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Abstract

The Ag—MoQ/ZrO, catalyst for an epoxidation of propylene by molecular oxygen was prepared by the precipitation/impregnation method,
and characterized by Ndsorption at low temperature, XRD, MAPD and CQ-TPD. The effects of preparation condition of Zr@upport
on its physicochemical properties and catalytic performance were studied. The results show that suitably low surface area, big pore size, and
modest and weak surface acidity—basicity for the Ag—M@80D, catalyst are in favor of the selective formation of propylene oxide. High
surface area, abundant micro-pore structure and strong acidity—basicity or acidity-free are liable to the deep oxidation of propylene to CO
and HO. As the support of the Ag—Mogatalyst for an epoxidation of propylene, the monoclinic phase of Zs@referable to tetragonal
one. Suitably larger particles of Ag and highly dispersed Mo® the Ag—MoQ/ZrO, catalyst are beneficial to improve the selectivity to
propylene oxide.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction but high energy consumption makes it not be commercial-
ized up to date. For the catalytic epoxidation of propylene by
Propylene oxide (PO) is an important intermediate for the O/H, over Au/TiO; or Pd—Pt/TS-1, the selectivity to PO is
organic chemistry industry and there is an increasing demandhigher than 90%, but the conversion of propylene is 1-2%
for it in marketplace. Currently, PO is commercially pro- only [3-5], in which large quantities of #lis consumed to
duced by two conventional processes of chlorohydrin and react with @ to H,O and a careful handling is strictly re-
hydroperoxide. Chlorohydrin method has the disadvantagesquired for the explosive mixture off40,. Therefore, in view
of producing stoichiometric amount of waste salts and some of economic and green chemistry, the direct epoxidation of
chlorinated byproducts; the disadvantage of hydroperoxide propylene by molecular oxygen over a solid catalyst is a most
method is that the co-product (styrenetert-butylalcocol) ideal technique of producing PO.
is produced in a fixed amount. The direct synthesis of PO  Attempts to directly epoxidize propylene, similar to what
from propylene and oxygen has long been desired and considdis done in the epoxidation of ethylene over the silver cata-
ered as one of the most important and challenging chemicallyst, have been tried and some good results have been ob-
reactions to remain unsolved by catalyfi$. The molten- tained. Using silver supported on Cag;@he PO selectiv-
salt method can directly epoxidize propylene by oxyfn ity of 64.0% was attained with the propylene conversion of
1.5% when NO, EtCl and Cfadditives were added in the
feedstock6]. Lu and Zuo prepared the unsupported silver
* Corresponding author. Tel.: +86 21 64253703; fax: +86 21 64253703, catalyst containing NaCl as the promoter, over which 54.0%
E-mail addressgzhlu@ecust.edu.cn (G. Lu). C3Hg conversion and 26.3% selectivity to PO were achieved
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for the epoxidation of propylene by dif]. The epoxidation its pH value was about 12. The precipitate was aged at room
of propylene with air over the similar NaCl-modified silver temperature for 12 h, filtered and washed repeatedly with dis-
catalyst was also recently repor{@&}. The mechanismforan tilled water until the pH value of filtrate was about 7, and
oxidation of propylene by molecular oxygen over the silver then dried at 110C for 24 h and calcined at 50C for 4 h to
catalyst has been studied in detail over the past years; it isobtain the Ag—ZrQ precursor. This precursor was crushed
thought that the routes leading to PO and,@0exist on the and impregnated by an equal-volume aqueous solution of
surface of silver cataly$6—11]. It was reported that alkenes  (NH4)gM07024 (AQ:ZrO:Mo003 =20:76:4%, w/w/w), and
was oxidized to epoxide by molecular oxygen over the hetero- then it was dried at 110C for 4 h and calcined at 30 for
geneous molybdenum cataly2]. Recently, NaCl-modified 4 h to obtain the 4%Mo&20%Ag—ZrQ catalyst named as
VCeCu;_yx mixed oxidg[13], Ti-modified high silica zeolite ~ M/AZ(500). AZ represents Ag—Zr&and 500 within bracket
[14] and Ti-modified sulfated zircon{d 5] were reported to  is the calcination temperatureQ®) of Ag—ZrO,.

be effective for direct epoxidation of propylene with molec-

ular oxygen. 2.2. Characterization of catalyst
We have reported the supported Ag—Mo catalyst for di-
rect epoxidation of propylene by molecular oxyd#6—18] The BET surface area and pore size distribution of catalyst

and found that the promoter and support have a very im- were measured with ST-03A Instrument of Surface Area and
portant influence on the performance of catalyst, Mo® Pore Size Distribution (Beijing Analytic Instrument Plant) at
catalyst plays the roles of electric- and structure-type bifunc- liquid-N2 temperature. The crystalline structure of catalyst
tional promoter, and Zr@is an excellent support. In this  was identified by XRD with Rigaku D/max/2550/PC, Ca K
paper, by changing preparation condition of Zr€upport, radiation. The NH-TPD and CQ-TPD experiments were
the Ag—-MoQ/ZrO; catalysts with different physicochemi-  conducted in the conventional flow apparatus equipped with
cal properties were prepared. Based on correlating the epox-a thermal conductivity detector (TCD). The sample (300 mg)
idation performance with the physicochemical properties of was pretreated under helium stream (30 ml/min) at€DO0
catalyst, the effect of preparation condition or physicochemi- for 2 h, and then with the mixture of Ng+He (or CQ-He)
cal properties of Zr@on the epoxidation performance of the at 50°C for 1 h and with helium stream at 5C for 1 h to
Ag—MoOs/ZrO, catalyst is discussed. remove physisorbed NgHor CQ,). TPD of adsorbed N

(or CO,) was measured from 50 to 45C at the heating rate

. of 8°C/min.

2. Experimental

2.1. Preparation of catalyst 2.3. Activity testing of catalyst

2.1.1. Method A The catalytic epoxidation of propylene by molecular oxy-

Zr(NOs)s aqueous solution was slowly added in 10M gen was performed in the micro-reactor-GC system. The
NaOH aqueous solution under stirring and at room temper- stainless steel reactor in the fixed-bed is @5mB00 mm
ature, and its pH value was about 12. After aged at room and0.5 mlcatalyst (20—40 mesh) was filled. The reaction con-
temperature for 12h (or at 10C€ for 160 h), the precipi- dition is 0.1 MPa and 75001 of space velocity at 35TC.
tate was filtered and washed repeatedly with distilled water The feedstock gas consisted of 22.78kfg, 9.0%Q and bal-
until the pH value of filtrate was about 7, and then dried ance N, without any additive such as nitrogen oxide, alkyl
at 110°C for 24h and calcined at 50C for 4h to ob- halide, carbon dioxide or hydrogen. The composition of feed-
tain ZrOp. ZrO» was impregnated by a stoichiometric aque- Stock and effluent gas was analyzed by two on-line gas chro-
ous solution of AQN@ (Ag:ZrO, = 20:76%, w/w) under ul-  matographs with three packed columns (407 porous poly-
trasonic stirring and at room temperature, and then dried mer, silica gel and 8 zeolite), in which TCD was used. The
at 110°C for 4h, calcined at 450C for 4 h. After that it method of carbon balance was used to verify the consumption
was impregnated with an equal-volume aqueous solution of Of propylene during the reaction. As,@as insufficient in
(NH4)6M07024 (Ag:ZrO2:M003 = 20:76:4%, w/w/w), dried comparison with gHg in feedstock, the activity of catalyst
at 110°C for 4 h and calcined at 30 for 4 h to obtain the ~ Was expressed by the conversion of @ther than that of
20%Ag—4%MoQ/ZrO, catalyst named as AM/Z(500) (or  CsHe hereinafter.

AM/Z*(500)). Z and Z* represents Zrg) the former is aged
atroom temperature for 12 h and the latter marked staris aged
at 100°C for 160 h, and 500 within bracket is the calcination 3. Results and discussion

temperature°C) of ZrO,.
3.1. Characterization of catalyst

2.1.2. Method B

A mixed aqueous solution of AgNOand Zr(NG)4 3.1.1. BET surface area
(AQ:ZrO, =20:76%, w/w) was slowly added in 10 M NaOH The BET surface areas of the catalysts prepared are listed
agueous solution under stirring and at room temperature, andn Table 1 The results show that the preparation condition
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Table 1
Performances of the catalysts for epoxidation of propylene
Catalys? S(m?/g)° Conversion (%) Selectivity (%)
0, CsHg PO AC ACR HC CcQ

AM/Z*(500%) 128 100 9.3 B 0 0 3.2 95.0
AM/Z*(600) 117 979 9.1 21 0 0 3.4 94.5
AM/Z*(700) 105 436 4.5 78 0 0 7.1 85.1
AM/Z*(850) 21.7 7.3 1.0 403 0 0 22 57.5
AM/Z*(950) 3.6 157 1.9 208 0 0 7.9 71.3
AM/Z(500) 440 153 1.8 206 0 0 5.5 73.9
AM/Z(600) 264 6.8 1.0 393 0 0 4.5 56.2
AM/Z(700) 241 6.4 0.9 415 0 0 3.4 55.1
AM/Z(850) 171 35 0.6 579 0 0 0 421
M/AZ(500) 599 67.2 6.3 28 0 0 3.8 93.4
M/AZ(600) 397 540 5.3 54 0 0 5.6 89.0
M/AZ(700) 249 143 1.7 259 0 0 4.3 69.8
M/AZ(850) 182 29 0.5 538 0 0 2.6 43.6
PO: propylene oxide, AC: acetone, ACR: acrolein, HC: hydrocarbong f@ + C3 + C4 + Cs + Cg.

a Reaction condition: 350C, 0.1 MPa and 75001 of space velocity.

b AM/Z* and AM/Z 20%Ag—-4%MoQy/ZrOz; MIAZ: 4%Mo03/20%Ag-ZrG.

¢ S BET surface areas.

d Calcination temperaturé ).
of ZrO, has an obvious influence on the surface area of the 0.6
catalyst. With an increase of the calcination temperature of 52.3
Z, Z* or AZ, the surface areas of the AM/Z, AM/Z* and o5
M/AZ catalysts decrease continuously. For the AM/Z* cata- 2 !
lysts, when the calcination temperature of Z* increased from E =
500 to 700°C, the surface area of AM/Z* decreased slowly ® 03]
from 128 to 105 r/g; after Z* was calcined at 85@ (or 5 !
950°C), the surface area of AM/Z* decreased sharply to 21.7 g 0.24 [ w
(or 3.6n%/g). As the calcination temperature of Z and AZ E 1
increased from 500 to 85€, the surface area of AM/Z de- 0111 o
creased from 44.0 to 17.1%g, and that of M/AZ decreased e .

Y 0.0 ; : ; ;

from 59.9 to 18.2 mmYg. 0 200 400 600 800 1000

The difference between Z* and Z is that their precursor’s
(Zr(OH)4 precipitate) aging condition is different. The pre-
cursor of Z* was aged for longer time (160 h) at higher tem-
perature (100C), made AM/Z* have higher surface area;
that of Z was aged for shorter time (12 h) at lower temper-
ature (25°C), made AM/Z have smaller surface area. Such
as, the surface area of AM/Z*(500) is 128 and that of
AM/Z(500) is 44 nf/g. The surface area of M/AZ(500) is
60 m/g. With a rise of the calcination temperature of Z*, Z
and AZ, the difference of surface area between AM/Z*(850),
AM/Z(850) and M/AZ(850) is reduced gradually. When Z*,
Z and AZ was calcined at 85, AM/Z*(850), AM/Z(850)

and M/AZ(850) have the near surface areas, 21.7, 17.1 and

18.2 nt/g, respectively.

3.1.2. Pore diameter distribution

The pore diameter distributions of AM/Z*(500) and
AM/Z*(850) are shown inFigs. 1 and 2respectively. As
can be seen, the pore diameter of AM/Z*(500) is 2—10nm

and its most probable pore diameter is 5.23nm, and that

of AM/Z*(850) is 2-50 and 14.9 nm, respectively. With in-
creasing calcination temperature of Z*, the pore diameter of

AM/Z* increases and its surface area decreases. The results

Pore diameter / A°

Fig. 1. Pore diameter distribution of AM/Z*(500).

above show that the sample with abundant micropores (such
as AM/Z*(500)) possesses a large surface area, and the sam-
ple with larger pores (such as the AM/Z*(850)) possesses
a smaller surface area. For the AM/Z and M/AZ samples,
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Fig. 2. Pore diameter distribution of AM/Z*(850).
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Fig. 3. XRD patterns of the AM/Z* catalysts (500-98D is the calcination
temperature of Z*; M, monoclinic Zr@ T, tetragonal ZrQ; *, MoOs3; O,

Ag).

hold does not obviously change and consists of main tetrago-
nal phase and minor monoclinic phase. After Zi€xcalcined
at 850-950C, its diffraction peaks obviously narrow, that is
to say, the particle (or of crystal) dimension of Zr@as in-
creased. But the diffraction peaks of Ag and MaDe hardly
affected by the calcination temperature of Zr@omparing
with the very poor diffraction peaks of MaQthe diffraction
peaks of Ag are strong and narrow, which suggests that Ag
distributes on the surface of ZpQith larger particles, and
MoOs is highly dispersed on Zr9

The results irFig. 4show that, ZrQ in the AM/Z catalyst
consists of the monoclinic and metastable tetragonal phases.
With increasing calcination temperature of Zrfdom 500 to
850°C, the metastable tetragonal phase reduces and the mon-
oclinic phase gradually increases. After calcined at €50
the tetragonal Zr@has transformed to the monoclinic phase
for the most part. The diffraction peaks of Ag and MpO
change hardly with the calcination temperature of Zr&hd
Ag has strong diffraction peaks and that of Mpid hardly
observed, which is similar to the situation of the AM/Z* cat-

their smaller surface areas are corresponding to their largeralysts.

pores.

3.1.3. X-ray diffraction (XRD)
The XRD patterns of AM/Z*, AM/Z and M/AZ are shown

in Figs. 3—5respectively. There are four diffraction peaks for

all the catalysts at®=38.1°, 44.3, 64.4 and 77.4, that are

For the M/AZ catalysts, Zr@in M/AZ(500) exists mainly
in the metastable tetragonal phase and very weak monoclinic
phase Fig. 5. The diffraction peaks of monoclinic ZegO
strengthen and that of tetragonal Zr@eaken with an in-
crease of the calcination temperature, but there is still ap-
preciable proportion of tetragonal ZsGn the M/AZ(850)

corresponding to the crystal facesof Ag (11 1), (200), (220) catalyst, unlike the AM/Z(850) catalyst in that the tetragonal
and (311), respectively. The very poor diffraction peaks at phase of Zr@ has nearly entirely transformed to the mono-

20=27.0 and 33.3 are attributed to the Mogxrystal. The

diffraction peaks at@=28.2 and 31.4 are assigned to mon-

oclinic ZrOy, and the diffraction peak of tetragonal Zr@
at»=30.2.

The XRD patterns of AM/Z* inFig. 3 show that, with
the calcination temperature of ZgGncreasing from 500 to

700°C, the crystalline structure of Z* in AM/Z* that they

y
M
AT MLMM_QWk
J&UW
600°
__ﬁ_,\_,p 500°C

26 ()

Fig. 4. XRD patterns of the AM/Z catalysts (500—-8%Dis the calcination
temperature of Z; M, monoclinic Zrf) T, tetragonal Zr@; *, MoOg3; O,

Ag).

clinic phase. With an increase of the calcination temperature
of Ag—ZrO,, the diffraction peaks of Ag strengthen and the
very poor peaks of Mo®hardly change.

It was reported that the initial temperature of phase
transformation from the metastable tetragonal phase to
the monoclinic phase for pure ZpQs about 600C, and
this transformation can end at 650-7@ Moreover, this

10 20 3 40 50 80 70 80
26 (%)

Fig. 5. XRD patterns of the M/AZ catalysts (500—-8%Dis the calcination
temperature of AZ; M, monoclinic Zr@ T, tetragonal Zr@; *, MoOs; O,

AQ).
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transformation is affected sensitively by the impurities or ad-
ditives, which can stabilize usually the metastable tetragonal
form to higher temperatuifd 9,20}

In the AM/Z* catalyst, the crystalline structure and phase
transformation of Zr@ are thoroughly different from the re-
sults reported19,20], this is probably because of preparing
ZrOy with different procedure. Zr@in AM/Z* is a stable
tetragonal phase, unlike ZpgOn AM/Z (or M/AZ) that is
a metastable tetragonal phase, its crystalline phase transfor-
mation with the calcination temperature is similar to that re- /\__Qm
ported[19,20] and does not finish until about 85G. The 950°C
fact that there are still some metastable tetragonahbZnO -
the M/AZ(850) catalyst suggests that the presence of the ac- : : . , : , : ,
tive Ag particles can retard the transformation of crystalline 50 150 250 350 450
phase of Zr@ from the metastable tetragonal phase to the Desorption temperature (°C )
stable monoclinic phase.

Fig. 7. CQ-TPD profiles of the AM/Z* catalysts (500-95C is the calci-
nation temperature of Z*).
3.1.4. NK-TPD and CQ-TPD

The acid—base properties of catalyst were investigated by
NH3-TPD and CQ-TPD. The NK-TPD and CQ-TPD pro-
files of AM/Z*, AM/Z and M/AZ are shown inFigs. 6-11
The results show that the acidic and basic sites co-exist on
the surface of all the catalysts except for AM/Z*(950).

For AM/Z* (Figs. 6 and ¥, with increasing the calcina-
tion temperature of Z* (Zr@), the strength of acidity and
basicity (top temperature of NfHand CQ desorption peak)
on the surface of catalyst decreases, and the concentration
(peak area) of acidic and basic sites decreases quite slowly
for the AM/Z*(500-700) samples and the peak area sharply 850°C
decreases for AM/Z*(850). It suggests that there are abun-
dant and stronger acidic and basic sites on the surface of
AM/Z*(500-700), and some acidic and basic sites on the
surface of AM/Z*(850). There are few acidic and basic sites
on AM/Z*(950).

There are two peaks of Ni-lesorption at 50-18@ in  ig g NH,-TPD profiles of the AM/Z catalysts (500-85G is the calci-
the NH\g-TPD curves of AM/Z Flg 8), which Corresponds to nation temperature of Z).
two kinds of acidic sites. Their peak areas of N€sorption

500°C

/

600°C

700°C

T T T T T )
50 150 250 350 450

Desorption temperature (°C )

500°C

600°C

700°C

850°C 850°C
950°C

f L] T ¥ T ’ T ¥ 1
T i T T T T T 1 50 150 250 350 450
50 150 250 350 450

1 Lol
Desorption temperature (°C ) Desanstion tempetaturs (°C:)
Fig. 9. CQ-TPD profiles of the AM/Z catalysts (500-85G is the calci-

; i ) . . . .
Fig. 6. NH;-TPD profiles of the AM/Z* catalysts (500-95C is the calci nation temperature of Z).

nation temperature of Z*).
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3.2. Epoxidation of propylene
500°C

{

The evaluation results of the catalysts for propylene epoxi-

dation at 350C, 0.1 MPa and the space velocity of 7500 h
600°C are presented ifable 1 The byproducts are mainly hydrocar-

bons (G—Cs) and CQ. Over the AM/Z*(500-700) catalysts,

with increasing calcination temperature of Z*(ZOthe se-

700°C lectivity to PO increases from 1.8 to 7.8% and thg con-
version decreases from 100 to 43.6%. Over the AM/Z*(850)
catalyst, the selectivity to PO sharply increases to 40.3% and
850°C the O conversion decreases to 7.3%. Using Z* calcined at
) 950°C as the support of AM/Z*(950), the selectivity to PO
decreases to 20.8%.

Using the AM/Z catalysts, with the calcination tempera-
ture of ZrQ increasing from 500 to 85, the selectivity
to PO increases from 20.6 to 57.9% and theddnversion
Fig. 10. NH-TPD profiles of the M/AZ catalysts (500-85( is the calci- decreases from 15.3 to 3.5%.
nation temperature of AZ). Using the M/AZ catalysts, with the calcination tempera-

ture of AZ (Ag—ZrQ) increasing from 500 to 850, the

decrease with a rise of the calcination temperature of Z. In selectivity to PO increases from 2.8 to 53.8% and the con-
the CQ-TPD curve Fig. 9) of AM/Z(500), there is one peak  version of @ decreases from 67.2 to 2.9%.
of CO, desorption (one kind of basic site). With increasing The above results show that the preparation condition of
calcination temperature of Z, this peak (one kind of basic ZrO, support has a great influence on the physicochemical
site) divides into two peaks (two kinds of basic sites) and characteristics of the Ag—MaofIZrO, catalyst and its sur-
their peak areas of GQlesorption decrease. face, consequently, their epoxidation performance is affected

The NH;-TPD and CQ-TPD profiles of M/AZ shown markedly by different preparation condition of ZrO
in Figs. 10 and 11do not resemble those of AM/Z* and
AM/Z, in which the concentration of basic sites is far smaller 3.3. Discussion
than that of acidic sites. In the NHI'PD profiles of M/AZ
(Fig. 10, there are two peaks at150°C (a peak) and 3.3.1. Relationship between the surface area, pore size,
290-340C (B peak), andx peak shifts to low temperature  crystalline form and acidity—basicity
andp peak disappears gradually with an increase of the calci- ~ The above results show that, increasing calcination tem-
nation temperature of AZ (Ag—Zr£). In the CQ-TPD pro- perature of ZrQ or Ag—ZrO, makes the pore size of catalyst
files of M/AZ(500) (Fig. 11), two peaks (two kinds of basic  increase, the surface area and acidity—basicity of catalyst de-
sites) are observed, and both peaks incorporate to one peakrease, and the crystalline form of ZrGupport transform.
and then disappear with increasing the calcination tempera-At higher temperature, the phase transformation and grain
ture of AZ from 500 to 850C. growth of ZrQ, is a main reason of leading the surface area
of catalyst to decread&9,20] For the AM/Z* catalyst, the
decrease of its surface area mainly results from the grain
500°C growth of ZrQ; for the AM/Z and M/AZ catalysts, the de-
crease of their surface area mainly results from the crystalline

600°C phase transformation.
\_ Correlating the pore size, surface area and acidity—basicity

of the Ag—MoG—ZrO, catalysts, it can be found that the

s

50 150 250 350 450
Desorption temperature (°C )

;

700°C catalyst having abundant micro-pores and high surface area
vf\ possesses abundant acidic and basic sites on its surface and
vice versa.
The studies of the acid—base properties of Zt§y the
T e, 00 adsorption of CQ and NHs/pyridine showed that there are

Lewis acid sites and no Bnsted acid sites on the surface
of ZrO, [21,22] On the Ag—MoQ-ZrO; catalyst, the acidic
r T T T T T T T . . . A . . . .
5p 150 280 a0 450 and basic sites co-exist independently, and this situation is
similar to that of ZrQ reported in Ref[19]. But the prepara-
tion condition of catalyst has a great influence on the acidic

Fig. 11. CQ-TPD profiles of the M/AZ catalysts (50085 is the calci- and basic properties on the surface of the Ag—MeO;
nation temperature of AZ). catalyst.

Desorption temperature (°C )
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3.3.2. Relationship between the epoxidation ture of ZrQ with the epoxidation performance of catalyst
performance and physicochemical properties of catalyst shows that the Ag—Mo®catalyst supported on monoclinic
Correlating the epoxidation performance with the surface ZrO; has higher selectivity to PO than the catalyst supported
area of catalyst, we can see that the selectivity to PO in- tetragonal Zr@. It is possible that the monoclinic Zgan
creases and thef@onversion decreases with the decrease of make Ag keep the metallic properties to reduce its electron
the surface area of the Ag—-Ma@&zrO; catalysts, except for  loss, which leads the £ on Ag to have the stronger elec-
AM/Z*(950) having no any acidic and basic properties onits trophilic properties. This situation is similar to the Pt catalyst
surface. For the M/AZ catalyst, with its surface area decreas- supported on Zr@promoted by tungstate, i.e., the crystalline
ing slowly (from 59.9 to 18.2 #1g), the selectivity to PO in-  structure of ZrQ has an obvious effect on the metallic prop-
creases sharply (from 2.8 to 53.8%); for the AM/Z* catalyst, erties of the Pt cataly$3,24]
when its surface area decreases from 127.8 to 24/d,ithe The XRD results show that the particle size of Ag on
selectivity to PO increases and the €nversion decreases; AM/Z* and AM/Z does not vary obviously with the calci-
when its surface area decrease further to 3gmon the nation temperature of ZrDsupport. But with an increase
contrary, the selectivity to PO obviously decreases and theof calcination temperature of Ag-ZgQthe Ag particles
O3 conversion increases. So there is no parallel relationshipon M/AZ increase sharply and its surface area and surface
between the epoxidation performance and the surface area ofcidity—basicity decrease slowly, meanwhile the epoxidation
catalyst. But the suitably low surface area and large pores isperformance of catalyst is improved sharply. Based on the
in favor of a diffusion of PO out of the catalyst, to avoid PO above facts, it can be inferred that the particle size of Ag
to be deeply oxidized to Cand HO and to improve the  on catalyst is also a more important factor of affecting the
selectivity to PO. selectivity to PO, and the catalyst having the Ag particles
For the AM/Z and M/AZ catalysts, the weak acidity and with properly larger size behaves a higher performance for
basicity on its surface makes the selectivity to PO increase.the epoxidation of propylene. In the epoxidation of ethylene,
Using the AM/Z*(500-700) catalyst with the abundant acidic it has been found that the large Ag particles are more effec-
and basic sites, the PO selectivity is quite low; using the tive than small Ag crystallite25,26] This size effects result
AM/Z*(850) catalyst containing a small quantity of weaker from a change of the surface Ag structure, the small Ag par-
acidic sites and basic sites, the high selectivity to PO canticles have higher surface energy and more surface defects,
be obtained; for the AM/Z*(950) catalyst without the acidic on which the adsorbed oxygen behaves stronger activity to
and basic sites, its epoxidation performance is very poor. Theresult in the deep oxidation of propylene to £é&nd HO.
above phenomena show that, the acidity and basicity on the On the basis of above discussion, it can be found that
surface of catalyst has an obvious influence on its epoxidationthe epoxidation performance of the catalyst is affected by
performance, the modest and weaker acidity and basicity ismany factors that should include the particle size of the active
beneficial to form PO selectively. If there are stronger acidity silver, the crystalline form of Zr@support, and the surface
and basicity or acidity-free on the surface of catalyst, the acidity—basicity, the surface area and pore size of catalyst,
deep oxidation of propylene or PO to g@nd HO will which can be put into practice by optimizing the preparation
occur advantageously. conditions of the Zr@ support and catalyst.
When there are modest Lewis acidic sites on the
Ag—-MoOs/ZrO, catalyst, those acidic sites can acquire elec-
trons from the oxygen adsorbed{{pon the Ag sitesto make 4. Conclusions
Oaq possess stronger electrophilic character, which is bene-
ficial to the olefinic carbons of propylene react with4@o The physicochemical properties of the Ag—Mg2xrO»
produce PO, and inhibits the acid—base reaction between al-catalyst are significantly affected by the preparation condi-
lylic H (H* properties) and g to a certain extenfl1]. If tions of the Zr@ support. When Zr@is prepared by the
the acidity on the catalyst is excessively strong, the action precipitation method, a long aging time at higher tempera-
between propylene and,@is too strong to crack propylene ture is liable to form the tetragonal phase, and a shorter aging
to form CQ, and HO. If there are many strong basic sites time at room temperature is liable to form the monoclinic
on the catalyst, the acid—base reaction (or dehydrogenation)phase. With the increase of the calcination temperature of
between allylic H and basic sites can occur, thus propylene ZrO, or Ag—ZrQ,, the pore sizes of the catalyst enlarge, the
is also completely oxidized to CQOand HO, as a result,  surface area and acidity and basicity of the catalyst decrease,
the conversion of @increases and the selectivity to PO de- and the crystalline phase of Zs@iill transform. The suitably
creases. low surface area and big pore diameter, modest and weaker
For the AM/Z*(850), AM/Z(850) and M/AZ(850) cata- acidity and basicity on the surface of catalyst are beneficial to
lysts calcined at 850C, they have the near surface areas form PO selectively; the high surface area and abundant mi-
(21.7, 17.1 and 18.2 /g, respectively) and similar surface cropore structure, strong acidity and basicity or acidity-free
acidity and basicity (such as AM/Z*(850) and AM/Z(850)), are liable to the deep oxidation of propylene to&@d HO.
but their crystalline structure of Zr£and epoxidation perfor- ~ The monoclinic ZrQ is an excellent support of the Ag—MaO
mance are obviously different. Relating the crystalline struc- catalyst for an epoxidation of propylene. The properly larger
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particle size of Ag should be kept for improving the epoxi- [5] R. Meiers, U. Dingerdissen, W.F. ¢ilerich, J. Catal. 176 (1998)
dation performance of the catalyst. The suitable preparation ~ 376.

conditions of ZrQ are that the Zr(OH) precipitate is aged  [© E'ggg‘i‘;%"(gg"é)caaﬁ”ey' J.D. Jewson, W.H. Onimus, US Patent

at room temperature for 12 h, dried at TI0for 24 h and [7] G. Lu. X. Zuo, Catal. Lett. 58 (1999) 67.
calcined at 850C. [8] J. Lu, M. Luo, H. Lei, C. Li, Appl. Catal. A 237 (2002) 11.
[9] H. Nakatsuji, Progr. Surf. Sci. 54 (1997) 1.
[10] Z. Hu, H. Nakai, H. Nakatsuji, Surf. Sci. 401 (1998) 371.
K led [11] J.T. Roberts, R.J. Madix, W.W. Crew, J. Catal. 141 (1993) 300.
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