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Abstract

The bulk and surface properties of Pg@CuCh—CH;COOK catalysts supported on activated carbon (a.c.) used in the
synthesis of dimethyl carbonate (DMC) by gas-phase oxidative carbonylation of methanol were characterized by XRD
and XPS techniques. On the basis of the catalyst characterization and evaluation results, the active species of the catalyst
has been suggested, and the reaction mechanism of oxidative carbonylation has been proposed. The interaction betweer
CH3COOK and PdCGl or CuCh on the activated carbon support has been deduced from the formation of KCI, and the
partial reduction of CuGHCuCl has been found. Furthermore, the presence of Oa@ibits the reduction of Pdgl The
experimental results show that the main reason for catalyst deactivation could be attributed to the loss of chlorine. Fortu-
nately, promoter CECOOK could inhibit the loss of chlorine, and improve the electronic environment of ,R@QLCH
catalyst, so that the stability and activity of the catalyst BdCLCh—CH3zCOOK/a.c. increase. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction polycarbonate synthesis. Now it has drawn more and

more attention as a promising chemical compound
Dimethyl carbonate (DMC) is a versatile chem- in view of the increasing worldwide environmental

ical substance, which has been using mainly as a problem.

methylating, carbonylating or methoxycarbonylating  Several researchers have studied the reaction mech-

agent. Many products can be prepared from it be- anism of DMC synthesis. Having studied the oxidative

cause of its unique property. In addition, it has been carbonylation of methanol in liquid-phase over cata-

expected to be a safer substitute for toxic phosgene inlyst CuCl, Romano et al. [1] proposed that the reaction
might proceed initially through the oxidation of CuCl
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completed (Eq. (2)). in CO oxidation was also studied by Kim et al. [6,7].
It was reported that the active species of Cu was
2(CuOCHy)*CI~ +CO CwCI(OH)3 and the active species of Pd was’Pd
— 2Cu*CI~™ + (CH30),CO ) In the previous papers, we have prepared supported

~ catalyst PdG-CuCb—CH3;COOK/a.c. used in the
A vapor-phase two-step process based on palladiumgynthesis of DMC by gas-phase oxidative carbonyla-
catalyzed carbonylation of methyl nitrite has been tion of methanol, and have given the research results
developed by Nishihira et al. [2]. Methyl nitrite was  gch as catalyst preparation, catalytic properties, and

produced in a separate step by the reaction ofQH, functions of alkali promoters [8,9]. However, the
NO and Q (Egs. (3) and (4)) mechanism of the synthesis reaction of DMC by
2CH3ONO+ CO — (CH30),CO + 2NO (3) gas-phase oxidative carbonylation does not seem to be

well established at present, and the bulk and surface
2NO+ 2CHzOH + 30, — 2CH;ONO+ H20  (4) properties of catalyst Pd&tCuCh—CHz;COOK/a.c.
have rarely been reported so far. In this work, the bulk
and surface properties of the catalyst have been stud-
ied, and the reaction mechanism has been proposed on
the basis of catalyst characterization and evaluation.

King [3] elucidated the reaction mechanism of oxida-
tive carbonylation of methanol in Cu-Y zeolite by in
situ FT-IR technique. The first step is the oxidation
of methanol and Cu(l) to form Cu(ll)-methoxide.
Then the insertion of CO to Cu(ll)-methoxide forms
probably a carbomethoxide. Finally, methanol and 2. Experimental
oxygen react with carbomethoxide to form dimethyl

carbonate (Egs. (5)—(7)). 2.1. Catalyst preparation
2CH30OH + %02 + 2Cutze” The catalyst PdGCuCh—CH3COOK/a.c. was
— 2(CuOCHy)"Ze™ + H,0 (5) prepgred by impregnating a.c. vyith aqueous 25%NH
solution of a mixture of palladium chloride, copper
CUOCH) " Ze~ + CO chloride and potassium acetate. The concentration
( H) + o of the solution was Pd@l= 0.01 mol/l, CuCh =
— (CH30-CO-Cy™Ze (6)  0.16mol/l, CH;COOK = 0.16 mol/l, respectively.
o L Then the solvent was removed by vacuum evapo-
2(CH30-CO-Cy™Ze™ + 2CHOH + 502 ration at 50C for 4h and subsequently pretreated
— 2(CH30),CO+ 2Cutze” 7) at 200°C for 2h in a N stream at atmosphere

) ) pressure. The preparation of catalyst with other
It has been reported that the formation rate of dimethyl zjkali promoters was similar to that of catalyst

carbonate is strongly related to Cl/Cu ratio in the syn- pgcpL—CuCpL—CH;COOK/a.c.. The surface area of
thesis of dimethyl carbonate by oxidative carbonyla- 5 c. employed here is 139Fmg 1.
tion over catalyst CuGla.c. [4].
The structure of supported catalyst PgaluCh 2.2. Catalyst characterization
used in CO oxidation has been investigated by many
researchers. Yamamoto et al. [5] studied the structure 2.2.1. X-ray diffraction analysis (XRD)

and electronic state of Pd&ICuCh catalyst sup- X-ray diffraction patterns were measured at room
ported on a.c. by XAFS technique, and found that Cu  temperature with a Japanese D/Max-2500 X-ray
species existed on the support and was coordinateddiffraction system. This diffractometer utilized Cua k

with three chlorine anions. The EXAFS analysis also radiation and was operated at 50 kV and 200 mA. The
showed the formation of Pd metal particles as well as range of the spectra i2was from 5 to 80°.

Pd chloride species coordinated with three chlorine

anions. In addition, they found that the formation of 2.2.2. X-ray photoelectron spectroscopy analysis

Pd metal was strongly suppressed by the presence The surface composition and structure of catalyst
of CuCb. The supported catalyst PgSCuCh used were studied by X-ray photoelectron spectroscopy
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(XPS) in a PHI-5300 ESCA system. An Abkelec-

tron source was used with a power setting at 250 W. *
Charge compensation was done with the adventitious ’\l
C 1s peak at 284.6eV. \// X
| x
. \\.4\
2.3. Catalyst evaluation (a)
20 x 40

Catalytic activity was measured at atmospheric
pressure in a fixed-bed flow system with a stainless
steel tubular reactor of 8 mm inner diameter, which has x
been described in our previous work [8]. The operation . ‘ \\
conditions were as followsT = 150°C, GHSV =
1500, LHSV = 4h™1, and CQO, = 2.80. The
reaction products passed through a cooling trap, then \j « o 40
l

the uncondensed gas products and the liquid products
collected in the cooling trap were analyzed by GC,

respectively. The GC column analyzing gas products SN
was packed with TDX-101, and another one analyz- ()

ing liquid products was packed with the polyethylene 20 < 40
glycol 20 000 coated on GDX-101 carrier. ; <

3. Results and discussion ) HL M .

. fL _W}N.lullu ‘UML &2\}W

3.1. XRD analysis 20 40
207 (°)

In the XRD patterns of supported -catalyst
PdCb—CuChb—CHsCOOK/a.c. before and after reac-
tion (Fig. 1a and b), the diffraction peaks attributed Fig. 1. XRD patterns for catalyst samples: (a) fresh cat-
to the support activated carbon were observed on thealyst PdCi-CuCb-CH;COOK/a.c.; (b) deactivated catalyst
sample. The XRD analysis showed that there were Eﬂiég%ﬁ;;i’fcaagKég)'c';n(sapfgif:; dcast:xi;epdéiiﬂgt:
not diffraction peaks of Pd or Cu species on the cat- ch,cook. Activated carbon: %) KCl, (A) NaCl, (&) CuCl.
alyst, but the peaks attributed to crystallites of KCI
were clearly observed, which presented the formation
of KCI during the catalyst preparation. Furthermore, PdCb—CuCh—CHzCOOK/a.c.. It suggested that the
it was certain that KCl was stable during the reaction formation of alkali chloride should be due to the
because the intensities of KCI peaks varied very little reaction between alkali acetate and Pd@t CuCh
before and after reaction. In addition, it was suggested because the chemical reagents used in the catalyst
that Pd and Cu species on the support surface waspreparation did not contain alkali chloride. In order
highly dispersed or in amorphous state because theyto gain further insight into the structure of the sup-
were invisible in the XRD pattern. In the XRD pat- ported catalyst Pdg+CuCh—CHzCOOK/a.c., an un-
terns of fresh catalyst Pd&ICuCbh—CH3COONa/a.c. supported PAGFCuCb—CHzCOOK sample with the
(Fig. 1c), there were also mainly diffraction peaks same atomic ratio of palladium, copper and potassium
attributed to the support activated carbon. The XRD was prepared, and pretreated by the same methods as
analysis showed that there were not diffraction peaks the supported catalyst. The XRD pattern showed that
of Pd or Cu species on this catalyst, but the peaks there were obvious peaks corresponding to crystallites
attributed to crystallites of NaCl were clearly ob- of CuCl, which indicates that some &uspecies have
served. All these are similar to those of catalyst been reduced into Cuspecies, but the Pd species

*_Activated carbon X-KCl A-NaCl &-CuCl
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was still invisible (Fig. 1d). The other difference of
unsupported sample from the supported catalyst was

that KCI did not emerge in the XRD pattern. The (a) [
presence of CuCl and the disappearance of KCI in v

the unsupported sample may be due to the absence // v Y /\
of support while the formation of KCI in the sup- AL A

ported catalyst results from the interaction between M
the supported metal species and the support activated N
carbon.

3.2. XPSanalysis

The surface composition and structure of the cat- / \
alysts were analyzed by XPS technique. In order to ®) Ji \
compare their differences conveniently, two single RN \
metal chloride catalysts Pdéé.c. and CuGla.c., / \
a bimetallic chloride catalyst Pd&iCuCh/a.c. L~

and a multi-component catalyst PdE€CuChb— \
CH3COOK/a.c. were prepared. N

In the XPS pattern of Pg in PdCh/a.c. (Fig. 2a),
the peaks attributed to 337.6 and 335.2 eV were peaks
of Pt and P4, respectively, which indicated that -
partial PAC} supported on activated carbon was re- ~
duced to P8 metal. © A .,,/ \

The curve-fitting results of Gig XPS patterns in / =7
different catalysts are compared in Fig. 3. The;Cu
peak in CuCj/a.c. was fitted into two peaks of Cuat /\/\“ \
932.5eV and C# at 934.7 eV (Fig. 3a). The Gt ~
peak of 934.7 eV represented CuChe Cu" species \
of 932.5eV represented CuCl. . )

In the XPS pattern of Pd in PdCh—CuCb/a.c. 352.0 3480 3440 3400 3360 3320
(Fig. 2b), Pd metal disappeared whilesggeak be-
came wider apparently, and it had a chemical shift of
+0.3eV. The curve-fitting result of Gy XPS pattern gy 5 xps pattems of RBg (a) fresh catalyst Pdgh.c.:
(Fig. 3b) was similar to that of Cugh.c. (Fig. 3a) (b) fresh catalyst PdGICuCh/a.c.; and (c) fresh catalyst
and there were Cughlnd CuCl in the catalyst. These PdCb—CuCb-CH;COOK/a.c.
results can be explained by the synergistic effect on
the bimetallic chloride catalyst, i.e., the addition of be active species, and the increase in CuO may result

Binding Energy/eV

CuClh prohibits the reduction of Pdgto Pd metal. in the deactivation of catalyst.
The curve-fitting results of the Gy XPS pat-
terns on fresh and deactivated catalyst BdCLCh— 3.3. Investigation of catalytic active species

CH3COOK/a.c. are listed in Fig. 3c and d, respec-

tively. It is obvious that the Cu species in these In the XPS patterns of single metal chloride cata-
two catalysts had three states, i.e., Cy@uCl and lysts, partial PdGl in PdCb/a.c. was reduced to Pd
CuO, but their relative amounts were different. The metal and partial CuGlin CuCh/a.c. was reduced to
CuCl/CuCh and CuO/CuCl ratios are shown in  CuCl by the reduction sites on the activated carbon sur-
Table 1. In the deactivated catalyst, CuO was the most face. Itis concluded that there are double redox species
and CuCl was the least, which indicate that CuCl may P®*/Pd® on PdCh/a.c. and Cé&t/Cut on CuCh/a.c.,
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Fig. 3. Curve-fitting results of Gy XPS patterns: (a) fresh catalyst Cu@l.c.; (b) fresh catalyst PdgiCuCb/a.c.; (c) fresh catalyst
PdCb—CuCb—CHzCOOK/a.c.; and (d) deactivated catalyst P4@uCh—CHzCOOK/a.c. (\) CuCh, ((J) CuO, ) CucCl.

Table 1

Relative molar composition of Cu species on catalyst sutface

Catalyst CuCl CuCl/CuCh CuO/CuCp Clzpb (%)
Fresh PdAG—CuCb/a.c. 1 0.280 0 3.19
Fresh PdGCuChb—CH3zCOOK/a.c. 1 0.374 0.110 3.41
Deactivated PdG+CuCh—CH3zCOOK/a.c. 1 0.325 0.478 2.98

2The amount of CuGlwas taken as a standard.
b The composition of element Cl was calculated according to the five elements: Pd, Cu, K, Cl and C.

Table 2

Distribution of liquid products over catalysts (wt.%o)

Catalysts HCOOCEHI (CH30),CO H,O
PdCb/a.c. 0.22 Trace 1.09
CuCbh/a.c. 0.92 0.18 1.93
PdCb—CuCb/a.c. 0.23 1.49 0.78
PdCh—CuCb—CHz;COOK/a.c. 0.63 6.07 2.45

aReaction conditionsT = 150°C, GHSV = 1500h, LHSV = 4h~%, and CQO, = 2.80.
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respectively. From the evaluation results for catalytic
activity in Table 2, only trace DMC was formed on
single metal chloride catalysts, which shows that the
single metal chloride catalysts are active to the synthe-
sis of DMC, but the activity is very low. The reaction
of DMC synthesis over the two single metal chloride
catalysts is suggested to take place according to redox
mechanism; Pt /Pd® and C#*/Cut are proposed to
be active sites, respectively. The poor activity is due
to the unstable structure and composition of the active
species.

However, Pd metal was not found in bimetallic chlo-
ride catalyst PAGHCuCb/a.c. These findings that the
reduction of PdG was strongly suppressed by the
presence of Cu@Glmay be explained in terms of a pref-
erential reduction of Gif to that of Pd™ on the re-
duction sites because of lower redox potential ofCu
to Cut (0.15V vs. Ag/AgCl) than that of P&t to
P (0.92V) [10].

As previously noted, the synergistic effect exists
between Pd and Cu on the bimetallic chloride catalyst
PdCb—CuCb/a.c. The evaluation results over catalyst
PdCb—CuCb/a.c. in Table 2 show that the activity of
DMC synthesis increased markedly. It suggested that
the increase in the catalytic activity is ascribed to the
synergistic effect between Pd and Cu.

On the basis of above discussion, we propose that
the synthesis of DMC by oxidative carbonylation of
methanol proceed according to redox mechanism, and
the DMC yield increases greatly through the following
reactions over catalyst P&ICuChb/a.c.:

I. PdCh + CO — Pd(CO)Cl,

Il. Pd(CO)Cly + 2CHzOH — (CH30),CO+ P +
2HCI

Pd® + 2CuCh — PdCb + 2CuCl

2CuCl 4 2CH;OH + 30, — 2CUWOCHy)Cl +
H,0

. 2CU(OCH;z)Cl + CO — (CH30)2CO + 2CuCl

. 2CuCl+ 2HCl+ 10, — 2CuCh + H20

In the above reaction schemes, DMC is formed in
both reactions Il and V, which is the reason why the
STY of DMC was considerably increased over the
bimetallic chloride catalyst. The presence of CuCl
is helpful to the completion of reactive cycle over
PdChb species, and simultaneously CyQdk con-
verted to the active species CuCl that is necessary in
reaction IV. Manchot and Konig [11] first reported a

R. Jiang et al./Journal of Molecular Catalysis A: Chemical

185 (2002) 159-166

400 20
oQ
300 Q‘Ko STY 1.
T ‘Q\QQ -
)
= i £
. 200 o\ 4 1.0 ~
5 oo z
100 = <105 O
c(c)
M
| 1 1 | 00
0 0 10 20 30 40 50

Time on stream/h

Fig. 4. The time course of reaction performance of cata-
lyst and CI concentration of liquid products. Reaction con-
ditions: T = 150°C, GHSV = 1500h%, LHSV = 4h™1, and
CO/0, = 2.80.

compound with a formula, Pd(CO)£land the struc-
ture of [P&(CO)XCl4] was proposed by Calderazzo
and Dell’Amico [12].

3.4. Analysis of reason for catalyst deactivation

The catalyst PdGFCuChb—CH3;COOK/a.c. has
been shown to be active as a catalyst in the oxidative
carbonylation of methanol, but its stability is poor.
As shown in Fig. 4, the catalytic activity dropped
markedly along with the reaction. Fresh and deac-
tivated catalysts have been characterized by XPS
technique, and the composition of element chlorine is
listed in Table 1. The composition of element chlo-
rine on the fresh catalyst surface was 3.41%, while it
was only 2.98% on deactivated one. The difference
means the loss of chlorine. As previously mentioned,
it is concluded from Table 1 that the loss of chlorine,
the decrease of CuCl, and the formation of CuO are
the primary factors of catalyst deactivation.

In order to confirm that the reason for catalyst
deactivation is due to the loss of chlorine, the liquid
product was analyzed by ion-selective electrode anal-
ysis. In this method, the 217-calomel electrode was
used as reference electrode and the 301-chloride
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electrode was used as indicator electrode. The PHS-2catalyst was suppressed by the presence of £uCl
precision acidimeter was used to determine elec- and as a result CuCl and HCI were formed. As listed
tromotive force. A series of standard solvents were in Table 2, the addition of alkali metal promoter in
prepared, and the Cl concentration in the liquid the PdC}—CuCh—CH3COOK/a.c. catalyst increased
product was determined by standard curve method. the activity of catalyst markedly. Based on the XRD

The time course of DMC yield and Clconcentration
in liquid product is shown in Fig. 4. The fact that
CI~ was found in the liquid product shows that I

patterns of catalyst Pd&lCuCh—CH3COOK/a.c.
and PdC}-CuChb—CH3COONa/a.c. in Fig. 1, the
function of alkali promoter can be explained as

must have been lost from the metal chloride catalyst follows: it can react with PdGl and CuC} dur-
in the reaction process because the reactants did notng the pretreatment of catalyst (Eq. (8)), in which

contain chlorine. Furthermore, along with the loss of
chlorine, the activity of catalyst decreased from the
highest STY, 349-153 g/l cath in the run time of 43 h.

the active species is formed and alkali chloride is
generated.

Therefore, the main reason for catalyst deactivation PdCk + CuChk + CH3COOM

could be attributed to the loss of chlorine.

3.5. Effects of alkali promoter

The addition of alkali metal promoter K in the form
of acetate CHCOOK can enhance the reactivity of
the oxidative carbonylation of methanol on catalyst
PdChb—CuCb/a.c. significantly. So it is necessarily to
study the functions of promoter GEOOK further.

The atomic composition of Pd on the catalyst
PdCh—CuCb/a.c. was 0.87% and Cu was 1.57%.
According to stoichiometric humber of PdChnd
CuCb, the composition of chlorine on the catalyst
PdCb—CuCb/a.c. should be 4.34%, but in fact it
was only 3.19% as listed in Table 1. This indicates
that chlorine was lost during the catalyst prepara-
tion. The atomic composition of Pd on the catalyst
PdChb—CuChb—CH;COOK/a.c. was 0.49% and Cu

— PA(CO)Cl, + Cu(OCHg)Cl + MCI ®)

According to Eq. (8), since metal chloride was
formed and the loss of chlorine was inhibited in
this reaction, the stability of active species was im-
proved. The addition of alkali acetate influences the
electronic environment of synergistic Pd—Cu active
species because alkali metal is an electron-donating
promoter. Furthermore, since the acetate coordinates
with Pd or Cu species in place of chlorine anion, and
the electronic environment of Pd—Cu active species is
improved further, so the activity and stability of the
catalyst is increased.

4. Conclusions

For the purpose of studying the reaction mecha-

was 1.03%. According to stoichiometric number, the nism of the synthesis of DMC by gas-phase oxidative
composition of chlorine should be 3.04%, but in fact carbonylation of methanol, a series of supported metal
it was 3.41% as listed in Table 1. These results show chloride catalysts have been prepared. The characteri-
that CHBCOOK not only inhibits the loss of chlorine,  zation and evaluation results suggest that this reaction
but also enriches it on the catalyst surface. Promoter proceeds according to redox mechanism?Pad
CH3COOK makes the chlorine enrich on the surface of and C@t/Cut are proposed to be the active sites of
catalyst from bulk, and even exceed the stoichiometric single metal chloride catalysts, respectively. Syner-
number of the compounds, so that more active speciesgistic effect of bimetallic chloride catalyst increases
comes into being on the catalyst surface, and the cat-the catalytic activity markedly. The main reason for
alytic activity increases. A possible mechanism for catalyst deactivation could be attributed to the loss

the loss of chlorine in the impregnation of Pd@ind
CuCb on a.c. has been proposed by Yamamoto [5]. A
partial reduction of PdGlto Pd metal and a partial re-
duction of CuC$ to CuCl resulted in the loss of chlo-
rine in HCI form in PdCj/a.c. and CuGla.c., respec-
tively. The reduction of PdGlin PdChb—CuCb/a.c.

of chlorine. CHCOOK not only inhibit the loss of
chlorine in catalyst and enrich it on the catalyst sur-
face, but also improve the electronic environment of
catalyst PdGCuCh—CH3;COOK/a.c., so the cat-
alytic activity and stability increase markedly. Further
experimental studies that specifically address the
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