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The role of copper chloride hydroxides in the oxidative
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Abstract

Dimethyl carbonate (DMC) synthesis by oxidative carbonylation of methanol has been studied using vapor phase flow
reaction system in the presence of CuCl2/NaOH/AC (AC, activated carbon) catalysts. A series of CuCl2/NaOH/AC cat-
alysts have been prepared by the conventional impregnation method with varying the molar ratio of OH/Cu from 0.0
to 1.0. The catalytic activity of CuCl2/NaOH/AC catalysts has been found to increase continuously with the increase
of OH/Cu molar ratio as compared with CuCl2/AC catalyst. The morphological analysis by X-ray diffraction, scanning
electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS) has shown that the improved performance of
CuCl2/NaOH/AC catalysts was closely related with the existence of copper chloride hydroxides (Cu2(OH)3Cl). Two different
crystal habits of Cu2(OH)3Cl were observed in the catalyst surface based on the OH/Cu molar ratio. One is�-Cu2(OH)3Cl
(atacamite) which is orthorhombic, while the other is�-Cu2(OH)3Cl (paratacamite) which is rhombohedral. The catalyst
phase was revealed to change from�-Cu2(OH)3Cl to �-Cu2(OH)3Cl with the increase of OH/Cu molar ratio. The cata-
lyst phase was�-Cu2(OH)3Cl dominant at the molar ratio of OH/Cu = 0.5, while at the molar ratio of OH/Cu = 1.0,
�-Cu2(OH)3Cl dominant. The�-type catalyst was found to be more favorable to DMC synthesis than the�-type catalyst.
The CO temperature-programmed desorption (TPD) experiments on the employed catalysts also strongly supported these
observations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Dimethyl carbonate ((CH3O)2CO, DMC) has
been attracting much attention as an environmen-
tally benign chemical recently[1–6]. It can be use-
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fully employed as a non-toxic carbonylating and
methylating agent in various applications. Partic-
ularly, DMC can be a very good replacement for
phosgene in the synthesis of polycarbonates and
isocyanates[1–3]. In addition, a lot of research as
a potential gasoline fuel additive is going on due
to the merit of its high oxygen content. DMC has
about three times higher oxygen content than MTBE
[4–6].

1381-1169/03/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S1381-1169(03)00131-6



138 M.S. Han et al. / Journal of Molecular Catalysis A: Chemical 203 (2003) 137–143

Several reaction routes have been known for DMC
synthesis so far[7–18]. Conventionally, DMC was
synthesized by the reaction of phosgene and methanol
[7]. However, this method is currently being phased
out because of the high toxicity and severe corrosivity
of phosgene and HCl. DMC can be also synthesized
by transesterification method[8,9], methylnitrite
method [10] and methanol oxidative carbonylation
method[11–13].

Among them, the oxidative carbonylation of
methanol process was initially developed by Enichem
in Italy in 1983 and is currently in operation. How-
ever, since DMC synthesis reaction in this process
takes place in liquid phase, there exist some problems
such as catalyst separation from reaction products and
so on. In order to overcome this kind of drawbacks of
liquid phase process, a vapor phase process has been
proposed by Curnutt and Harley[14] in 1987 and
several research results have been published[15–18].

In our previous work[18], we reported the effect of
various promoters and reaction conditions on DMC
synthesis over Cu-based heterogeneous catalysts.
Among the various promoters of alkali or alkali-earth
hydroxides and chlorides, NaOH has shown the best
catalytic activity when properly added to CuCl2/AC
(AC, activated carbon) catalysts. The OH/Cu molar
ratio in the CuCl2/NaOH/AC catalysts seems to be
closely related with the catalyst performance in the
DMC synthesis.

This work focused on the detailed characterization
of CuCl2/NaOH/AC catalysts and the investigation
of their role in DMC synthesis. A series of CuCl2/
NaOH/AC catalysts were prepared with varying
molar ratios of OH/Cu and the effect of catalyst
compositions on DMC synthesis was evaluated. The
TPD experiments and the morphological analysis
by X-ray diffraction, scanning electron microscope
(SEM) and X-ray photoelectron spectroscopy (XPS)
were conducted in order to characterize the employed
catalysts.

2. Experimental

2.1. Preparation and characterization of catalysts

A series of CuCl2/NaOH/AC (Aldrich, Darco 12–20
mesh, granular,SBET = 527.8 m2 g−1, acid-washed

lignite carbon for commercial uses) catalysts were
prepared by an impregnation method. Activated car-
bon support and other chemical reagents used for the
catalyst preparation were commercial products with
CP grade.

A copper chloride solution was prepared by dis-
solving CuCl2 in ethanol. Activated carbon particles
were impregnated with copper chloride solution and
dried under a flow of N2 at 423 K for 3 h. The dried
samples were cooled to room temperature. A sec-
ond impregnation was conducted in sodium hydrox-
ide solution. The particles were again subjected to a
thermal treatment under a flow of N2 at 423 K for
3 h.

The morphological analysis of the employed
catalysts were conducted by X-ray diffractometer
(XRD-6000, Shimadzu) and scanning electron mi-
croscope (Hitachi S-4200). The X-ray photoelectron
spectroscopy analysis was also conducted with a
SSI scientific 2803-S spectrometer equipped with a
hemispherical energy analyzer.

2.2. DMC synthesis

The DMC synthesis by oxidative carbonylation of
CH3OH with CO and O2 was investigated in a contin-
uous flow system with a fixed-bed reactor. The reactor
was made of Inconel-600 tube having a diameter of
1.27 cm and a length of 55 cm. A 5.0 g of catalyst
sample was filled between two layers of glass bead
beds in the reactor. The temperature of catalyst bed
was measured by a thermocouple and controlled with
the precision of±1 K by a temperature controller. The
reaction pressure was monitored by digital pressure
indicator (Omega DP-350) and maintained constant
by a back pressure regulator. CH3OH was introduced
using a HPLC pump (Gilson Medical Electronics,
model 302) to the pre-heater, where it was vaporized
and then entered into the reactor together with CO
and O2. The flow rates of CO and O2 were controlled
by mass flow controllers (Bronkhost, HI-TEC). The
effluent reaction products were analyzed by an on-line
gas chromatograph (Gow-Mac, 550P) equipped with
thermal conductivity detector. Porapak N column
(3.18 nm × 3 m, 80/100) and Carbosphere column
(3.18 nm×1.83 m, 80/100) were used for the analysis
of liquid products and uncondensable gas products,
respectively.
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2.3. CO temperature-programmed desorption (TPD)

The chemisorption of CO onto CuCl2/NaOH/AC
catalysts was carried out in a vertical tube reactor
of 0.95 cm in diameter at room temperature and at-
mospheric pressure. The catalyst sample was filled,
out-gassed and purged with the helium of ultra-high
purity grade (99.9999%, 30 ml min−1) at 600 K for
0.5 h. The sample was evacuated at 323 K for 3 h and
then, exposed to CO of 6.67 kPa for 2 h. The TPD mea-
surements were performed at a constant heating rate
of 5 K min−1 under the helium flow of 30 ml min−1.

3. Results and discussion

3.1. Catalyst activities of CuCl2/NaOH/AC catalysts

DMC can be catalytically synthesized by the reac-
tion of methanol with carbon monoxide and oxygen
as shown inEq. (1).

2CH3OH + CO+ 1
2O2 → (CH3O)2CO+ H2O (1)

In our previous work[18], we reported the effect
of various promoters and reaction conditions on DMC
yield over Cu-based heterogeneous catalysts. Among
the various promoters added to CuCl2/AC catalysts,
NaOH has been found to be the best promoter in the
DMC synthesis. Moreover, the OH/Cu molar ratio in
the CuCl2/NaOH/AC catalysts seems to be closely re-
lated with the catalyst performance.

Table 1shows the activity changes of CuCl2/NaOH/
AC catalysts depending upon the OH/Cu molar ra-

Table 1
The catalytic activity of CuCl2/NaOH/ACa catalyst with different
OH/Cu molar ratios

OH/Cu
molar
ratio

Conversion (%) DMC
selectivityb

(%)

DMC
yieldc

(%)MeOH O2

0.0 20.36 48.11 80.23 16.33
0.5 22.02 48.19 84.82 18.67
1.0 23.41 53.18 89.30 20.91

Reaction condition: Cu content= 4.6 wt.%, CO/MeOH/O2
= 16/4/1 (molar ratio) 403 K, 1.03× 103 kPa.

a Activated carbon.
b DMC selectivity = the produced DMC (mol)/the produced

DMC, methylformate and dimethoxymethane (mol)× 100.
c DMC yield = the produced DMC (mol)/the MeOH feed (mol)

× 100.

tio. For all the experiments in this work, the reac-
tion condition was always fixed asT = 403 K, P =
1.03× 103 kPa, MeOH/CO/O2 = 4/16/1 (molar ratio)
andτ = 10 s. The Cu content on activated carbon was
4.6 wt.%. The OH/Cu molar ratio was varied from 0.0
to 1.0. The variation range of OH/Cu molar ratio was
selected based on the our preliminary findings that the
catalytic activity deteriorated due to the formation of
NaCl in catalyst phase when OH/Cu molar ratio was
higher than 1.0[18].

With an increase in the molar ration of OH/Cu
in CuCl2/NaOH/AC catalysts, the catalytic activities
were found to increase gradually within the experi-
mental range of OH/Cu molar ratio. Methanol conver-
sion was increased from 20.36 to 22.02% and 23.41%
with an increase in the molar ratio of OH/Cu from 0.0
to 0.5 and 1.0, respectively. DMC selectivity was also
increased from 80.33 to 84.82% and 89.30% with the
increase of OH/Cu molar ratio. These experimental
results clearly show that the addition of NaOH pro-
moter to Cu-based catalysts works very favorably in
DMC synthesis.

3.2. CO temperature-programmed desorption

Since the catalytic activity was increased with
the increase of OH/Cu molar ratio, the catalyst

Fig. 1. CO temperature-programmed desorption (TPD) profiles of
CuCl2/NaOH/AC catalysts with different OH/Cu molar ratios.



140 M.S. Han et al. / Journal of Molecular Catalysis A: Chemical 203 (2003) 137–143

performance was compared again through CO
temperature-programmed desorption (TPD) experi-
ments. In vapor phase DMC synthesis, the CO adsorp-
tion capability on catalyst is thought to be inevitably
related with the catalyst performance.Fig. 1 shows
the CO temperature-programmed desorption profiles
for CuCl2/AC (OH/Cu = 0.0), CuCl2/NaOH/AC
(OH/Cu= 0.5) and CuCl2/NaOH/AC (OH/Cu= 1.0)
catalysts shown inTable 1.

While activated carbon used as support did not show
any response, all of the three catalysts showed their
characteristic TPD behaviors. The intensity of CO des-
orption began to increase around 320 K, reached a
maximum at about 375 K and then decreased slowly

Fig. 2. SEM images of CuCl2/NaOH/AC catalyst with molar ratio of OH/Cu= 0.5 and 1.0: (a) OH/Cu= 0.5; (b) OH/Cu= 0.5 at high
magnification; (c) OH/Cu= 1.0; (d) OH/Cu= 1.0 at high magnification.

with the further increase of temperature. Among them,
CuCl2/NaOH/AC catalyst with OH/Cu= 1.0 was
found to be the best in the CO adsorption capability.
This result strongly supports the activity test results
of Table 1. In other words, the OH/Cu molar ratio in
CuCl2/NaOH/AC catalyst is closely related with the
CO adsorption performance of catalyst and the higher
OH/Cu molar ratio within the experimental range is
more favorable in DMC synthesis.

3.3. SEM and XRD analysis

In order to elucidate the effect of NaOH promoter in
CuCl2/NaOH/AC catalysts for DMC synthesis, SEM
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and X-ray diffraction analysis were conducted for the
employed CuCl2/NaOH/AC catalysts with different
OH/Cu molar ratios.

Fig. 2 compares the SEM images of CuCl2/NaOH/
AC catalysts with the molar ratio of OH/Cu= 0.5
and 1.0. Interestingly, the crystal structures of both
catalysts were totally different. The catalyst with
OH/Cu molar ratio of 0.5 was observed as orthorhom-
bic while the catalyst with OH/Cu molar ratio of 1.0
was observed as rhombohedral. These kinds of crys-
tal habits were not observed at all in the SEM images
of CuCl2/AC catalysts free of NaOH as shown in our
previous work[18]. The formation of these kinds of
crystal habits in the catalyst phase appeared to be
associated with the relative concentration of NaOH
and CuCl2 solution during the catalyst preparation.

Fig. 3 compares the X-ray diffraction patterns of
CuCl2/NaOH/AC catalysts of OH/Cu= 0.5 and 1.0. A
lot of copper chloride hydroxides (Cu2(OH)3Cl) peaks
were detected in both cases. As a result of detailed
investigation on copper chloride hydroxide peaks in
XRD patterns, the existence of two different crystal
habits of copper chloride hydroxide peaks was ob-

Fig. 3. Comparison of XRD patterns of CuCl2/NaOH/AC catalysts:
(a) CuCl2/NaOH/AC with OH/Cu= 0.5; (b) CuCl2/NaOH/AC
with OH/Cu= 1.0.

served. According to the JCPDS reference files, one is
�-Cu2(OH)3Cl (atacamite, JCPDS #25-0269) which is
orthorhombic, while the other is�-Cu2(OH)3Cl (parat-
acamite, JCPDS #19-0389) which is rhombohedral.
By matching XRD patterns of both catalysts with
JCPDS reference files, it can be concluded that the
catalyst phase is�-Cu2(OH)3Cl dominant at the mo-
lar ratio of OH/Cu= 0.5 while at the molar ratio of
OH/Cu= 1.0, �-Cu2(OH)3Cl is dominant. These re-
sults from XRD analysis are in a very good accordance
with SEM image results shown inFig. 2.

Cu2(OH)3Cl has been generally known to have
three types of crystal structures such as atacamite
(orthorhombic), paratacamite (rhombohedral) and
botallackite (monoclinic)[19]. Among them, botal-
lackite is the most unstable and can be transformed
readily into paratacamite and/or atacamite[19,20].
Furthermore, it has been reported that the formation
of paratacamite and atacamite crystals closely related
with the relative concentration of NaOH and CuCl2
solution [20,21]. All these previous findings indi-
cated that�- and/or�-Cu2(OH)3Cl could be possibly
formed depending upon the OH/Cu molar ratio in our
CuCl2/NaOH/AC catalysts.

3.4. XPS analysis

According to Fleet’s work[21], atacamite (�-Cu2
(OH)3Cl) consists of Cu(OH)4Cl2 and Cu(OH)5Cl.
The ratio of Cu(OH)4Cl2 to Cu(OH)5Cl in atacamite
is known to be 1:1. On the other hand, parata-
camite (�-Cu2(OH)3Cl) consists of Cu(OH)4Cl2 and
Cu(OH)6. The ratio of Cu(OH)4Cl2 to Cu(OH)6 in
paratacamite is known to be 3:1. The structures of
Cu(OH)4Cl2, Cu(OH)5Cl and Cu(OH)6 as single
edge-sharing octahedra are shown inFig. 4. Cl–Cu–Cl
and Cl–Cu–OH are characteristic bonds in atacamite
while Cl–Cu–Cl and OH–Cu–OH in paratacamite.

Fig. 5 illustrates XPS spectra of Cu 2p3/2 of
CuCl2/NaOH/AC catalysts with the molar ratio of
OH/Cu = 0.5 and 1.0. The XPS peaks of both cata-
lysts were different in shape as well as in intensity.
This indicates that the bonding type and energy of Cu
in both catalysts might be different each other.

As a result of curve fitting, the catalyst with
OH/Cu= 0.5 was found to have two peaks as shown
in Fig. 5(a). The first peak (I) was found at 932.0 eV
and the second peak (II) at 934.0 eV. Peak (I) at
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Fig. 4. Structures of Cu(OH)4Cl2, Cu(OH)5Cl and Cu(OH)6 as
single edge-sharing octahedra.

932.0 eV was revealed to be attributed to Cl–Cu–Cl
bond, while peak (II) at 934.0 eV to Cl–Cu–OH bond.
That is, the catalyst with OH/Cu= 0.5 showed the
exactly same characteristics of�-Cu2(OH)3Cl. The
almost equivalent intensity of peaks (I) and (II) also
supports that Cu2(OH)3Cl in OH/Cu= 0.5 catalyst is
�-type. On the other hand, the catalyst with OH/Cu=
1.0 was found to have two peaks at 932.0 and 934.5 eV
as shown inFig. 5(b). A new peak (III) at 934.5 eV
was attributed to OH–Cu–OH bond. These results
indicates that the catalyst with OH/Cu= 1.0 consists
of Cl–Cu–Cl and OH–Cu–OH bond, which is the

Fig. 5. XPS spectra of Cu 2p3/2 for CuCl2/NaOH/AC catalysts: (a)
CuCl2/NaOH/AC catalyst (OH/Cu= 0.5); (b) CuCl2/NaOH/AC
catalyst (OH/Cu= 1.0).

characteristics of�-Cu2(OH)3Cl as mentioned above.
Furthermore, the relatively stronger intensity of peaks
(III) to (I) imply that the ratio of Cl–Cu–Cl bond to
OH–Cu–OH could be 3:1, which is characteristic of
�-Cu2(OH)3Cl. Based on these observations, it can be
concluded that these XPS analysis results are in a very
good accordance with SEM and XRD analysis results.

4. Conclusions

In this work, a series of CuCl2/NaOH/AC catalysts
were prepared and their catalytic activities were com-
pared in the vapor phase DMC synthesis. The detailed
characterization of employed catalysts and the inves-
tigation of their role on DMC synthesis were also car-
ried out through TPD experiments, X-ray diffraction,
SEM and XPS analysis.

The catalytic activity of CuCl2/NaOH/AC catalysts
has been found to increase continuously with the in-
crease of OH/Cu molar ratio up to 1.0 as compared
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with CuCl2/AC catalyst. The morphological analy-
sis by X-ray diffraction, SEM and XPS has shown
that the improved performance of CuCl2/NaOH/AC
catalysts was closely related with the existence of
copper chloride hydroxides (Cu2(OH)3Cl). Depend-
ing upon the OH/Cu molar ratio, two different crystal
habits of (Cu2(OH)3Cl) were observed in the cata-
lyst surface. One is�-Cu2(OH)3Cl (atacamite) which
is orthorhombic, while the other is�-Cu2(OH)3Cl
(paratacamite), which is rhombohedral.

The surface phase was revealed to change from
�-Cu2(OH)3Cl to �-Cu2(OH)3Cl with the increase of
OH/Cu molar ratio. At the molar ratio of OH/Cu=
0.5, the dominant phase was�-Cu2(OH)3Cl while at
the molar ratio of OH/Cu= 1.0, �-Cu2(OH)3Cl. The
�-type phase was found to be more active to DMC syn-
thesis than the�-type phase as well as the catalyst free
of Cu2(OH)3Cl. The CO temperature-programmed
desorption experiments on the employed catalysts
also strongly supported these observations.
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