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In the present work, a series of Ni/AC, Ni–Sn/AC, and Ni–
Sn–Cr/AC catalysts were prepared by incipient wetness impreg-
nation. Activity tests were performed in a continuous flow fixed-
bed reactor. The conversion of methyl acetate and selectivity of
acetic anhydride reached 81.1 and 38.8% respectively over the
screened Ni–Sn–Cr/AC catalyst under optimal reaction condi-
tions. Catalysts were characterized by means of BET and XRD.

Carbonylation of methyl acetate (MeOAc) provides an alter-
native promising method for the preparation of acetic anhydride
(AcOAc). Compared with conventional industrial routes, car-
bonylation of MeOAc to AcOAc is totally dependent on rela-
tively abundant coal and natural gas resources rather than scarce
oil reserves.1 Therefore, much interest has been concentrated
on screening efficient catalysts for carbonylation of MeOAc. A
number of catalysts have been tested. Above all, rhodium-based
catalysts have been investigated in detail and have been found to
be most active and selective.2 However, in view of catalyst cost,
the high price of rhodium due to its scarcity constricts its indus-
trial application. Thus, exploration of effective nonnoble metal
catalysts has attracted much more attention. Nickel catalysts
have been found to be much more effective than other nonnoble
metal catalysts under mild reaction conditions. Kelkar et al.3 and
Gong et al.4 have investigated liquid-phase carbonylation of
MeOAc to AcOAc with nickel complex catalysts. However,
liquid-phase carbonylation suffers from complicated separation
of catalyst and product as well as corrosive attack to reactor,
which can be avoided in vapor-phase reaction. However, up to
now, few effictive nonnoble metal catalysts used in vapor-phase
carbonylation of MeOAc to AcOAc have been reported. Al-
though, Shikada et al.5 have reported a Ni/AC (activated carbon)
catalyst used in vapor-phase carbonylation of MeOAc, little cat-
alyst characterization was reported and catalytic activity could
be improved. Herein, we report the first time that Ni–Sn–Cr/
AC catalyst was employed in vapor-phase carbonylation of
MeOAc to AcOAc.

The Ni/AC, Ni–Sn/AC, and Ni–Sn–Cr/AC catalysts were
prepared by incipient wetness impregnation. First, commercial
activated carbon (GH-9A) was refluxed with dilute nitric acid
for 4 h, then washed with deionized water to pH 7, and dried
at 120 �C for use. A typical catalyst preparation process is
described as follows: first, proper quantities of Ni(NO3)2.6H2O
were dissolved in distilled water to obtain an aqueous solution of
mixture. Second, the prepared activated carbon (20–40 mesh)
was added to the solution and stored for 10 h, followed by drying
at 120 �C. Finally, the catalyst was calcined under N2 atmos-
phere at 600 �C for 4 h. Then, the Ni/AC catalyst was obtained.
For preparing modified catalysts, one aqueous solution of

Ni(NO3)2.6H2O and SnCl4.5H2O, and the other aqueous
solution composed of Ni(NO3)2.6H2O, SnCl4.5H2O, and
Cr(NO3)3.9H2O were prepared, following the aforementioned
procedure, the Ni–Sn/AC and Ni–Sn–Cr/AC catalysts were
obtained. And no further pretreatment to all catalysts were per-
formed prior to characterization and activity test. In this paper,
catalysts with different metal loading are described as x%Ni–
y%Sn–z%Cr/AC (w/w).

Carbonylation of MeOAc to AcOAc was carried out in a
continuous flow fixed-bed reactor (�17� 450mm). In a typical
experiment, 5mL of catalyst diluted with 5mL of porcelain was
loaded. The liquid substrate consisting of MeOAc and methyl
iodide (CH3I, used as promoter) was continuously injected into
the preheater by a syringe pump, and a gas mixture of CO and H2

from gas cylinders controlled by a mass flow meter was simulta-
neously fed into the preheater, mixed with MeOAc and CH3I
sufficiently, and then flowed into the reactor jointly. The liquid
products collected with a cold trap were analyzed by gas chro-
matography (GC-9A) using a flame ion detector (FID) and a
Propark Q column. The feed and effluent gas were analyzed
by gas chromatography (GC-9560) equipped with a FID and a
GDX-502 column, at the same time H2, CO, CH4, and CO2 were
analyzed by a gas chromatography (GC-4000A), using thermal
conductivity detector and a carbon molecular sieve column.

The structural properties of catalysts were measured by iso-
thermal adsorption of N2 using a Micromeritics Tristar 3000
nitrogen physisorption apparatus. X-ray diffraction (XRD) pat-
terns were obtained on a Bruker Advanced X-ray Solutions/
D8-Advance using CuK� radiation.

The results of vapor-phase carbonylation of MeOAc to
AcOAc over different catalysts are summarized in Table 1.
The Ni/AC catalysts with different Ni loading did not show high
conversion for MeOAc and high selectivity to AcOAc. And the
Ni–Sn/AC catalysts showed a little improvement on the catalyt-
ic activity compared to Ni/AC catalysts. But the addition of Cr
to Ni–Sn/AC catalyst resulted in a much more significant en-
hancement in catalytic activity. Consequently, the trimetallic
catalyst Ni–Sn–Cr/AC could be the best choice for the carbon-
ylation of MeOAc. Effects of metal loading on catalytic activity
of Ni–Sn–Cr/AC catalysts were investigated and indicated that
conversion of MeOAc and selectivity of AcOAc could reach
30.8 and 74.9% respectively over 9%Ni–12%Sn–6%Cr/AC cat-
alyst with reaction conditions a. Furthermore, with optimized re-
action conditions b, the selectivity of AcOAc could be markedly
improved to 81.1% accompanied by a great increase in conver-
sion of MeOAc.

The XRD patterns of different catalysts are illustrated in
Figure 1. The crystalline phase of 9%Ni/AC catalyst was mainly
composed of Ni0, verified by the peaks at 2� ¼ 44:5, 52.3, and
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77.2� obviously. Besides diffraction peaks of Ni0, the crystalline
phases of 9%Ni–12%Sn–6%Cr/AC catalyst were mainly com-
posed of NiO and Cr2O3. However, the diffraction peak of Sn
was detected on neither Ni–Sn/AC nor Ni–Sn–Cr/AC catalyst.
The XRD pattern of NiO was detected at 2� ¼ 36:1 and 54.8�,
the diffraction peak at 2� ¼ 33:4 and 49.9� could be resolved
to Cr2O3. The Cr2O3 could be due to decomposition of
Cr(NO3)3.9H2O during the process of catalyst calcination.
The NiO could be ascribed to decomposition of Ni(NO3)2.
6H2O. As a result, Ni

0 detected could be attributed to reduction
of NiO by activated carbon during the catalyst calcination under
N2 atmosphere. It is obvious that the diffraction intensity of
Ni0 diffraction peak decreased sharply accompanied by intro-
duction of Sn and Cr. Thus, it could be concluded that the addi-
tion of Sn and Cr facilitated uniform dispersion of Ni0 phase
over activated carbon, which could partly correspond to higher
activity of Ni–Sn–Cr/AC catalyst. In addition, a synergetic
effect among Ni, Sn, and Cr could improve activity of Ni–Sn–
Cr/AC catalyst as well.

Table 2 shows the structural properties of different catalysts.
It is obvious that the surface area of catalysts decreased gradual-
ly with addition of Sn and Cr. However, according to Table 1,
the activities of three catalysts were totally reversed proportion

to their surface area. It could be concluded that improvement
of catalytic activity as a result of addition of Sn and Cr was in-
dependent of change of surface area of catalysts. In addition, the
total pore volume of catalysts exhibited a descending trend
following the increase of Sn and Cr, which could be attributed
to certain active components transferred into pore space of acti-
vated carbon in the process of catalyst calcination. However,
pore diameter of different catalysts hardly changed, which may
have less effect on catalytic activity.

In conclusion, Ni–Sn–Cr/AC catalyst was first used for va-
por-phase carbonylation of MeOAc to AcOAc. Promising results
were attained over 9%Ni–12%Sn–6%Cr/AC catalyst under op-
timized reaction conditions. Ni0 formed in the process of catalyst
calcination and was kept in reduced state owing to the H2 atmo-
sphere during the reaction. The high catalytic activity of Ni–Sn–
Cr/AC catalyst could be partly related to homogeneous disper-
sion of Ni0 caused by addition of Sn and Cr as well as a syner-
getic effect among Ni, Sn, and Cr. Although, the mechanism of
the improvement of catalytic activity with addition of Sn and Cr
needs to be further investigated, this work provides an efficient
method for synthesis of AcOAc.
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Table 1. Catalytic performance of different catalysts for vapor-phase carbonylation of MeOAc to AcOAc

Conversionc/% Selectivityd/%

Entry Catalyst MeOAc AcOAc AcOH CH4

1a 7%Ni/AC 11.3 56.8 41.7 1.5

2a 9%Ni/AC 12.5 57.6 41.2 1.2
3a 7%Ni–8%Sn/AC 18.9 61.3 37.8 0.9

4a 9%Ni–10%Sn/AC 21.7 63.5 35.7 0.8
5a 9%Ni–6%Cr/AC 20.6 62.7 36.4 0.9

6a 9%Ni–11%Sn–3%Cr/AC 28.5 72.3 27.3 0.4
7a 9%Ni–12%Sn–4%Cr/AC 31.9 70.2 29.3 0.5

8a 9%Ni–12%Sn–6%Cr/AC 30.8 74.9 24.6 0.5
9b 9%Ni–12%Sn–6%Cr/AC 38.8 81.1 18.1 0.8

Reaction conditions: aCO:H2 = 11:1, MeOAc:CH3I = 7:1, CO:MeOAc = 4:1, T ¼ 200 �C, P ¼ 5:3MPa, GHSV = 1200 h�1,
reaction duration 7 h; bCO:H2 = 8:1, T ¼ 205 �C, others as the same as a. cConversion (mol%) = converted AcOMe/injected AcOMe,
dSelectivity (mol%) = [(product, mol h�1) � (no. of methyl groups in the molecule)]/[(reacted AcOMe, mol h�1) � 2].
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Figure 1. XRD patterns for: a 9%Ni/AC, b 9%Ni–12%Sn/AC,
c 9%Ni–12%Sn–6%Cr/AC.

Table 2. Structural properties of 9%Ni/AC, 9%Ni–12%Sn/AC, and 9%Ni–12%Sn–6%Cr/AC

Catalyst BET surface area/m2 g�1 Total pore volume/cm3 g�1 Average pore diameter/nm

9%Ni/AC 1048.8 0.552 2.105

9%Ni–10%Sn/AC 956.7 0.502 2.101
9%Ni–12%Sn–6%Cr/C 799.7 0.434 2.17
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