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Heterogeneous catalysts for halide-free carbonylation of
dimethyl ether
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Acidic cesium salts of 12-tungstophosphoric acid promoted with rhodium, Rh/Cs,H; _ ,PW 5,04y (1.5 < x < 2 and Rh >0.1%), were
shown to be novel and effective catalysts for halide-free carbonylation of dimethyl ether (DME) to methyl acetate. The catalysts were
characterized by chemical analysis, nitrogen adsorption, XRD, SEM, TGA-DTA and IR spectroscopy. Their behavior may be explained
by assuming that (1) activation of the C—O bond in the DME molecule and formation of a metal—alkyl bond occurs in the presence of
the strong acid sites and (2) these strong acid sites act in conjunction with Rh carbonyl complexes, which are responsible for CO

insertion and acetate formation.
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1. Introduction

Acetic acid is an important industrial chemical which
is manufactured on a large scale. The main route to
acetic acid is through the carbonylation of methanol in
the Monsanto process, which uses a homogeneous
rhodium catalyst and halide promoter, typically methyl
iodide [1]. The halide is highly corrosive and requires
the use of a special alloy. Moreover, halides are poisons
for many types of catalysts, so that their use may limit
the further chemistry which can be performed after the
carbonylation step.

Catalysts suggested for the iodide-free carbonylation
are based on the acid form of various types of zeolites
(mordenite, Y, H-ZSM-5) [2-5] or on rhodium, or
iridium salts of tungstophosphoric heteropoly acid
supported on silica [6]. The latter show good selectivity
but very low activity. Therefore, design of a hetero-
geneous catalyst for halide-free carbonylation reaction
is an urgent problem.

Heteropolycompounds have been used successfully
for catalyzing acidic as well as oxidation reactions
[7-14]. The most interesting compounds for acidic
reaction would be acidic cesium salts of H;PW ;04
[15-28]. Cs, H;_ ,PW;,04, were claimed to exhibit high
activity in gas phase reactions [15-23], liquid phase
[22—27] and even in solid phase reaction such as pinacol
rearrangement at room temperature [28]. The high
activity of Cs2.0—Cs 2.5 salts was attributed to a large
surface area (40—150m”g~") and high surface protonic
acidity [18,19,27].
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Studies at the Boreskov Institute of Catalysis have
shown that acidic cesium salts of 12-tungstophosphoric
acid promoted with rhodium revealed high activity in
the iodide-free carbonylation of dimethyl ether (DME)
to methyl acetate (MA) [29]:

DME is more favorable for carbonylation than
methanol from the economic viewpoint because it can
be produced from syn-gas more effectively [30].

This paper presents the preparation, performance
and physical characterization of Rh/Cs H;_ ,PW,0y,
catalysts.

2. Experimental

Cesium salts of 12-tungstophosphoric acid promoted
with rhodium were prepared by dropwise addition of
stoichiometric amounts of a 0.1 M aqueous solution
of cesium nitrate to a mixture of 0.1 M solutions of
H;PW,,04 and rhodium chloride to the required
ratio. The resulting suspension was kept under vigorous
stirring for 24 h and then was evaporated at 353-373 K
to the solid.

The samples were characterized by chemical analysis,
nitrogen adsorption, XRD patterns (Siemens diffrac-
tometer D-500 and Cu K, radiation), SEM observation
(Bs-350, TESLA apparatus) and TGA-DTA (Derivato-
graph Q-1500D). The IR spectra were recorded with a
Bomem M-102 FTIR spectrometer.

DME carbonylation reaction was carried out in a
flow reactor with gas chromatography analysis on line.
Reaction conditions: CO/DME ratio=10/1, GHSV =
3000h~", pressure 10 bar, temperature 473—523 K. Prior
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to reaction, samples were reduced at 473 K in a stream of
2%H,—He for 2 h.

3. Results and discussion

The chemical compositions of the samples, given in
table 1, show that the desired cesium salts were obtained
from the preparation process. Table 1 also shows the
BET surface areas for the samples after heating to
573 K. As anticipated from previous work [15-28], the
addition of cesium increased the surface area signifi-
cantly. We have shown that increasing the cesium con-
tent from Cs 1 to Cs2.5 increased the surface area from
37 to 216m?/g. The same tendency was observed by
Essayem et al. [19,22] and Bardin and Davis [21].

From the powder X-ray diffraction patterns (figure 1),
the typical BCC structure of H;PW;,04, and the cesium
salts (Cs1-Cs2.5) of the heteropolyacid is clearly
indicated [31]. In the as-prepared form without heat
treatment, Cs 1, Cs 1.5 and Cs2 formed two crystalline
phases, possibly derived from the precipitation of the
Cs phase with pure acid phase trapped in the crystal
structure or in the micropores of the system. Acid
phase was not observed in Cs2.5 sample. However, the
peaks of Cs2.5 are broad and asymmetric, which
means that the presence of the microcrystalline cubic
H3;PW;,0,, phase cannot be ruled out. Addition of rho-
dium up to 2.5% causes no change in the X-ray patterns
of cesium salts.

The thermograms of the various acidic cesium salts
with rhodium were similar to those already reported
for Cs,H;_ PW{,04 compounds [19]. SEM obser-
vations presented in figure 2 show that the Cs1 and
Cs2 samples are composed of eclementary particles
(10-30nm) which are agglomerated in large-shaped
particles (100—1000 nm) with a spongy aspect. Such a
morphology was already described by Misono and
coworkers [26,27] for Cs salts of H;PW,04.
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Figure 1. X-ray diffraction patterns of the H;PW ;04 and acidic Cs salts.

Results of the DME carbonylation reaction over the
Cs 1-Cs 2.5 samples are presented in table 1. It can be
seen that the best catalyst revealed activity to
MA=190gl'h™!, that is, one order of magnitude
higher than rhodium salts of the same acid supported
on silica in the iodide-free carbonylation of the DME
to methyl acetate [6]. Activity dramatically changes
with cesium content. Cs1.5 and Cs2 are the most
active catalysts; the activity of Cs1 and C2.5 is 3-5
times less. At the same time, the amount of rhodium
slightly affected catalyst activity at constant Cs content;
it is reduced by 35% at very low concentration of
rhodium (0.1%).

Essayem et al. [19,20,22] and Bardin and Davis [21]
have shown that Cs2 salt of 12-tungstophosphoric acid
revealed excellent catalytic performance in skeletal

Table 1
Chemical composition, surface area and performance of Rh/Cs,H; _ ,PW,, catalysts in halide-free DME
carbonylation at 473K and 10 bar after 120 min on stream

Samples Cs/P? S BET Rate of methyl acetate formation Selectivity
(m*g™") (%)
gl 'h! 10 molg™'s7!
1%Rh/Cs 1 1.0 37 60 15 91
1%Rh/Cs 1.5 1.4 57 180 45 94
1%Rh/Cs 2.0 2.0 103 170 43 95
1%Rh/Cs 2.5 2.5 216 35 9 96
0.1%Rh/Cs2.0 1.9 96 120 30 95
0.5%Rh/Cs 2.0 2.1 100 190 47 96
2.5%Rh/Cs2.0 2.0 92 175 44 93
Cs2.0 1.9 90 40 10 92

* Atomic ratio of cesium to phosphorus.
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Figure 2. SEM photographs of (a) 1%Rh/Cs;H,PW,04, and (b) 1%Rh/
Cs;HPW,04.

isomerization of alkanes (C4, C5 and C6) and the Cs 2.5
sample was not active in butane and pentane
isomerization. It is known that the first step in methanol
carbonylation reaction is activation of the C-I bond
(E = 240kJmol™") in methyl iodide. In the absence of
CH;I it is necessary to activate the C-O bond
(E =350kJmol™') in methanol or in DME. The
energy of the C—C bond in n-alkanes (E = 344 kJ mol™")
is closely matched with the energy of the C—O bond in
methanol and DME. It may be suggested that DME
carbonylation in the absence of an iodide promoter
requires the presence of very strong acid sites which are
similar to those for skeletal isomerization of n-paraffins,
and activation of C—O (methanol, DME) and C-C (n-
alkanes) occurs at the same acid sites which are presented
in the Cs 1.5 and Cs 2 samples.

If polar molecules such as alcohols, ethers, H,O and
NH; are dissolved in solid HPA, the latter can exhibit
pseudoliquid phase behavior, so the rate of “bulk-
type”’ reaction may be more than 100 times higher [32]
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Figure 3. Direct comparison of the rates of (1) methyl acetate formation,
(2) isopentane formation [21] and (3) isobutane formation [19] versus
cesium content.

than the rate of “‘surface-type” reaction typical for
non-polar molecules (butane or pentane) that do not
dissolve in HPA. Dimethyl ether and methyl acetate
are polar molecules and “‘bulk-type” reaction may be
observed. In fact, the reaction rate of DME carbonyla-
tion does not differ much from those for butane or
pentane isomerization [19,21] (figure 3), which means
that DME carbonylation is mainly a ‘‘surface-type”
reaction, and the solubility of reactants or products in
the solid phase of catalysts does not play an important
role in this reaction.

Thus, unique properties of acidic Cs salts of
H3;PW,,0,, are exhibited in a carbonylation reaction,
and these catalysts make it possible to activate the C—O
bond in DME instead of activation of the C—I bond in
methyl iodide. The high activity of Rh/Cs, H;_ . PW[,04,
is caused not only by the high surface area of the samples,
but also Cs2 (100m* g™ ') is five times more active than
C2.5 (216m* g_l) or Rh concentration. This can be
attributed to the high surface acidity of Cs salts and/or
to certain structural and textural properties that require
further detailed investigations.

The infrared spectra (figure 4) in the range 1200—
400 cm ™' for acidic cesium salts before and after reaction
exhibited the same characteristic absorption bands due
to the vibrations of the PW,,03; anions, also described
by Rocchiccioli-Deltcheff [33]. The post-reaction FTIR
spectroscopy shows in the range 1200-2400cm™'
additional bands at 1200-1600cm~' and at 2000—
2200cm ™. The bands at 1417, 1450 and 1555cm™! are
often observed for acetate groups [34], the bands at
1278 and 1326cm™! were assigned to DME vibrations
[35] and the very weak band at 2070cm ' may be
attributed to the traces of Rh carbonyl complexes
[36-38]. It was shown by numerous researchers that
Rh carbonyl clusters and carbonyl ions are formed at
appreciable pressures of CO in zeolites and on the
surface of SiO, [36—40]. No study of such carbonyl
complexes in heteropolyacids or in their salts is known
to us, but it seems probable that Rh carbonyl clusters
are formed at the surface of Cs ,H;_ . PW,0,, catalysts
at high pressure of CO (10 bar) and these Rh carbonyl
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Figure 4. FTIR spectra of the 1%Rh/Cs,HPW ;04 (a) before and (b) after DME carbonylation reaction.

clusters are instrumental for the CO insertion into metal
alkyl bonds and the formation of acetate groups, as was
suggested for zeolites [38—40].

4. Conclusions

It was shown that Rh/Cs,H;_ PW;,04 with
1.5<x<2 and Rh>0.1% are novel and effective
catalysts for halide-free carbonylation of DME to
methyl acetate. Their behavior can be rationalized quali-
tatively by assuming that (1) activation of the C—O bond
in the DME molecule and formation of a metal—-alkyl
bond occurs in the presence of the strong acid sites and
(2) these acid sites act in conjunction with Rh carbonyl
complexes, which are responsible for CO insertion and
acetates formation.
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