

gas chromatographs with three packed columns (407 porousc@talysts had very high Oconversion and low selectivity

polymer, silica gel and 5A zeolite) and TCD.

The method of carbon balance was used to verify the
consumption of propylene in the reaction. Carbon balance
was described asy( — ng)/ns (ng, total mole of carbon in
the feedstock gasje, total mole of carbon in the effluent
gas). In this study the carbon balance wat4.0%.

Because @was insufficient in comparison withgElg in
feedstock, the activity of the catalyst was expressed with the
conversion of @ rather than that of €Hg in the text.

3. Results and discussion

3.1. Sudy of the unsupported Ag—-MoOs catalyst

Fig. 1 presents the performance of the unsupported
Ag—MoGO; catalyst (calcined at 45@ for 2 h) as a function

Table 1

to PO at 300C. Using Cak as the support, 77.2%x&on-
version and 6.3% selectivity to PO were obtained at380
In comparison with CaCg) TiO>—ZrO,, TiO2>—SiO, and
Cak, SiOp, TiO2 and ZrQ are available supports for the
20%Ag—4%MoQ catalyst. At 400C, 0.1 MPa and SV of
7500 i1, over the 20%Ag—4%MogSiO, catalyst, 22.5%
conversion of @ and 10.7% selectivity to PO were ob-
tained; over the 20%Ag—-4%MadliO, catalyst, the @
conversion and selectivity to PO were 32.4 and 14.1%,
respectively; over the 20%Ag—-4%Ma@rO, catalyst, the
maximum selectivity to PO of 60.3% was achieved at O
conversion of 4.8%.

When SiQ or TiO2 was used as a support, at the same
pressure (0.1 MPa) and space velocity (7506)hand 320
or 300°C, they had the near{xonversion (4.9 or 4.7%, re-
spectively), and their selectivity to PO was 16.6 and 22.1%,
respectively. At the similar ® conversion (4.8%), the

Effect of support on the performance of the 20%Ag—4%Ma@talyst for the epoxidation of propyleéhe

Support BET surface area {ig) Reaction temperaturé @) O, conversion (%) Selectivity (98)
PO ACR AC HC CQ

CaCQ 1.2 350 98.9 0 0 0 4.4 95.6
Cak 45 380 77.2 6.3 0 0 10.2 83.5
SiO, 5.1 400 225 10.7 0 0 9.7 79.6
TiO2 8.5 400 324 14.1 0 0 16.5 69.4
ZrOy 6.7 400 4.8 60.3 0 0 24 37.3
TiO2—ZrO; 99.2 300 95.2 1.8 0 0 6.5 91.7
TiO2-SiO; 209.1 300 99.4 2.0 0 1.7 3.6 92.7

aReaction conditions: 0.1 MPa and SV of 750¢h

bPO—properne oxide, ACR—acrolein, AC—acetone, HC—hydrocarbons;of €, + C3 + C4 + Cs5 + Cs.
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Fig. 2. Catalytic performance of the 20%Ag—-4%MgpEatalysts supported on Cag(lll, 350°C), CaR(<, 380°C), Si0(A, 400°C), TiO, (O, 400°C),
TiOo—ZrO; (x, 400°C), TiO—Si0; (A, 300°C) and ZrQ (O, 300°C) for the epoxidation of propylene at 0.1 MPa and SV of 750bh

catalyst supported on Zgpresented the highest selectivity slowly as the loading of Mo®was more than 1%. When
to PO (60.3%). It indicates that Zps more suitable sup-  ~4% MoO; was loaded on the catalyst, the selectivity to PO
port than SiQ or TiO; for the 20%Ag—4%Mo@ catalyst reached the maximum 60.3% with, @onversion of 4.8%.

for an epoxidation of propylene. This demonstrates that M@0s also an excellent promoter
The change in an epoxidation performance of the sup- of the Ag/Zr& catalyst and played a very important role
ported catalysts with the time on stream is showfig 2 in the selective formation of PO, like in the unsupported

With the time on stream, over the 20%Ag—4%MgxrO, Ag—MoO; catalyst.
catalyst, the selectivity to PO slowly decreased, thee@n-
version hardly changed; for the 20%Ag—4%MgOaF, cat- 3.2.3. Ag loading
alyst, the selectivity to PO sharply decreased and the O  The effect of silver loading on the performance of the
conversion drastically increased, which indicates a very poor Ag—4%MoQs/ZrO; catalyst is shown irFig. 4, at 400°C,
stability of this catalyst. For the catalysts using gt TiO, 0.1MPa and SV of 7500H. With an increase of silver
as the support, with the time on stream, there was a similarloading, the selectivity to PO decreased obviously, but the O
change trend for the selectivity to PO, bup ©onversion conversion firstly increased and then decreased. When the
was different: on SiQ, the & conversion slowly decreased, silver loading was~40.0 wt.%, the @ conversion reached
and on TiQ, it hardly changed. Over the catalysts supported the maximum{7.0%). The increase of silver loading means
on TiO,—ZrO, or TiO2—SiO,, both the selectivity to PO and  to decrease the concentration of the promoter MoCthe
O2 conversion did not obviously change with the time on catalyst, which leads to the reduction of the selectivity to
stream, the former kept on a very low level and the latter, a PO. Soitis necessary to keep a suitable ratio of Ag to MoO
very high level. Over the 20%Ag—4%MaaCQ;, no PO loading.
was detected and all oxygen nearly reacted with propylene
to CO; and RO in the whole course of reaction.

The above results show that the selection of a support was
very important to the Ag—Mo®catalyst for an epoxidation
of propylene, and Zr@is the most suitable support among
seven support materials studied.

3.2.2. MoOg3 loading

Fig. 3 shows the @ conversion and PO selectivity as a
function of the MoQ loading over the 20%Ag—Mo$3ZrO,
catalyst at 400C, 0.1 MPa and SV of 75001. Over the
20%Ag/Zr&, catalyst (MoQ-free), the Q conversion of
84.4% was obtained, but the selectivity to PO was only
0.6%. When 1.0wt.% Mo®was added to 20%Ag/ZrE)
the selectivity to PO sharply reached 43.5% and the O
conversion decreased to 8.6%. With an increase of o0 MoO, (wi%)
loading, the selectivity to PO increased to the maximum, rig 3. Effect of MoG loading on the epoxidation performance of the
and then decreased; the conversion of d@creased very  20%Ag—MoQ/ZrO, catalyst at 400C, 0.1 MPa and SV of 75001.

Conversion of O, (%)
Selectivity to PO (%)
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Fig. 4. Effect of Ag loading on the epoxidation performance of the Fig. 5. Effect of reaction temperature on the epoxidation performance of
Ag-4%MoQy/ZrO; catalyst at 400C, 0.1 MPa and SV of 75001. the 20%Ag—-4%Mo@ZrO; catalyst at 0.1 MPa and SV of 7500h

Table 2
Effect of preparation method on the performance of the 20%Ag-—
49%MoQOs3/ZrO, catalyst for the epoxidation of propylehe

performance of the Ag—Mog)ZrO, catalyst is obvious,
and the catalyst prepared by method 1 behaves the best
epoxidation performance.

Method of O, conversion  Selectivity (%¥

preparation (%) PO ACR AC HC CO 3.3. Study of the reaction condition

1 4.8 603 0 0 24 373 :

5 148 13 0 0 230 348 3.3.1. Reaction tempqature

3 9.8 396 0 0 250 35.4 The effect of reaction temperature on the performance of

- : — o the 20%Ag—-4%Mo@ZrO, catalyst is shown ifrig. 5. With
bEgaCt'O” conditions: 40, 0.1MPa and SV of 7500t. increasing the reaction temperature, the selectivity to PO
—propylene oxide, ACR—acrolein, AC—acetone, HC—hydro- . .
carbons of G + C + Cs + Ca + Cs + Ce. decreased and the;@onversion increased. At 38C, the
selectivity to PO of 65.0% was achieved with thg @nver-
sion of 4.2%. At 450C, the selectivity to PO decreased to
3.2.4. Preparation method 40.5%, and the @conversion sharply increased to 25.0%. It
The influence of preparation method on the epoxida- is obvious that the efficiency of the 20%Ag—4%Mg2rO,

tion performance of catalyst is given ifebles 2 and 3 catalyst is quite sensitive to the reaction temperature.
As seen inTable 2 under the same reaction conditions,

for the 20%Ag—-4%Mo@ZrO, catalysts, one prepared by 3.3.2. Space velocity

method 1 had higher selectivity to PO and lower conver- In the above studies the SV was controlled at 7500 h
sion of & than ones prepared by methods 2 and 3. Over The results inFig. 6 show that the SV affect the catalytic
the latter two catalysts, besides gdarge numbers of  performance of 20%Ag-4%MoflZrO,. With an increase
mixed hydrocarbons of Cto Cs were produced. Through  of SV, the selectivity to PO went up and the €onversion
changing the reaction temperature, the similar conversionsdropped. At the SV of 45001, the selectivity to PO of
of O, were obtained for three catalysts. At 400, 320 and 49.4% was achieved with the;@onversion of 10.6%; when
350°C, respectively, three catalysts had the neac@nver- the SV was 120001, the selectivity to PO increased to
sion (4.6—4.9%), but their selectivity to PO were obvious 71.5% and the @conversion decreased to 2.5%. Its reason
different (Table 3, the catalyst prepared by method 1 had is mainly that a higher SV shortened the stay time of PO
the highest selectivity of PO (60.3%). These results show inside the bed of catalyst to lessen the deep oxidation of PO
that an influence of preparation method on the epoxidation to CO, and HO.

Table 3
Effect of preparation method on the performance of the 20%Ag—4%VErO, catalyst for the epoxidation of propylene (at a similar @nversiond
Method of preparation Reaction temperatur€)( Oy conversion (%) Selectivity (98)

PO ACR AC HC CQ
1 400 4.8 60.3 0 0 24 37.3
2 320 4.6 53.9 0 0 16.8 29.3
3 350 4.9 47.7 0 0 20.7 31.6

aReaction conditions: 0.1 MPa and SV of 750¢h
bPO—properne oxide, ACR—acrolein, AC—acetone, HC—hydrocarbons;of €, + C3 + C4 + Cs5 + Cs.
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Fig. 6. Effect of space velocity on the epoxidation performance of the
20%Ag—4%MoQ/ZrO, catalyst at 400C and 0.1 MPa.

3.4. Characterization of the catalyst

3.4.1. XPS

The binding energy (BE) of Ag 3¢h and Mo 3d&,, of
the 50%Ag-50%Mo@ catalyst was obtained by XPS. The
BE of Ag 3ds/> is 368.7 eV, which is higher than that of
metallic silver (Ag 3d,2, 367.9eV). The BE of Mo 3g>
is 231.8eV that is lower than that of Kb in MoO3 (Mo
30k,2, 232.65¢eV).

The XPS spectra of 20%Ag—4%Ma@rO; is shown in
Fig. 7. The BE of Ag 3@, is higher than one of the metallic
Ag. The BE of Mo 3@, is lower than one of M in
MoOz3. The BE of Zr 3@, equals one of Zr 3¢}, (182.4 eV)
of ZrO,, which means that the compounds of Zrénd Ag
(or Mo) are not formed or detected by XPS.

The facts that the BE of Ag 3gb and Mo 3@, in the
unsupported Ag—Mo® and Ag—-MoQ/ZrO, catalysts is
different to that of the metallic Ag and Md in MoOs,
means that the valence of Mo and Ag may be 6 ands™,

70 80

40 50 60
26 (°)

10 20 30

Fig. 8. XRD patterns of the 20%Ag-MafxrO;, catalysts. Mo@ loading
(wt.%): (1) 0, (2) 2.0, (3) 4.0, (4) 6.0, (5) 8. Ag, *: M0oO3).

ethylene, and found that adding Re into the Ag catalyst led
to Ag electron-deficient and Ré transforming to R&E™?
[12]. Lu et al. reported that a part of Ag atoms in the
NaCl-modified Ag catalyst existed as cation, and the high
oxidative state Ag was helpful to produce electrophilic
oxygen species and played some role in the propylene
epoxidation[13]. Their results are in agreement with the
situation observed here.

3.4.2. XRD

XRD patterns of the 20%Ag—(0—8%)Ma@rO, cata-
lysts are shown irFig. 8 There are four diffraction peaks
at » = 3812, 44.30, 64.44 and 77.38 for all the cat-
alysts, which are corresponding to the crystal faces of Ag
(111), (200), (220) and (311), respectively. With an in-
crease of Mo@ loading from O to 8.0wt.%, the diffrac-
tion peaks of Ag weakened, and the diffraction peaks of
MoO3 at 2 = 27.08° and 33.32 enhanced. It indicates that
MoOj3 also played a role of structure-type promoter besides
electron-type promoter, that is, it can regulate the size of

respectively. This suggests that the electron transfers fromAg particles to some extent and effectually retard the sin-
silver to MoQ; to make the Mo oxyanion. This indicates that ter of the active Ag sites during calcination and reaction by
Mo has a valance of 6- § and silver is electron-deficient, increasing the dispersion of Ag phase.

and MoQ plays a role of electron-type promoter. Yang etal.  Fig. 9 shows the XRD patterns of the 20%Ag—-4%MpO
investigated Re-modified Ag catalyst for the epoxidation of catalysts supported on the different materials. According to

Zr3d572
1824

Zr3d3R2
1842

Mo3d5/2
2318

Mo3d3/2

AG3d512
384

2350

Ag3d3R
374.2

176 178180182184 186188190 225 228 231 234 237 240

366 368 370 372 374 376 378

Binding energy (eV)

Fig. 7. XPS spectra of the 20%Ag—4%MeldrO, catalyst.
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Fig. 10. XRD patterns of the 20%Ag—-4%Me@rO, catalysts prepared

i 0, —A40,
Fig. 9. XRD patterns of the 20%Ag-4%MaCcatalysts supported on by method 1 (1), method 2 (2) and method 3 (8): (Ag, * MoOs).

CaCQ; (1), Cah (2), Zr0; (3), SO (4), TiO, (5), Ti0—SiO, (6) and
TiO2-Zr0; (7) (O: Ag, *: MoO3).

the different support. Therefore, the physicochemical prop-

the scanning tunneling microscopy (STM) measurements erties of the support material itself probably played a more
of Chen et al[14], Ag clusters deposited on TiCat room important role in improving PO selectivity of the catalyst.
temperature are remarkably stable upon annealing to 900K, The XRD patterns of the 20%Ag—4%Ma@rO, cata-
that is, Ag can still sufficiently disperse on Ti@t higher lysts prepared by different methods are showrFig. 10
calcination temperature. As the active metal is supported The results show that the strength order of diffraction peaks
on TiO,, there exists a strong interaction between metal of Ag on three catalysts is (1) > (2 (3). No diffraction
and TiQ, called strong-metal support interaction (SMSI), peaks of Mo@ are found in the XRD patterns of the cata-
at least in part, which is due to an encapsulation of the lysts prepared by methods 2 and 3; this shows that isO
metal particles by the reduced TjQverlayers[15]. Re- more highly dispersed on the latter two catalysts compared
cently, this phenomenon was revisited using surface scienceto the former.
techniqueq16-19] Therefore, no diffraction peaks of Ag
was found in the spectra of 20%Ag—4%MgDiO2—ZrO,, 3.4.3. SEM
20%Ag—4%MoQ/TiO2—Si0O, and 20%Ag—-4%Mo@ TiO2, The SEM micrographs inFig. 11 show, there are
indicates that Ag sufficiently dispersed on BiXrO,, 300-500 nm Ag—Mo@ particles irregularly distributing on
TiO,—SiO, and TiQ, and may be partly encapsulated by the the surface of the 20%Ag—4%Mae@rO, catalyst papered
reduced TiQ overlayers. Compared with Tg®3ZrO, and by method 1. For the catalyst prepared by method 2, the
TiO>—SiO, having large surface area, Ti®@f low surface Ag—MoOs particles uniformly distributing on the surface
area was used as a support of catalyst, the encapsulatiorare about 100 nm. The size of the particles on the catalyst
effect was probably more enhanced. prepared by method 3 is 100-200 nm. These results are in

In the XRD spectra of the 20%Ag-4%Me@aCQ agreement with the XRD patterns Fig. 10 Comparing
and 20%Ag-4%Mo@/CaF, catalysts, there are the strong with the catalysts prepared by methods 2 and 3, some large
diffraction peaks of Ag, which shows that Ag distributes pores may be found in the catalyst prepared by method 1.
on the support as the big particles. In the XRD spectrum Relating with the epoxidation performance of three cata-
of 20%Ag—-4%MoQ/SiO, the diffraction peaks of Ag is  lysts, we can see, the larger size of the Ag—Maiarticles
poor. The strength of diffraction peaks of Ag in the XRD on the catalyst prepared by method 1 is beneficial to forma-
pattern of 20%Ag—4%MoeZrO, is a mean between tion of PO, and the pores with big dimension are helpful to
20%Ag—4%MoQ/SiO, and 20%Ag-4%MogICak,. The the diffusion of PO to avoid to be further oxidized to €0
interesting phenomenon is that no diffraction peak of MoO and HO. The similar results were reported in the epoxida-
can be seen inthe XRD spectra of 20%Ag—4%MERACQ; tion of ethyleng[20,21] Hayashi et al. researched selective
and 20%Ag—4%Mo@/CaF,. This is possible that Mo®is vapor-phase epoxidation of propylene over the Aubliat-
highly dispersed on the catalyst or involved inside the silver alyst in the presence of Gand H, and found that reaction
particles, because of the low loading of M@@\ssociating pathway could be tuned by carefully controlling the size
with the BET surface area and the catalytic performance in of the Au particles (switch effect of Au particles). When
Table 1 we can see, there seems to be no direct relationshipthe Au particles were 2—-4 nm, PO was produced, and when
between an epoxidation performance and specific surfacethey were smaller than 2 nm, propane was prodyeed
area of catalyst, and the dispersion or particle dimension of The higher selectivity to HC and lower selectivity to PO
Ag and MoQ on the catalyst is not definitely relative to  over the catalysts prepared by methods 2 and 3 is probably
the epoxidation performance of the catalyst supported oncaused by the smaller size of the Ag—Mgpgarticles.
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Fig. 11. SEM micrographs of the 20%Ag-4%Mg@@rO, catalysts prepared by method 1 (1), method 2 (2) and method 3 (3).

Based on the XRD spectra of the 20%Ag—4%M&00,
catalyst shown irFigs. 8 and 10that the data of the Ag
diffraction peaks was not affected by adding Mp@nd the
lower loading of Mo@, the Ag—MoQG particles observed
in the SEM graphs ifrig. 11 should consist mainly of the
metallic Ag.

3.4.4. NH3-TPD and CO»-TPD
The NH;-TPD profiles of the supported 20%Ag—-4%MeO
catalysts are shown ifrig. 12 There are obvious des-

\1001#297 [y

50 100 150 200 250 300 350 400 450
Desorption temperature (°C)
Fig. 12. NH-TPD profiles of the 20%Ag—4%Mofcatalysts supported

on Ti0,-SiO; (1), TiO-Zr0, (2), Zr0; (3), TiO2 (4), SIG, (5), Cak
(6) and CaCe@ (7).

orption peaks of NH on 20%Ag—4%MoQ/TiO>-SIOp,
20%Ag—4%MoQ/TiO2—ZrO, and 20%Ag—4%Mo@ZrO,,

and the top temperature of peak is 140-180The peak
areas of 20%Ag—4%MogTiO,—SiO;, are larger than that

of 20%Ag—-4%MoQ/TiO2—ZrO,, and the peak areas of
20%Ag—4%MoQ/ZrO, are very small. It may be correl-
ative with the surface area of catalyst, the formers have
larger surface areas and the latter has low surface areas. On
the 20%Ag-4%Mo@ catalysts supported on TiQ SiOp,

Cak or CaCQ, the desorbed Niiwas hardly detected.
The results above indicate that, the two catalysts supported
on TiO,-SiO»; and TiIG—ZrO, have many weak acid sites
on the surface, and there are a few weak acid sites on the
20%Ag—4%MoQ/ZrO;, catalyst. No acidic sites are found
on the 20%Ag-4%Mo@ catalysts supported on TiO
SiO,, Cak or CaCaQ.

Fig. 13 shows the C@TPD profiles of the supported
20%Ag—4%MoQ catalysts. There is one desorption
peak of CQ at 170-180C in the CQ-TPD curve of
20%Ag-4%MoQ/TiO>—Zr0,.  For  20%Ag—4%MoGQ/
TiO2—SiOp, one broad peak at 180-380 exists. For the
catalysts supported on Zp@r other materials, no CQdes-
orption could be detected. This shows that there are some
basic sites on the surface of 20%Ag—-4%MoSupported
on TiO,—SiO, or TiO,—ZrO,, and no basic sites on the sur-
face of 20%Ag—4%Mo@ supported on ZrQ TiO,, SiOp,

Cak or CaCaQ.
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Fig. 13. CQ-TPD profiles of the 20%Ag—4%Mofcatalysts supported

on TiO=SiO, (1), TiO,-Zr0, (2), Zr0, (3), TiO, (4), SIO (5), Cak
(6) and CaC@ (7).

3.5. Discussion for the effects of promoter MoO3 and
support ZrOo

The above results show that the presence of Wp-
moter and ZrQ support in the Ag—Mo@/ZrO, catalyst can
promote obviously its catalytic performance for the epoxi-
dation of propylene. The roles of M@@nd ZrQ might be
described as follows.

(1) The presence of Mo in the catalyst can acquire elec-
trons from the silver elements to lead to silver having

positive charges and weakening the effective charge of

the adsorbed oxygen (g on the silver sites, which
makes the @y have a stronger electrophilic property. As
a result, the allylic H (positive charge state) of propy-
lene attacking on the £, that makes the complete ox-
idation of propylene to C®and HO, can be inhibited

181

to the formation of the surface hydroxyl group (g

and chemisorbed allyl species that are further reacted
to CO; and HO. The properly weak Lewis acidic sites
on the Ag—MoQ/ZrO; catalyst could accept electrons
from the Qg to lead to the @y possessing more strong
electrophilic property, to increase the chances of the
olefinic carbons of propylene attacking thgq@ form

PO and block up the combination of the allylic H{H
property) and the g to form CQ and HO. If there

are abundant or/and strong acidic sites on the catalyst,
the catalytic cracking and polymerization of propylene
will occur. On the other hand, if there are basic sites on
the catalyst, the allylic H (M property) of propylene
will react with the basic sites (acid—base reaction) to
finally produce CQ and HO to decrease epoxidation
performance of the catalyst.

The presence of support is available to control the size
of the Ag—MoQG; particles and pore channels of cata-
lyst. Using the support and fitting method of preparing
catalyst, the size of the Ag—Maeparticles and pores

of catalyst may be controlled. The above studies shows
that the larger particle size of Ag—-Me@@300-500 nm)

on the catalyst prepared by method 1 is available to the
formation of PO and its pore channels with big dimen-
sion are helpful to the diffusion of PO to avoid to be
further oxidized to C@ and H0.

(4)

4, Conclusions

In the Ag—MoGQ; catalyst for the epoxidation of propylene,
MoQOs as the electron and structure-type promoter improved
obviously the epoxidation performance of the catalyst by
accepting electron from the Ag elements and regulating the
particle size of Ag. The presence of support can regulate the

to some extent. On the contrary, the olefinic carbons of size of Ag—-MoQ particles and the pore radii of catalyst by

propylene have more chances to combine with thg O
on the silver to form PO.
The support acts as a promoter of catalyst. Zi©a

)

p-type semiconductor oxide having the removable pos-

itive charges[23], and can accept the electrons from
Ag to result in Ag electron-deficient further to reduce
the negative charge of thea@on the Ag sites, which
makes the @y have stronger electrophilic property to be
attacked by olefinic carbons of propylene to form PO.
This effect is similar to add Nig Cet, B&#+ or Cs'
cations in the Ag—Mo@catalys{8]. On the other hand,
the presence of the Zg&upport decreases the content
of MoOs as the electron-type promoter frob0 wt.%

in the unsupported Ag—Mofcatalyst[8] to ~4 wt.%

in the Ag—MoQ/ZrO, catalyst.

(3) Lewis acidic sites on the catalyst can accept electrons

from the Qq. Based on the mechanism of propylene
epoxidation over the Ag suggested by Nakatsuji and
co-workers[9,10] and Roberts et a[11], the reaction
between propylene and the;Qon the Ag sites leads

the interaction between an Ag metal and support, and de-
crease the loading of Mogdrom ~50 to~4 wt.%. After the
Ag—MoO;s catalyst is supported on ZgQits catalytic perfor-
mance is obviously promoted. The preparation method af-
fected the epoxidation performance of the Ag—M&0 0O,
catalyst. The bigger Ag—Mofyparticles (e.g. 300-500 nm)
and pore channels are helpful to improve the selectivity to
PO. The low reaction temperature or high space velocity
helps to inhibit the deep oxidation of PO to increase the
PO selectivity. Over the 20%Ag—-4%Ma@rO, catalyst at
400°C, 0.1 MPa and SV of 75001 (or 12 000 hrl), the se-
lectivity to PO of 60.3% (or 71.5% ) is achieved with the O
conversion of 4.8% (or 2.5%), in which no any additive such
as NQ,, CH,CHCI or CO, was added into the feedstock.
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