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Synthesis of dimethyl carbonate and dimethoxy methane over Cu-ZSM-5
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Abstract

An investigation was carried out of the oxidative carbonylation of methanol to dimethyl carbonate over Cu-ZSM-5. The catalyst was prepared
by solid-state ion exchange of H-ZSM-5 with CuCl and then characterized by X-ray absorption spectra (XAS). The XANES portion of the XAS
data showed that all of the copper is present as Cu+ cations, and analysis of the EXAFS portion of the data shows the Cu+ cations have a Cu-O
coordination number of ∼2.7, suggesting that the cations are doubly and triply coordinated. Under DMC synthesis conditions, cuprous cations
can be identified by two sorts of sites, one site covered by methanol only and a second on which CO and methanol co-absorb. In the absence of
CO, DMM is the primary product formed, but when CO is present DMC becomes the primary products. DMM and MF are presumed to form via
the coupling of formaldehyde and formic acid, respectively, with methanol. Consistent with this reasoning, the rates of DMM and MF formation
increase with oxygen partial pressure. DMC is formed by carbonylation of methanol, and the rate of its formation increases with CO partial
pressure. Increasing methanol partial pressure has an equivalent effect on the rates of DMM and DMC formation, suggesting that both products
are formed from a common precursor derived from methanol, for example a methoxide group.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Dimethyl carbonate (DMC) can be used as a fuel additive to
replace methyl tert-butyl ether (MTBE) [1], a precursor for syn-
thesis of carbonic acid derivatives [2], as a methylating agent to
replace methyl halides and dimethyl sulfate, and as an interme-
diate in the synthesis of polycarbonates and isocyanates [2,3].
Whereas DMC has been made from methanol and phosgene,
there has been considerable interest in exploring more envi-
ronmentally benign processes for this product, such as the ox-
idative carbonylation of methanol; carbonylation of methylni-
trite, ethylenecarbonate, or urea transesterification; direct syn-
thesis from CO2; alkylation of metal carbonates with organic
halides; and decarbonylation of dimethyl oxalate [4]. Of these
alternatives, the most promising route is the vapor-phase ox-
idative carbonylation of methanol, 2CH3OH + CO + 1

2 O2 →
(CH3O)2CO + H2O [5].
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A number of copper-based catalysts have been investigated
for the vapor-phase oxidative carbonylation of methanol [6–22].
These include CuCl and CuCl2 supported on activated carbon
[6–12]; CuCl, CuCl2, and bimetallic PdCl2-CuCl2 deposited on
mesoporous silica supports (HMS silica, MCM-41, and SBA-
15) [14–16]; and Cu/silica [23]. There have also been reports
that the activity and selectivity of the above-mentioned cata-
lysts can be increased by the incorporation of quaternary am-
monium salts such as tetrabutylammonium bromide (TBAB)
and tetraelthylammonium chloride (TEAC) [16,17]. Because
chloride-containing catalysts can lead to reactor corrosion, sev-
eral authors have examined the potential of copper-exchanged
zeolites as catalysts [19,20,24,25]. King [20] have reported that
Cu-Y zeolite exhibits good activity and selectivity for DMC
synthesis with little catalyst deactivation. Under similar con-
ditions, zeolites exchanged with cuprous cations were found
to have higher activity and higher selectivity than catalysts
based on cuprous chloride. More recently, Root et al. [19] com-
pared the performance of Cu-X and Cu-ZSM-5, and reported
that Cu-X exhibited higher selectivity. In situ infrared studies
revealed that CO is more strongly adsorbed on Cu cations ex-
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changed into ZSM-5 than X zeolite. The authors proposed that
the synthesis of DMC proceeds via an Eley-Rideal process in
which gas-phase CO reacts with the methoxide species bonded
to the Cu cations present in the zeolite, and that strong ad-
sorption of CO inhibits the adsorption of methanol, which is
required to form methoxide species. Recent work by Drake
et al. [24] on Cu-exchanged Y zeolite revealed that all of the Cu
exchanged is present as Cu+ in sites I′, II, and III′. In addition
to DMC, this catalyst was found to produce dimethoxy methane
(DMM) and methyl formate (MF). In situ infrared and XANES
showed that both methoxide and carbonyl groups are associ-
ated with the Cu+ cations of the zeolite, in agreement earlier
reports of Root and Anderson for Cu-X [19]. Preliminary work
by the present authors using well-characterized Cu-ZSM-5 [25]
revealed that this catalyst also produces DMC, DMM, and MF;
however, in contrast to Cu-Y, the selectivity of DMM is higher
than that of DMC. The present work was undertaken with an
aim of understanding in greater detail the effects of reaction
conditions on the distribution of products. In situ XANES and
infrared spectroscopy were used to characterize the oxidation
state of Cu cations in the zeolite and the nature of species asso-
ciated with these cations.

2. Experimental

2.1. Catalyst preparation and characterization

Cu-exchanged ZSM-5 was prepared via solid-state ion ex-
change (SSIE) of H-ZSM-5 and CuCl at 1023 K, as described
previously [25]. Freshly prepared catalyst was stored in a dry-
box before use. The oxidation state of Cu in Cu-ZSM-5 was
determined by Cu K-edge X-ray absorption near-edge analy-
sis (XANES), which was carried out in transmission mode
at the Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline 2–3. This beamline is equipped with a double-crystal
monochromator, Si(111), detuned to 70% intensity to minimize
the presence of higher harmonics. The samples were pressed
into self-supporting wafers (calculated to have an absorbance of
2.5) and then mounted in a controlled-atmosphere cell operated
at 101 kPa. After characterization by XAS, each sample was
cooled to 298 K before being exposed to a particular gas or gas
mixture. In separate experiments, pretreated Cu-ZSM-5 was ex-
posed to a mixture of He/CH3OH, He/CO, He/CO/O2/CH3OH,
or He/O2. Methanol vapor was introduced using a gas satura-
tor containing liquid methanol at 298 K. To examine the effects
of gas adsorption, the sample was exposed to a flow of gas at
room temperature, and the temperature was then raised at a rate
of 10 K min−1 to 403 K and held at this level for 1 h. All XAS
measurements were made in situ. Cu XANES data were an-
alyzed with the IFEFFIT package [26]. Pre-edge absorptions
due to the background and detector were subtracted using a
linear fit to the data in the range −200–50 eV relative to the
sample edge energy (E0). Each spectrum was normalized by
a constant determined by the average absorption in the range
100–300 eV relative to E0. The edge energy of each sample
and reference was taken at the first inflection point beyond any
pre-edge peaks.
2.2. Measurement of catalyst activity and selectivity

Measurements of catalyst activity and selectivity were car-
ried out using 150 mg of catalyst loaded into a 10-mm i.d.
tubular flow reactor made of quartz. Before exposure to reac-
tants, the catalyst was pretreated at 873 K for 1 h in a stream
of high-purity He (99.999%). For the catalytic experiment,
a CO/O2 mixture (25.0% CO, 2.5% O2, balance He) and He
(99.999%) were used. Methanol (CH3OH) was introduced by
passing the CO/O2 mixture through a saturator maintained at a
constant temperature of 293 K. A CH3OH/O2/CO/He mixture
(4.0/1.0/9.0/19.3) was fed to the reactor at a nominal total flow
rate of 20 cm3/min and was varied between 3 and 80 cm3/min
to study the effect of residence time on product distribution at
403 K. A second experiment designed to study the effect of
temperature on the oxidative carbonylation of methanol was
carried out using a fresh sample of Cu-ZSM-5. For this study,
a CH3OH/O2/CO/He mixture (4.0/1.0/9.0/19.3) was fed to the
reactor at a nominal total flow rate of 20 cm3/min, and the re-
actor temperature was increased from 298 to 423 K. Studies of
methanol oxidation in the absence of CO were also carried out.
For these experiments, a CH3OH/O2/He mixture (4.0/1.0/28.3)
was fed to the reactor at a nominal total flow rate of 20 cm3/min
and was varied between 3 and 80 cm3/min to study the effect
of residence time on product distribution at 403 K.

2.3. Infrared characterization of adsorbed species

Infrared spectra were recorded on a Nicolet Nexus 670 FTIR
spectrometer equipped with an MCT-A detector. Measurements
were taken using a resolution of 4 cm−1. The catalyst were
pressed into 20-mg self-supporting pellets and then placed into
an infrared cell equipped with CaF2 windows. Before adsorbate
exposure, the catalyst was heated in He at 673 K. Either 16 or
32 scans were averaged to obtain each spectrum.

3. Results

3.1. Characterization of Cu-ZSM-5

Fig. 1 illustrates the IR spectrum for the O–H stretching
region. Spectra are shown for H-ZSM-5 and Cu-ZSM-5. The
intensity of the band at 3610 cm−1, which is characteristic of
Brønsted acid protons [27], approached zero for Cu-ZSM-5,
indicating that exchange via the reaction ZH + CuCl →
ZCu + HCl was nearly complete. In contrast, the IR peak
at 3740 cm−1, which is characteristic of Si–OH groups [27],
remained essentially unaltered during the course of cation ex-
change with CuCl, indicating that Si–OH groups did not un-
dergo SSIE.

Cu K-edge XANES of Cu-ZSM-5 and reference compounds
(CuCl, Cu2O, and CuO) are shown in Fig. 2a; with the corre-
sponding derivative curves given in Fig. 2b. The features in the
near-edge region are very sensitive to the changes in the oxi-
dation state and coordination environment of Cu. Cu2+ (CuO)
exhibits three features in the XANES region: a weak absorption
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at about 8975–8979 eV, attributed to the dipole-forbidden 1s–
3d electronic transition; a shoulder at 8986.7 eV due to a 1s–4p
transition; and a very intense peak at 8998 eV [28]. Cu2O ex-
hibits a well-defined pre-edge peak at 8982.8 eV and a peak
maximum at 8996.7 eV. The pre-edge peak lies in an energy
range (8982–8985 eV) that is characteristic of 1s–4pxy tran-
sitions of Cu(I) in low-coordination environments [29]. CuCl
shows a shoulder at 8984.6 eV and a very intense peak at
8987.3 eV. A single, well-defined peak at 8983.6 eV is observed
for Cu-ZSM-5. This feature has been assigned to the degenerate
1s–4px, y electron transition of Cu+ cations, which are doubly
or triply coordinated in a linear or planar configuration, respec-
tively [30,31]. The absence of Cu2+ and Cu0 features rules out
the presence of CuO or Cu metal species in copper-exchanged
samples. The absence of a peak at 8987.3 eV in the XANES
region also suggests the absence of any bulk CuCl.

Fig. 1. IR spectra of Cu-ZSM-5 and H-ZSM-5.
3.2. Interaction of CO and Cu cations in Cu-ZSM-5

After the wafer of Cu-ZSM-5 was treated in pure He at
673 K for 30 min and cooled to 298 K, 5.05 kPa of CO was
introduced in a He stream and allowed to flow for 10 min. The
cell was then purged with He flowing at 40 cm3/min as the
temperature was increased from 298 to 673 K. Fig. 3a shows
the IR spectra adsorbed CO. At 298 K, two prominent bands
appeared at 2177 and 2151 cm−1, which are assigned to the
symmetric and asymmetric stretching modes of the dicarbonyl
complex, respectively [32]. However, the existence of monocar-
bonyl species [Cu(CO)]+ cannot be excluded. The latter species
exhibit a band at 2157 cm−1 [33] and may be embedded in the
broad band for the dicarbonyls. When the temperature was in-
creased from 298 to 373 K, the band at 2177 cm−1 disappeared
and the band at 2151 cm−1 appeared to shift to 2157 cm−1.
This pattern is attributed to desorption of CO from the dicar-
bonyl species, so that only the more strongly bound monocar-
bonyl species remained. With further increases in temperature,
the intensity of the band for monocarbonyl species decreased.
However, the stretching band of a monocarbonyl complex can
still be observed even at temperatures above 673 K, indicating
that the interaction of CO with Cu cations in ZSM-5 is quite
strong.

Previous studies of CO adsorption on Cu-ZSM-5 have re-
ported the presence of two strongly adsorbed forms of CO
showing bands at 2159 and 2155 cm−1 [34]. These bands were
assigned to linearly adsorbed CO associated with Cu+ cations
coordinated to two- and three-zeolite lattice O atoms. CO ad-
sorbed on di-coordinated Cu+ cation was estimated to have a
heat of adsorption of 121.4 kJ/mol, whereas CO adsorbed on
tri-coordinated Cu+ was estimated to have a heat of adsorp-
tion of 100.5 kJ/mol. Recent DFT calculations by Davidová
Fig. 2. Cu K-edge XANES of standards and Cu-ZSM-5 (a) and the corresponding derivative curves (b).
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Fig. 3. IR spectra of Cu-ZSM-5 (a) CO desorption as a function of temperature (pre-adsorbed CO at 5.05 kPa for 15 min, then purge with a He flow of 40 ml/min
at a T ramp: 5 K/min) and CO adsorption at 403 K as a function of time (b) (feed flow: 20 ml/min; CO pressure: 20.2 kPa; balanced by He).
et al. [35] support these assignments. Those authors calculated
a heat of adsorption of 146.9 kJ/mol for CO adsorbed on Cu+
cations situated at II(I2) sites in which Cu+ is coordinated with
two O atoms of an AlO4 tetrahedron located at the intersection
of two channels in the MFI structure. The calculated a heat of
adsorption of 119.7 kJ/mol for CO adsorbed on Cu+ cations
situated at I(Z6) sites in which Cu+ is coordinated to three or
four O atoms within a six-membered aluminosilicate ring lo-
cated on the wall of one of the channels.

The IR spectrum of CO adsorbed on Cu-ZSM-5 was also
recorded at 403 K with a CO partial pressure of 20.2 kPa.
As shown in Fig. 3b, on introduction of CO, a band appeared
instantaneously at 2157 cm−1. With prolonged contact time,
this band shifted to 2153 cm−1, and a new band appeared
at 2175 cm−1, as did a shoulder at 2139 cm−1. The band
at 2157 cm−1 is attributed to the formation of monocarbonyl
species, whereas the bands at 2175 and 2153 cm−1 are at-
tributed to dicarbonyl species. The absorption at 2139 cm−1

has been attributed to CO molecules interacting weakly with
the zeolite framework through van der Waals forces [36].

3.3. Interaction of CH3OH with Cu-ZSM-5

Figs. 4a and 4b show IR bands observed when Cu-ZSM-5
was exposed to methanol at 403 K. Well-defined bands are ob-
served at 2953, 2843, 1461, and 1353 cm−1. The bands at 2953
and 2843 cm−1 shown in Fig. 4a are due to the antisymmet-
ric and symmetric C–H stretching vibrations, respectively, of
molecularly adsorbed methanol, whereas the bands at 1461 and
1353 cm−1 are characteristic of bending vibrations for molecu-
larly adsorbed methanol [37]. The two bands for C–H stretch-
ing vibrations shown in Fig. 4a are similar to those reported
by King at 2955 and 2847 cm−1 for molecularly adsorbed
methanol adsorbed Cu-Y at 403 K [21]. Weak features at 2932
and 2826 cm−1 are also shown in Fig. 4a; these are likely due
Fig. 4. Infrared spectra of methanol adsorption on Cu-ZSM-5 at 403 K (feed
flow: 20 ml/min; CH3OH pressure: 12.12 kPa).

to methoxide species [21]. Drake et al. also observed evidence
of both molecularly adsorbed methanol and methoxide species
during the synthesis of DMC over Cu-Y [24].

3.4. Interaction of CH3OH/CO/O2 with Cu-ZSM-5

Fig. 5 shows IR spectra taken during exposure of Cu-ZSM-
5 to a MeOH/CO/O2/He mixture (12.12/20.2/2.02/66.66 kPa)
at 403 K. Before introduction of the gas mixture, the catalyst
was exposed to a CO/He mixture (20.2/80.8 kPa) at 403 K.
With time under reaction conditions, the intensities of the C–H
stretching vibrations for molecularly adsorbed CH3OH (2951
and 2844 cm−1) increased in intensity, and two new bands
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Fig. 5. Infrared spectra of Cu-ZSM-5 under DMC reaction condition as a function of time in stream (feed flow: 20 ml/min, CH3OH:CO:O2 = 12.12:20.2:2.02 kPa;
t : 0.2–2 min).

Fig. 6. Infrared spectra of Cu-ZSM-5 after DMC reaction purged in He as a function of time (He flow: 40 ml/min, t : 1–90 min).
appeared at 2920 and 2822 cm−1 attributable to methoxide
species [21]. The band for adsorbed CO seen at 2151 cm−1

before the introduction of MeOH and O2 to the gas stream di-
minished in intensity and shifted to 2124 cm−1 with increasing
time of exposure to the synthesis gas mixture. The latter band
is attributed to Cu+ sites associated with HOCH3 and CO, that
is, [Cu(HOCH3)(CO)]+. The decrease in C–O stretching fre-
quency of CO is ascribed to the enhanced d–π back-donation
between Cu+ and CO when HOCH3 is coordinated to Cu+. The
bands at 1453 and 1366 cm−1 are attributed to a combination
of methoxide, [Cu(HOCH3)(CO)]+, and molecularly adsorbed
methanol [24].

Fig. 6 shows the IR spectra of Cu-ZSM-5 purged in He
after exposure to a mixture of CH3OH/CO/O2. The bands at
2920 and 2822 cm−1 assigned to C–H stretching vibrations of
methoxide groups disappeared after 90 min, whereas the bands
due to molecularly adsorbed CH3OH decreased much more
slowly. The rapid decay of methoxide species may due to car-
bonylation by desorbed CO to form DMC. With increasing time
under He, the position of the CO band shifted to 2154 cm−1

and the intensity of this band became significantly lower than
that observed prior to the introduction of CH3OH and O2 (see
Fig. 5). The blue shift of the CO band is caused by desorption of
CH3OH adsorbed at Cu+ sites on which CO is also adsorbed.
The desorption of methanol and the consumption of methoxide
species led to a rapid decrease in the intensity of the bands at
1453 and 1366 cm−1 and their shift to 1459 and 1349 cm−1,
respectively. This suggests that at the end of He flushing, only
molecularly adsorbed methanol associated with Cu+ sites re-
mained on the catalyst. In agreement with this interpretation,
it is observed that the bands at 1461 and 1353 cm−1 are at-
tributable to molecularly adsorbed methanol (see Fig. 4b for
comparison). The changes in the IR spectra presented in Figs. 5
and 6 suggest that methanol displaces adsorbed CO on some of
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Fig. 7. XANES of Cu-ZSM-5 with contact of different reactants at 403 K (a)–(d) and their corresponding derivative curves (e)–(h).
the Cu+ sites and coadsorbs with CO on other Cu+ sites. This
pattern is similar to that reported previously for Cu-Y [19,24].

3.5. Cu oxidation state and coordination environment in
Cu-ZSM-5 during DMC synthesis

The oxidation state and coordination of Cu was probed by
Cu K-edge XANES. As shown in Fig. 7, when the catalyst was
exposed to CH3OH at 403 K, the pre-edge peak of Cu+ re-
mained at the position observed under He but slightly decreased
in intensity. Likewise, no significant changes occurred in the
corresponding first derivative curve (Fig. 7). This suggests that
the molecular adsorption of CH3OH on Cu+ sites does not af-
fect the oxidation state of Cu or its coordination to the zeolite
framework.

When on He-treated Cu-ZSM-5 was exposed to 20.2 kPa of
CO at 403 K, the large resonant peak at 8983.6 eV associated
with coordinatively unsaturated Cu+ was replaced by a shoul-
der at 8982.4 eV. In the first derivative spectrum, the original
peak at 8982.7 eV shown in He and/or MeOH treated samples
disappeared completely and was replaced by three new features
at 8981.5, 8986.1, and 8993.1 eV. The pre-edge peak had a
red shift of 1.2 eV, in good agreement with the value reported
by Lamberti et al. [38], who attributed this shift to the forma-
tion of dicarbonyl complexes. Kumashiro et al. [34] observed
similar effects of CO adsorption on the XANES spectrum of
Cu-ZSM-5, which they attributed to a change in the coordina-
tion structure of Cu+ cations.

The first derivative spectrum for Cu-ZSM-5 exposed to
a CH3OH/CO/O2 mixture (12.12/20.2/2.02 kPa) at 403 K
(Fig. 7g) showed two well-defined peaks at 8981.5 and 8982.7
eV. The positions of these two features were identical to those
observed when CO or CH3OH, respectively, are adsorbed on
Cu+ cations separately (see above). Taken together with the
IR spectra shown in Fig. 5, the XANES data suggest that
on exposure of Cu-ZSM-5 containing pre-adsorbed CO to a
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Fig. 8. Effects of reaction temperature on (a) the rates of product formation and (b) product selectivity. Feed—CH3OH(12.12 kPa)/CO(20.2 kPa)/O2(2.02 kPa).
[SDMC/CO = [DMC]/([DMC] + [CO2]), Si/CH3OH = n[i]/(2[DMC] + 2[MF] + 3[DMM] + 2[DME]), i: DMC, MF, DMM, DME].
CH3OH/CO/O2 mixture, the CO was displaced by CH3OH
from a fraction of the Cu+ cations. The IR data presented in
Fig. 5 suggest that both CO and CH3OH were co-adsorbed on
the balance of the Cu+ cations.

The first derivative XANES spectrum after exposure of Cu-
ZSM-5 to a CH3OH/O2 mixture (12.12/2.02 kPa), presented in
Fig. 7h, exhibits a peak at 8982.7 eV similar to that seen when
the catalyst was exposed to CH3OH alone (Fig. 7e). A small but
well-defined peak was also observed at 8977.4 eV, attributed to
the presence of Cu2+ cations. Several peaks also appeared in the
region above 8985 eV. Although the positions of these features
were similar to those seen in the spectra of Cu2+-containing
reference compounds (see Fig. 2), their presence does not pro-
vide definitive evidence for the oxidation of Cu+ to Cu2+, for
the reasons discussed above.

3.6. Catalytic activity and selectivity of Cu-ZSM-5 for DMC
and DMM synthesis

Figs. 8a and 8b show the dependence of the rate of prod-
uct formation and product selectivity, respectively, on the re-
action temperature for a fixed feed composition and space ve-
locity. Over the temperature range investigated (383–425 K),
the methanol conversion increased from 0.25 to 2.5% and thus
was differential under all conditions. The products derived from
methanol included DMC, DMM, MF, and DME. Separate ex-
periments conducted without CO in the feed established that
no DMC and very little CO2 were formed via oxidation of
methanol. For this reason, the CO selectivity was based purely
on the formation of DMC and CO2. Fig. 8a shows that the
rate of formation of each carbon-containing product followed
an Arrhenius behavior. The apparent activation energy for each
product is listed in Table 1. Fig. 8b shows that at 383 K, the prin-
cipal products derived from methanol were DMM and DMC
in nearly equivalent proportions, with only very small amounts
of MF and DME. The selectivity of CO conversion to DMC
Table 1
Apparent activation energies for products on Cu-ZSM-5

DMC MF DMM DME CO2

Eapp (kJ/mol) 49 105 71 135 132

at 383 K was nearly 90%, with the balance of the CO being
CO2. With increasing temperature, the DMM selectivity re-
mained nearly constant, but the DMC selectivity decreased and
the MF and DME selectivities increased. The selectivity of CO
to DMC decreased sharply with increasing temperature, and,
correspondingly, the selectivity to CO2 increased.

The influence of methanol conversion on product formation
rates and selectivities are presented in Figs. 9a and 9b for the
case of a CH3OH/CO/O2 feed mixture and in Figs. 9c and 9d
for the case of a CH3OH/O2 feed mixture. The concentrations
of CH3OH and O2 in both feed mixtures are identical. Fig. 9a
shows that the rate of DMC formation decreased rapidly with
increasing methanol conversion. The rates of DMM and MF
formation also dropped off with increasing methanol conver-
sion, but at a lower rate. In contrast, the rates of CO2 and DME
formation passed through a maximum with methanol conver-
sion. The product selectivities also changed dramatically with
methanol conversion, as shown in Fig. 9b. The DMC selectivity
decreased, whereas DME and MF selectivities increased, and
the selectivity to DMM passed through a maximum.

Figs. 10a, 10b, and 10c show the effects of CO, CH3OH,
and O2 pressure on the rates of DMC, MF, DMM, DME, and
CO2 formation. With increasing CO pressure, the rate of DMC
formation increased, whereas the rates of DMM and MF for-
mation decreased. The rates of DME and CO2 formation in-
creased slightly with the initial increase in CO partial pressure
and then either decreased slightly or remained nearly constant
with further increases in CO partial pressure. Increasing the
methanol partial pressure caused a small increase in the rates
of DMM and DMC formation, both of which remained nearly
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Fig. 9. Selectivities and production rates as a function of methanol conversion by varying the residence time on Cu-ZSM-5 at 403 K under CH3OH/CO/O2
(12.12/20.2/2.02 kPa) (a, b) [SDMC/CO = [DMC]/([DMC] + [CO2]), Si/CH3OH = n[i]/(2[DMC] + 2[MF] + 3[DMM] + 2[DME]), i: DMC, MF, DMM, DME] and
CH3OH/O2 (12.12/2.02 kPa) (c, d) [Si/CH3OH = n[i]/(2[DMC] + 2[MF] + 3[DMM] + 2[DME] + [CO2]), i: DMC, MF, DMM, DME, CO2].
equivalent. The rates of MF, DME, and CO2 formation were
all nearly equivalent and decreased slightly with increasing
methanol partial pressure. The rates of DMM, DMC, and MF
formation increased with increasing O2 partial pressure, and
above an O2 partial pressure of 2.53 kPa, the rate of DMM for-
mation became larger than that of DMC formation. The rates of
DME and CO2 formation were almost equivalent and showed
an initial increase, then leveled off as the partial pressure of
oxygen increases. On the other hand, the rate of MF forma-
tion exhibited a monotonic increase with increasing O2 partial
pressure. Apparent reaction orders in CO, O2, and CH3OH
for the formation of DMC, DMM, and MF are given in Ta-
ble 2.

4. Discussion

Solid-state exchange of H-ZSM-5 with CuCl at 1023 K led
to virtually complete substitution of the Brønsted acid protons
of the zeolite by Cu+ cations. This conclusion is supported by
the absence of the IR band at 3610 cm−1 for vibrations of Brøn-
sted acid protons and the presence of a Cu K-edge XANES
spectrum characteristic of Cu+. No evidence was found in the
XANES spectrum of Cu2+ in the as-prepared catalyst. When
Cu-ZSM-5 was exposed to a CH3OH/O2 mixture at 403 K,
a small peak appeared at 8977.4 eV characteristic of Cu2+,
but most of the spectrum was still representative of Cu+. When
CO was added to this feed mixture, the feature characteristic of
Cu+ in the derivative XANES spectrum split into two parts, one
characteristic of CO adsorbed on Cu+ and the other character-
istic of CH3OH adsorbed on Cu+. In situ IR spectra during the
exposure of the catalyst to a CH3OH/CO/O2 mixture at 403 K
showed features for molecularly adsorbed CH3OH and CO, and
for OCH3 species. The position of the CO band suggests that
CO and HOCH3 may be coadsorbed on the same Cu+ cation.
Because the removal of methoxide species in He flow (Fig. 6)
resulted in the reappearance of the band for CO at 2154 cm−1,
the coadsorption of CO and HOCH3 groups is believed to occur
on the type II(I2) sites. This then suggests that methanol adsorp-
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Fig. 10. Effect of reactant pressure on oxidative carbonylation of methanol at
403 K: (a) CO (CH3OH: 12.12 kPa; O2: 2.53 kPa); (b) CH3OH (CO: 25.25 kPa,
O2: 2.53 kPa); (c) O2 (CO: 25.25 kPa, CH3OH: 12.12 kPa).

tion resulted in complete displacement of CO adsorbed on type
I(M6) sites, on which CO is more weakly bound [33,34].

Table 3 compares the activity of Cu-ZSM-5 reported in this
study with that reported by Anderson and Root [19] for es-
sentially comparable reaction conditions. It is evident that both
Table 2
Reaction orders for the formation of DMC, DMM, MF, and DME

Reaction orders DMC DMM MF DME

CO 0.4 −0.3 −0.7 −0.2
O2 0.2 0.5 0.5 0
CH3OH 0.2 0.2 −0.2 −0.4

samples of ZSM-5 exhibited comparable turnover frequencies
for DMC synthesis. Table 3 also demonstrates that the rate of
DMC synthesis observed over Cu-ZSM-5 is on the same or-
der of magnitude as that reported previously for Cu-X [18],
Cu-Y [20], Cu/SBA [23], Cu/MCM-41 [15], and CuCl/AC [9].
What is notable, however, is that the methanol selectivity to
DMC was significantly lower on Cu-ZSM-5 than on all other
catalysts, and that the DMM selectivity was correspondingly
higher. This difference is hard to explain, because recent XAS
studies of Cu-Y and Cu-ZSM-5 prepared by SSIE demonstrate
that in both cases all of the Cu is present as Cu+ in cation-
exchange positions [24,25]. But subtle differences are observed
when XAS is carried out under reaction conditions. CO appears
to be more strongly adsorbed relative to CH3OH on Cu-ZSM-5
compared with Cu-Y [19,24]. The relationship between the
coadsorption of CO and CH3OH and the synthesis of DMC
remains unclear, as does the issue of what dictates the selec-
tivity between the synthesis of DMM and DMC. Root and co-
workers [19] have suggested that DMC synthesis occurs only
on Cu+ sites devoid of adsorbed CO, because Cu-X exhibits
a higher turnover frequency for DMC synthesis and a weaker
strength of CO adsorption than Cu-ZSM-5. However, this inter-
pretation would not explain why the DMM selectivity is higher
on Cu-ZSM-5 (see Table 3). Consequently, the search for an
explanation of the effect of zeolite structure and Si/Al ratio re-
mains a subject of ongoing research.

A detailed mechanism by which DMC, DMM, and, MF—
the primary products derived from methanol—cannot be de-
veloped based on the information presented here. Neverthe-
less, some inferences can be drawn regarding the pathways
by which methanol is converted to these products and how
they are then converted to secondary products, DME and CO2.
Scheme 1 illustrates the proposed relationships between the
reactants, CH3OH, CO, and O2, and both the primary and sec-
ondary products. In the absence of CO, CH3OH can undergo
sequential oxidation to CH2O, HCOOH, and CO2. The results
Table 3
Summary of DMC synthesis on different Cu based catalysts

Catalyst Cu content
(wt%)

Reaction
temperature (K)

CO
(kPa)

O2
(kPa)

MeOH
(kPa)

TOFDMC
(s−1 × 105)

SelDMC
(%)

CuCl/SBA23 2.9 403 27.3 3.0 12.1 3.5 80.1
CuCl2/AC9 4.6 393 767.6 50.5 191.9 3.1 80.2
CuCl/MCM-4115 6.3 403 444.4 50.5 30.3 0.85 100
Cu/X18 30 403 40.4 8.1 20.2 2 −
Cu/Y20 7.3 403 46.5 6.1 26.3 6.8 80
Cu/ZSM-519 7 403 30.3 8.1 20.2 1.4 −
Cu/Y24 23.5 403 20.2 2.0 12.1 2.8 70

Note. TOF reported on a total Cu basis. Where appropriate, the reported TOF valve was converted to common units based on details in Section 2 of the listed
reference.
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Scheme 1.

shown in Fig. 9c suggest that at 403 K, the oxidation of CH3OH
did not lead to CO2, because CO2 was not observed in the
limit of very low methanol conversion. Although CH2O and
HCOOH were not observed in the reactor effluent, the forma-
tion of these products can be inferred, because both DMM and
MF, the products of CH3OH reaction with these intermediates,
were observed as primary products. The appearance of CO2
with increasing methanol conversion can be attributed to the
decomposition of DMM to DME and CH2O, followed by oxi-
dation to HCOOH and then to CO2 and H2O. Additional CH2O
may form as a result of the hydrolysis of DMM and MF, as
shown in Scheme 1.

With increasing addition of CO to the CH3OH/O2 feed mix-
ture, the rates of DMM and MF formation decreased as the
rate of DMM formation increased (see Fig. 10a). As shown in
Scheme 1, this trend suggests that the oxidative carbonylation
of methanol to DMC competes favorably with the oxidation
of methanol to DMM. The monotonic increase in the rate of
DMC synthesis with increasing CO partial pressure is similar
to that reported previously by Root and Anderson [19] for both
Cu-X and Cu-ZSM-5, supporting their conclusion that CO in-
sertion into adsorbed methoxide species is the rate-determining
step in DMC synthesis. This conclusion is also supported by
the observation of a near zero-order dependence of the rates of
DMC and DMM formation on methanol partial pressure shown
in Fig. 10b. Fig. 9a shows that as the conversion of methanol
approached zero, DMC became the dominant product, followed
by DMM and MF in that order. This figure also shows that the
rate of CO2 and DME formation became small. With increas-
ing methanol conversion, the rates of DMC, DMM, and MF
formation all decreased, whereas the rates of CO2 and DME
formation increased and passed through a maximum. These
trends may be explained by two secondary reactions, as shown
in Scheme 1. The first reaction is the decomposition of DMC
to DME and CO2; the second is the hydrolysis of DMC to
CO2 and CH3OH. The latter reaction is expected to become
more important as the conversion of methanol increases, as is
shown in Fig. 9. Once the concentration of DMC becomes small
enough, the rate of CO2 formation will fall off, because there is
no longer sufficient DMC to contribute to CO2 formation via
either DMC decomposition or hydrolysis.

5. Conclusion

Solid-state exchange of H-ZSM-5 with CuCl vapor at
1023 K leads to complete displacement of Brønsted acid pro-
tons by Cu+ cations. The oxidation of methanol over Cu-
ZSM-5 prepared in this manner produces DMM as the primary
product, with small amounts of MF and DME. With increas-
ing feed residence time (i.e., decreasing feed flow rate), the
rates of DMM and MF decrease, and the rate of CO2 forma-
tion increases. An illustrated in Scheme 1, DMM is believed
to be formed via the coupling of formaldehyde (formed by
partial oxidation of methanol) with methanol, whereas MF is
believed to be formed via coupling of formic acid (produced by
the oxidation of formaldehyde) with methanol. In the absence
of Brønsted acid protons, DME is thought to be formed via the
decomposition of DMM and DMC. When CO is added to the
feed stream, the oxidative carbonylation of methanol leads to
DMC, and with increasing partial pressure of CO, the rate of
DMC formation increases while the rate of DMM formation
decreases. In contrast, the rates of DMC and DMM forma-
tion increase slightly with increasing methanol partial pressure,
and both products are equally sensitive to this variable. This
suggests that the formation of DMM and DMC pass through
a common intermediate, presumably the methoxide species,
which are observed by in situ IR spectroscopy. As might be
expected, the rates of DMM and MF formation increase with
oxygen partial pressure, but the rate of DMC formation remains
relatively insensitive to this variable. The apparent activation
energy for the formation of the various products observed in-
creases in the order DMC < DMM < MF < CO2 ≈ DME. As
a result, DMC selectivity is highest at low temperatures. In situ
IR spectroscopy and XANES show that methanol can adsorb
on Cu+ cations as both molecular CH3OH and CH3O, with
very little effect on the coordination of the Cu cations to ze-
olite framework. When CH3OH, CO, and O2 are introduced
together at reaction temperature, IR spectroscopy provides ev-
idence for the co-adsorption of CO and CH3O on a single
Cu+ cation, as well as the presence of CO adsorbed alone.
With increasing methanol conversion, the decomposition of
DMC to DME and CO2 and the hydrolysis of DMC to CO2
and CH3OH contribute to the loss of DMC from the product
stream.
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