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bstract

Diethyl carbonate (DEC) was prepared via oxidative carbonylation of ethanol over a heterogeneous Wacker-type catalyst supported by activated
arbon (AC). The active species of copper chloride hydroxide crystals has a great effect on the catalytic performance and chemical adsorption
apacities. Cu(OH)Cl crystal is the most active catalyst for the diethyl carbonate synthesis. In situ XRD technique was used to analyze the effect
f treatment temperature on the crystal structures of catalyst in the oxidative carbonylation of ethanol to diethyl carbonate. Cu(OH)Cl was easily
ormed at 523 K, which showed the best catalytic activities. �-Cu (OH) Cl was formed at 573 K, which showed lower catalytic activities in the
2 3

ynthesis of DEC. CuO was formed at the treatment temperature of 673 K, which increased the yield of by-products—acetaldehyde and ethyl
cetate. The catalytic performance of three catalysts of CuCl2–PdCl2–KCl–NaOH/AC prepared at the different treatment temperatures above
ndicated the same trend which could be ascribed to the in situ effects on the catalysts under the reaction conditions.

2006 Elsevier B.V. All rights reserved.

xide;

o

2

d
o
r
w
r
t
o
C

eywords: Diethyl carbonate; Oxidative carbonylation; Copper chloride hydro

. Introduction

Diethyl carbonate (DEC) has attracted an increased attention
s an environmentally friendly chemical raw material [1]. It is
idely used for organic synthesis due to its versatile chemi-

al properties as a non-toxic carbonylating and ethylating agent
ecause of carbonyl and ethoxy groups in its molecule. In
ecent years, diethyl carbonate is found to be a substitute for
ethyl tert-butyl ether (MTBE), which is largely used as an

xygen-containing fuel additive. DEC features the more favor-
ble gasoline/water distribution coefficient and lower volatility
han other promising substitutes for MTBE-dimethyl carbonate
DME) and ethanol [2].

There are several methods for the DEC synthesis, such as a
hosgene process, oxidative carbonylation of ethanol [3–8], car-

onylation of ethyl nitrite [9–11], and an ester exchange process
12]. Among them, the vapor phase oxidative carbonylation of
thanol represents one of the proposed favorable processes. The

∗ Corresponding author. Tel.: +86 22 2740 6498; fax: +86 22 2789 0905.
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verall reaction is

C2H5OH + CO + 1

2
O2 → C2H5OCOOC2H5 + H2O (1)

Eyring and co-workers [4] reported a process for DEC pro-
uction by vapor phase oxidative carbonylation in the presence
f a catalyst, consisting of copper (II) chloride/palladium chlo-
ide loaded on the activated carbon (AC), which was treated
ith potassium hydroxide. The selectivity of DEC formation

eached above 99% but the ethanol conversion was dissatisfac-
ory, ca. 18%. Seehra and co-workers [7] stressed the importance
f catalyst characteristics and concluded that paratacamite (�-
u2(OH)3Cl) was more active than CuCl2 for the DEC synthesis.
iu et al. [8] reported a CuCl–PdCl2/C catalyst for DEC pro-
uction by vapor phase oxidative carbonylation of ethanol. The
ate-limiting step in the carbonylation is the insertion of carbon

onoxide to the ethoxy species, C2H5O–CuCl, and the catalyst

s easily deactivated during on stream because of the sinter-
ng of cuprous chloride and the decomposition of the palladium
hloride on the catalyst.

mailto:xbma@tju.edu.cn
dx.doi.org/10.1016/j.molcata.2006.11.009


Catal

t
c
i
f
w
t
I
p
o
X
c

2

2

b
c
s
d
o
w
A
w
(
d
c

2

c
a
T
d
(
p
l
b
c
l
t

2

u

(
R
P
y
i
r
h
5
c
C
r
3

3

3

c
t
u
T
a
o
o
b
b
T
c
t
w
s
s

a
(

T
A

C

1
2
3
4

Z. Zhang et al. / Journal of Molecular

In our previous work, KCl was proved to be a promoter for
he CuCl2–PdCl2–NaOH/AC catalyst, which contributed to a
onversion increase of 30% [13], and the conversion of ethanol
ncreased beyond 30%. KCl also favored the Cu(OH)Cl crystal
ormation, increasing the efficiency for DEC synthesis. Further,
e showed that temperature of catalyst treatment had an impor-

ant effect on the crystal structure of catalytically active species.
n this study we present results of the influence of treatment tem-
erature on the crystal structure of catalyst and its activities in
xidative carbonylation of ethanol to diethyl carbonate. In situ
RD technique was employed to analyze the transformation of

rystal structures of the CuCl2–PdCl2–KCl–NaOH/AC catalyst.

. Experimental

.1. Catalyst preparation

The catalyst was prepared by impregnating of activated car-
on with methanol solution of CuCl2, PdCl2, and potassium
hloride. The resultant mixtures were refluxed with vigorous
tir for 4 h at 333 K, the methanol was removed by the vacuum
istillation, and catalyst was dried at 353 K for 4 h in a vacuum
ven. Cu and Pd contents expressed by metal weight of catalyst
ere 3 and 0.25 wt.%, respectively, both measured as metals.
nd the molar ratio of K to Cu was 1. The catalyst sample
as then impregnated in a sodium hydroxide methanol solution

Cu/OH = 1, molar ratio), and treated by the same procedure as
escribed above. The BET specific surface area of the activated
arbon employed here was 900 m2/g.

.2. Production and analysis of diethyl carbonate

Catalytic activities were measured by a computer-controlled
ontinuous microreactor system (MRCS-8004B, HuaYang) with
stainless steel tubular reactor with an inner diameter of 8 mm.
he reaction products passed through a cooling trap and uncon-
ensed gas products were analyzed by a gas chromatograph
GC-8A, Shimadzu) supplied with a TCD detector with columns
acked with TDX-01 and Porapak-Q. The liquid products col-
ected in the cooling trap were sampled every 1 h and analyzed

y a GC (4890D, Agilent) equipped a FID detector. The reaction
onditions were as follows: 2 g catalyst, 0.1 ml/min ethanol (as
iquid), 4 sccm O2, 40 sccm CO, 20 sccm N2, reaction tempera-
ure of 423 K and reaction pressure of 0.64 MPa.

o
a
H
f

able 1
ctivity of various CuCl2–PdCl2–NaOH/AC catalysts for the ethanola oxidative carb

atalyst Promoter Conversionb (%) Selectivity (%)

Acetaldehyde Ethyl acetat

None 15.2 2.0 0.7
KCl 32.4 1.9 0.3
Nonec 14.1 2.1 0.8
KClc 15.9 1.9 0.6

a Reaction conditions: 2 g catalyst, 0.1 ml/min ethanol (as liquid), 10 sccm O2, 40 s
b Based on ethanol converted.
c 4 sccm O2, 40 sccm CO, 14 sccm N2.
ysis A: Chemical 266 (2007) 202–206 203

.3. Catalyst characterization

The catalyst structures were determined by the XRD method,
sing a Rigaku C/max-2500 diffractometer with Co K� radiation

λ = 1.7890 ´̊A) in the 2θ ranges from 10 to 90◦ (D/Max-2500,
igaku) and a scanning electron microscope (XL30ESEM,
hlilps). CO temperature-programmed desorption (TPD) anal-
sis for catalysts was carried out by a Micromeritics 2910
nstrument. The catalyst sample was (i) loaded in the tube
eactor at room temperature, and (ii) processed at a constant
eating rate of 20 K min−1 under nitrogen atmosphere up to
73 K for 30 min. Nitrogen gas was replaced by helium to
ool the sample tube to 323 K. The sample was exposed to
O (20 ml min−1) for 120 min. TPD measurements were car-

ied out at a heating rate of 5 K min−1 with a helium flow of
0 ml min−1.

. Results and discussion

.1. KCl promoted catalysts

CuCl2–PdCl2/AC, a Wacker-type catalyst, has been the main
atalytic system for the diethyl carbonate synthesis via oxida-
ive carbonylation of ethanol. Wacker-type catalysts were mostly
sed as a catalyst of the low-temperature CO oxidation [14–19].
he main catalytic mechanism of this system was regarded as
redox cycle between copper and palladium. It has been rec-

gnized that paratacamite (�-Cu2(OH)3Cl) is more active in the
xidative carbonylation process than atacamite (�-Cu2(OH)3Cl)
ecause �-Cu2(OH)3Cl is more efficient than �-Cu2(OH)3Cl for
oth regenerating Pd0 to Pd2+ and reducing Cu2+ to Cu+ [20].
he Cu/OH mole ratio can control the crystal structure of the
opper chloride hydroxide. When the mole Cu/OH ratio kept up
o 2, �-Cu2(OH)3Cl crystal was formed, while �-Cu2(OH)3Cl
as formed at Cu/OH ratio decreased to 1. In this regard, as

hown in Table 1, �-Cu2(OH)3Cl is very effective for the DEC
ynthesis, but not the best one.

As shown in Table 1, selectivity of diethyl carbonate was
bout 95%, while the ethanol conversion and space time yield
STY) of diethyl carbonate were quite different. At the lower

xygen feed concentration when KCl was added to the catalyst
s a promoter, the ethanol conversion only slightly increased.
owever, when the feed mole ratio of O2/C2H5OH increased

rom 1:8 to 1:4, the ethanol conversion dramatically increased by

onylation

STY (g DEC/l cat h)

e 1,1-Diethoxy ethane Diethyl carbonate

2.0 95.3 181.2
3.0 94.8 317.4
2.8 94.3 169.5
2.5 95.0 208.3

ccm CO, 20 sccm N2, reaction temperature 413 K, reaction pressure 0.64 MPa.
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bout 2 times, with the same promoter, KCl. The STY of diethyl
arbonate also increased from 208.3 to 317.4 (g DEC/l Cat h).

In our previous work, it has been shown that the part of �-
u2(OH)3Cl has converted to Cu(OH)Cl when KCl was used as
promoter for the CuCl2–PdCl2–NaOH/AC catalyst. Because of

ts insolubility, it is really difficult to synthesize pure Cu(OH)Cl
hile to load it on the support, and further determine the relation-

hip between the quantity of Cu(OH)Cl crystal and its catalytic
ctivity. However, this issue is still under intensive investigation
n our lab and may be reported elsewhere. To address the reac-
ivities of Cu with different valence states, understanding of the
roperties is necessary. As well known, copper is a quite vari-
ble material, which has the Ar electronic configuration 3d10 4s1.
hat means that the 4p orbital is completely vacant. It provides
n opportunity for other molecules or ions to share their pairs
f electrons with the empty Cu orbitals. Furthermore, copper
as low electronegativity, leading to the much greater degree of
ovalence in the copper compounds. These features make cop-
er chloride hydroxide many different crystal structures. The
edox process between different copper species and palladium
as a great influence on the oxidative ethanol carbonylation to
iethyl carbonate by the variations of copper chloride hydrox-
de crystal structures. Not only does the crystal structure play an
mportant role in the redox process, but puts certain affects on
he chemical adsorption capacity of the catalytic active species.
hus, as follows, we mainly focus on the chemical adsorption
f CO on the catalysts.

.2. CO temperature-programmed desorption

The chemical adsorption capacity of the catalytically active
pecies is very significant for the gas–solid phase catalytic reac-
ions. Since the catalytic activities increases by the addition of
Cl as a promoter, the catalyst performance was again com-
ared by using CO temperature-programmed desorption (TPD).
he CO chemical adsorption capacity has been considered as a
ery important factor for the catalytic performances in the vapor
hase diethyl carbonate synthesis. Fig. 1 shows CO temperature-
rogrammed desorption profiles for CuCl2–PdCl2–NaOH/AC
nd CuCl2–PdCl2–KCl–NaOH/AC (Cu/K = 1:1, molar ratio)
atalysts.

As shown in Fig. 1, it was found that the activated car-
on as a support possesses a certain capacity of CO chemical
dsorption, which, however, does not agree with the results
eported by Han et al. at some points [20]. They have studied
he same catalytic system for dimethyl carbonate production,
sing an activated carbon as a support but did not find any
esponse during CO adsorption, while other catalysts exhib-
ted the characteristic TPD behavior. This difference could
e caused by the different qualities of activated carbon sup-
orts. It has been known that the surface of activated carbon is
nriched by oxygen containing groups, such as hydroxyl, car-
oxyl, and carbonyl groups. These oxygen containing groups

ould be ascribed to the chemical adsorption of carbon monox-
de. As also shown in Fig. 1, the intensity of CO desorption
egan to increase at ca. 322 K and reached a maximum at
bout 370 K. The intensity of CO desorption increased with

(
i
(
i

ig. 1. CO temperature-programmed desorption (TPD) profiles of
uCl2–PdCl2–NaOH/AC, CuCl2–PdCl2–KCl–NaOH/AC (Cu/K = 1:1),
nd AC catalysts.

he further temperature increase. Therefore, at this point, it
an be concluded that CuCl2–PdCl2–KCl–NaOH/AC is the best
andidate in terms of CO adsorption capacity (23.8 ml/g). Com-
arably the catalyst with no KCl promoter added had the CO
dsorption capacity of 19.2 ml/g. Obviously, the KCl promoter
ade CuCl2–PdCl2–NaOH/AC catalyst giving increases in both

dsorption capacity and desorption temperature, which agrees
ith the catalytic reactivities presented in Table 1. In other
ords, the KCl promoter changed the active structural species of

atalyst and enhanced its chemical adsorption capacity, which
urns out to promote the DEC synthesis. Though the catalyst
f CuCl2–PdCl2–NaOH/AC with the KCl promoter is more
avorable for the DEC synthesis via an ethanol oxidative car-
onylation, our attention was focused on the transformation of
opper chloride hydroxide crystal structure.

.3. In situ temperature-programmed XRD analysis

Previous study of mechanism of catalytic ethanol oxidative
arbonylation to diethyl carbonate indicated that the electron
xchange between Pd and Cu species played an important role
n the catalytic performance [13]. In order to promote the trans-
ormation of copper chloride hydroxide from �-Cu2(OH)3Cl to
u(OH)Cl, the preliminary thermal treatment was considered
s a basic approach. In situ XRD analysis was carried out at
he temperature varied from 373 to 1073 K. Fig. 2 shows the in
itu XRD patterns for the prepared CuCl2–PdCl2–KCl–NaOH
atalyst. There were significant changes in the crystal struc-
ures of copper hydroxide chloride at temperatures of 303, 523,
73 and 673 K. The comparison of obtained XRD patterns
or the sample of CuCl2–PdCl2–KCl–NaOH catalyst with the
eference ones (JCPDS files) gave evidence that at the room
emperature the main part of copper crystal is �-Cu2(OH)3Cl

paratacamite, JCPDS #25-1427) and that the smaller one
s Cu(OH)Cl (JCPDS #23-1063). A similar catalytic system
CuCl2–PdCl2–NaOH/AC catalyst with Cu/OH = 1:1, contain-
ng solely �-Cu2(OH)3Cl) crystals) has been used for DMC
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ig. 2. In situ XRD patterns for CuCl2–PdCl2–KCl–NaOH catalyst. (�) CuO,
�) �-Cu2(OH)3Cl, (�) Cu(OH)Cl.

ynthesis by Han et al. [20]. We note that if the above catalyst
as prepared without KCl addition, Cu(OH)Cl was not formed,
hich, as expected, is in contrast with our previous results [13]
here the KCl promoter was used and Cu(OH)Cl was formed.
Another notable feature is that the greater part of

-Cu2(OH)3Cl crystals were converted to Cu(OH)Cl at tem-
erature 523 K, which indicates that the preheating method
an be used as an efficient approach for the copper chloride
ydroxide crystal transformation. However, when the treatment
emperature increased above 573 K, Cu(OH)Cl is converted to
-Cu2(OH)3Cl due to the low thermal stability of Cu(OH)Cl
t higher temperatures, while it is decomposed to copper oxide
t a temperature of 673 K and above. Considering the struc-
ure of Cu(OH)Cl, based on the study of Iitaka et al. [21], it
onsists of Cu(OH)3Cl3, which has a single edge-sharing octa-
edral structure. The Cu(OH)3Cl3 in Cu(OH)Cl possesses two
hloride atoms, locating in the trans-positions on the long dis-
ance from copper atoms, and one chloride atom on the very short
istance in the significantly distorted square-plane surrounding
opper atoms [22]. This distortion appears due to the well-known

ahn-Teller effect, which makes the crystallographic structure of
u(OH)3Cl3 unstable, resulting in its transformation to the other
rystallographic structures.

a
s
c

ig. 3. Catalytic activities of CuCl2–PdCl2–KCl–NaOH/AC catalyst pretreated
t different temperatures.

To further explore the chemistry of this Wacker-type catalyst,
hree fresh prepared samples of CuCl2–PdCl2–KCl–NaOH/AC
atalyst were treated at the temperature of 523, 573 and 673 K,
espectively, under the nitrogen atmosphere and their cat-
lytic activities as a function of reaction time are shown in
ig. 3.

The ethanol conversion reached above 30% when the cata-
yst was pretreated at 673 K. However, the selectivity of DEC
as somewhat low, about 20%, because ethanol was mostly con-
erted to acetaldehyde and ethyl acetate. XRD patterns showed
hat the active component of the catalyst sample pretreated at
73 K was copper oxide, which implies that copper oxide can
e used as a catalyst for acetaldehyde synthesis since it dramat-
cally decreases the DEC selectivity. During the reaction time,
EC selectivity quickly increased probably due to the transfor-
ation of copper oxide to copper hydroxide chloride under the

eaction conditions. On the other hand, the catalyst pretreated

t 523 K demonstrates both better ethanol conversion and DEC
electivity because of an significant amount of Cu(OH)Cl in the
atalyst.
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As it is also shown in Fig. 3, the conversion of ethanol
ecreased quickly with the time on stream of about 3 h. Then,
he decrease in the rate of the ethanol conversion becomes mod-
rate. Liu et al. [8] attributed the causes of the deactivation to
he sintering of cuprous chloride and the decomposition of the
alladium chloride on the catalyst. Our previous work [23] indi-
ated that the deactivation could be caused by the volatilization
f the Cl atom and the change of the crystal structure of cuprous
pecies.

According to the proposed catalytic mechanism [13],
u(OH)Cl is more effective for increasing ethanol conver-

ion and DEC selectivity than paratacamite due to its highly
edoxable properties for oxidation of Pd0 to Pd2+ and reduc-
ion of Cu2+ to Cu+. The outer-sphere mechanism in the
xidation–reduction of Pd/Cu and the Jahn-Teller effect, pecu-
iar to Cu(OH)Cl crystals, make the reduced Pd atoms easily
eoxidized by Cu(OH)Cl, which turns out to increase catalytic
ctivity for CO oxidation in the DEC synthesis.

. Conclusion

The crystal structure of copper chloride hydroxide has an
mportant effect on the synthesis of diethyl carbonate. Cu(OH)Cl
s more active than �-Cu2(OH)3Cl. CO-TPD analysis indicates
hat the capacity of CO adsorption increases and desorp-
ion temperature shifts to a lower value when Cu(OH)Cl is
ormed, which could directly account for catalytic promotions.
he thermal pretreatment of catalyst significantly modifies the
atalyst crystal structure; the crystal structure of copper chlo-
ide hydroxides was changed at temperatures 523, 573, and
73 K, respectively. Combinations of in situ XRD analysis and
atalytic test indicated that Cu(OH)Cl was easily formed at
retreated temperature of 523 K while the corresponding sam-

le demonstrated the best catalytic activities. CuO was formed
t pretreated temperature of 673 K, leading to an increase
n the yield of by-products such as acetaldehyde and ethyl
cetate.
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