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A novel method of direct synthesis of dimethyl carbonate from
methanol and carbon dioxide catalyzed by zirconia
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Dimethyl carbonate was synthesized from methanol and CO, with high selectivity using ZrO, catalysts. In this reaction, the amount
of dimethyl ether and CO was below the detection limit. The catalytic activity seems to be related to acid-base pair sites of the ZrO,
surface from the results of temperature-programmed desorption of NH3 and COs,.
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1. Introduction

Dimethyl carbonate (DMC) has attracted much attention
in terms of a non-toxic substitute for dimethyl sulfate and
phosgene, which are toxic and corrosive methylating or car-
bonylating agents [1]. In addition, DMC is considered to
be an option for meeting the oxygenate specifications for
transportation fuels [2]. There have been three commer-
cial production schemes: (i) DMC produced by the reac-
tion of methanol and phosgene, (ii) a process based on the
oxidative carbonylation of methanol by CO and O, with
copper catalysts [3-5], and (iii) an oxidative carbonylation
process using a palladium catalyst and methyl nitrite pro-
moter [6]. In the oxidative carbonylation, the raw materials
are methanol, CO and oxygen, therefore CO, is formed as
a by-product. Recently, we found that DMC can be syn-
thesized from CH3OH and CO, using CH3l and K,CO3 as
the promoters [7]. Whereas this reaction was very fast, the
deactivation was very rapid. From this study, we found that
two functions are necessary for DMC formation: oneisto
supply methyl species from CH3l and the other is the basic
function for the activation of methanol and CO,. In the di-
rect DMC synthesis from only methanol and CO,, it seems
to be important to supply methyl species from methanol,
which can be proceeded by the acidic function. From this
point of view, both acid and base functions are necessary
for DMC synthesis (equation (1)) from only methanol and
COZZ

2CH30H + CO, — (CH30),CO + H,0 Q

ZrO; has been reported to have both acidic and basic
properties[8-11]. In this letter we report the reaction prop-
erties of DMC synthesis from methanol and COy; in addi-
tion we investigated the relation between the activity and
surface properties of the catalysts, which were character-
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ized by temperature-programmed desorption of CO, and
NH3; and the measurement of their adsorption amount.

2. Experimental

ZrO, catalysts were prepared by calcining a commer-
cialy available ZrO,-2zH,O (Nakarai Tesgque Inc.) at dif-
ferent temperatures (388-1073 K) for 3 h.

The reaction was carried out in a stainless steel autoclave
reactor with an inner volume of 70 or 30 ml. The standard
procedure is as follows. 6.1 g methanol (192 mmol) and
0.5 g ZrO; (4.1 mmol) were put into an autoclave, and
then the reactor was purged with CO,. After that, CO,
(200 mmol) was introduced into the autoclave and the ini-
tial pressure is about 5 MPa at room temperature. The re-
actor was heated and magnetically stirred constantly during
the reaction. The reaction was carried out at different tem-
peratures (413-463 K) for different reaction times (1-40 h).
The products in both gas phase and liquid phase were ana-
lyzed by a gas chromatograph equipped with FID and TCD
detector. Products were also identified by GC-MS. In the
gas phase, amost no products were observed. CO was be-
low the detection limit of GC with FID detector equipped
with a methanator.

The XRD spectra and the BET surface area were mea-
sured by RINT-2400 (Rigaku) and Gemini (Micromeritics,
N>), respectively. The amount of CO, adsorption was mea-
sured by a volumetric method using a vacuum line, which
has 30 cm® dead volume. Temperature-programmed de-
sorption (TPD) profiles of CO, and NH3 were obtained by
amass spectrometer (Balzers, Prisma QM S 200). Mass sig-
nals of m/e = 44 and 16 were monitored in CO, and NH3
TPD, respectively. Sample pretreatment and gas adsorption
were performed in a closed circulating vacuum system. Be-
fore exposing it to gas, the sample was evacuated for 0.5 h
at the same temperature as the calcination temperature. The
pressure of gas adsorption was 6.6 kPa. In the CO, and
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NH3 coadsorption experiment, at first CO, was introduced
to the sample and evacuated, and then NH3 was introduced.
Before the measurement of TPD profiles, the sample was
evacuated for 1 h. Sample weight was 0.05 g. Heating rate
is about 7 K/min.

3. Reaults and discussion

Figure 1 showsthe amount of DM C formation over ZrO,
at 433 K at various reaction times. The product was only
DMC. It is clear that the formation rate of DMC was high
at the initial stage, and its amount reached a constant level
at about 5 h. The plateau in figure 1 may indicate that the
zirconia catalyst deactivated. But it was also found that
amost the same amount of DMC was formed even over
this used ZrO, repeatedly several times. This indicates that
ZrO, did not lose its activity. Therefore, the plateau in
figure 1 seems to be due to reaching equilibrium of the re-
action (equation (1)). When 0.25 g catalyst was used, the
saturation level of DMC amount was almost the same as
that shown in figure 1. In addition, we made sure that the
reverse reaction of equation (1) proceeded rapidly. These
results supported that DMC formation from methanol and
CO; is areversible reaction and DMC amount is possibly
limited by reaction equilibrium. The amounts of dimethyl
ether and CO as expectable by-products were lower than
the detection limitation. Therefore, we estimated the se-
lectivity of DMC formation on zirconia catalysts as 100%
under al the reaction conditions in this study. The equi-
librium level of DMC formation from methanol and CO;,
was estimated using the recent report [12]. This has re-
ported the thermodynamic calculation data of DMC on the
basis of the method described in [13]. We calculated the
equilibrium level of methanol conversion under our reaction
conditionsin figure 1 to be about 1% (DMC = 0.96 mmol).
This value is higher than the experimental result, but this
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Figure 1. Reaction time dependence of dimethyl carbonate formation

from methanol and CO, on ZrO; calcined at 673 K. Reaction temperature
433 K, CH30H : CO, = 192 mmol : 200 mmol, ZrO, weight 0.5 g.
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seems to be because the calculation did not consider H,O
as an impurity. The reactor, reactants, and catalyst surface
should contain water as an impurity, the amount of which
is difficult to estimate. H,O may decrease the equilibrium
level of DMC formation.

Figure 2 shows the dependence of reaction temperature
on the amount of DMC formation over ZrO, calcined at
673 K. From the comparison of the results of 2 h reaction,
the DMC amount was increased with the reaction temper-
ature, reached maximum at 443 K, and decreased above
443 K. At 453 K, the DMC amount was constant at the
reaction time longer than 2 h. On the other hand, the equi-
librium level of DMC formation at 443 K is 0.36 mmol
and higher than that at 453 K, as shown in figure 1. This
indicated that DMC formation is more favorable at lower
reaction temperature, and this is because this reactionis en-
dothermic as expected from the thermodynamic calculation
data [12,13]. In figure 2, the DMC amount of 2 h reaction
is controlled by the formation rate at lower reaction tem-
perature than 453 K, and it is controlled by the reaction
equilibrium at higher than 453 K.

The effect of the amount of CO, on DMC formation
rate is listed in table 1. At this reaction condition, the
DMC amount has not reached the equilibrium level. The
amount of DM C formation increased with CO, amount, and
the formation rate of DMC was almost proportional to the
amount of COs.

Figure 3 shows the dependence of the DMC amount, the
BET surface area and amount of CO, adsorption on the cal-
cination temperature of ZrO,-2H,0. Since the equilibrium
level of DMC amount is 0.36 mmol at reaction tempera-
ture 443 K, as shown in figure 1, the DMC amount did not
reach the equilibrium level under the reaction conditionsin
figure 3. The activity showed a maximum at the calcina-
tion temperature around 573-773 K and then it decreased
with calcination temperature higher than 773 K. The BET
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Figure 2. Reaction temperature dependence on the amount of DMC for-

mation over ZrO, calcined at 673 K. Reaction time: 2 h ((J), 4 h (a), and

16 h (e). Reaction conditions: CH3OH:CO, = 192 mmol : 200 mmol,
ZrO, weight 0.5 g.
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Table 1
Effect of DMC formation on the amount of CO, reactant over ZrO,
catdyst.2
Catalyst weight Reaction time  Reactant (mmol)  Product (mmol)
(9) (h) CO, CH3OH DMC
0.5 2 150 192 0.24
0.5 2 200 192 0.30
0.5 2 250 192 0.33
0.04b 16 250P 82 0.42

aZrO, catalyst prepared by the calcination of zirconium hydroxide at
673 K, reaction temperature: 433 K.

b The reaction was carried out in a stainless steel autoclave reactor with
inner volume of 30 ml.
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Figure 3. The dependence of dimethyl carbonate formation (M), sur-

face area (A), and amount of CO, adsorption (e) on calcination tem-

perature of zirconium hydroxide. Reaction conditions. 433 K, 2 h,

CH30H: CO, = 192 mmol : 200 mmol, sample weight 0.5 g. Surface

area. BET method; the amount of CO, adsorption: volumetric method,
293 K, Pco, = 6.6 kPa

surface area of the sample decreased with higher calcina-
tion temperature. A relation between DMC formation and
BET was not observed. The amount of CO, adsorption
is aso shown in figure 3. DMC formation seems to be
related to the amount of CO, adsorption. This correspon-
dence suggests that the DMC formation is closely related
to the acid-base surface properties of ZrO,.

The crystal structure of ZrO, was determined by XRD
and the spectra are shown in figure 4. ZrO,, which was
prepared by the calcination of zirconium hydroxide below
623 K, had amorphous structure. Metastable tetragonal
structure was mainly formed by the calcination at 673—
773 K. Monaoclinic phase was predominant at higher cal-
cination temperature above 773 K. The most active phase
for DMC formation is metastable tetragonal ZrO, from the
comparison between figures 3 and 4.

Figure 5 shows TPD profiles of CO, adsorption on ZrO,
cacined at 573, 673, and 873 K. CO, was desorbed in a
wide temperature range (300—700 K). In this experiment,
both weakly and strongly adsorbed CO, were observed.
Experimental conditions of TPD are amost the same as
those of the measurement of adsorption amount. The rip-
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Figure 4. XRD spectra of zirconim oxides prepared by calcination
a various cacination temperatures. Crystal structure: monoclinic (o),
metastable tetragonal (e). X-ray source: Cu Ka.
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Figure 5. Profile of temperature-programmed desorption of CO, adsorbed

on zirconium oxides prepared by the calcination of zirconium hydroxide

a 573, 673 and 873 K. Calcination temperature: 573 K (bold gray line),

673 K (bold black line) and 873 K (thin black line). CO, adsorption:

Pco, = 6.6 kPa, 293 K; TPD conditions: heating rate 7 K/min, sample
weight 0.05 g.

ples on the TPD profilesin the lower temperature range are
caused by the gap of the electrical furnace from proportion-
ally programmed heating. The amount of CO, desorption
from ZrO, calcined at 573 K was considerably large, but in
the higher temperature range, its amount was considerably
small. Thisindicated that ZrO, calcined at 573 K had few
strong basic sites. On the other hand, calcination at 673 K
formed a considerably large amount of strong base sites on
the surface. On the sample calcined at 873 K, little CO,
desorption occurred.

Figure 6 shows TPD profiles of NH3 (figure 6(a)) and
CO, (figure 6(b)) from ZrO, on which CO, and NH3
were coadsorbed. At the temperature of 450-600 K in
TPD profiles of CO,, another peak was observed. This
peak was observed on al these samples, but most obvi-
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Figure 6. Profiles of temperature-programmed desorption of CO, (&) and

NH3 (b) from CO, and NH3 coadsorbed on zirconium oxides prepared by

the calcination of zirconium hydroxide at 573, 673 and 873 K. Calcination

temperature: 573 K (bold gray line), 673 K (bold black line) and 873 K

(thin black line). CO, and NH3 adsorption: Pco, = Pyn, = 6.6 kPa,

293 K, NH3 adsorption after CO, adsorption; TPD conditions: heating
rate 7 K/min, sample weight 0.05 g.

ously on ZrO; calcined at 673 K. At the same temperature
range, NH3 desorption was also observed. As previously
reported, this peak indicated acid-base bifunctional behav-
ior of the ZrO, catalysts [8]. Especialy this phenomenon
was observed significantly on ZrO, calcined at 673 K in
our study. The amount of CO, at this peak on ZrO, cal-
cined at 673 K can be estimated to be 0.02 mmol/0.5 g-
Zr0O,. On the basis of this CO, amount, the saturated
level in DMC formation corresponds to the turnover num-
ber TON = 18. In addition, we carried out the reaction
under other reaction conditions, as listed in table 1. Under
CH30H : CO, = 82 mmol : 250 mmol at 443 K, 0.42 mmol
DMC was formed using 0.04 g ZrO, catalyst (0.30 mmol-
Zr) after 16 h. The DMC amount went beyond the total Zr
amount in the ZrO, catalyst. This result is evidence that
this reaction proceeded catalytically. Furthermore, if the
active sites correspond to the peak at high temperature in
figure 6 and the number is 1.6 x 10~ mmol/0.04 g-ZrO»,
TON can be estimated to be about 260. And if the ac-
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Table 2
Results of CH3OH + CO, reaction over various cataysts.2

Catalyst Amount of formation (mmaol)
DMC DME
ZrO, (calcined at 673 K) 0.30 n.d.
ZrO, (commercial) 0.22 n.d.
SO, n.d. n.d.
Al,O3 n.d. 0.11
TiO, n.d. 0.16
H-ZSM5 n.d. 72.1
H-USY n.d. 11.3
H-mordenite n.d. 11.6
ZnO n.d. n.d.
MoO3 n.d. n.d.
Bi» O3 n.d. n.d.

aReaction conditions: reaction temperature 433 K, CH30H:CO, =
192 mmol : 200 mmol, catalyst weight: 0.5 g, reaction time 2 h; n.d.:
not detected. Catalysts except ZrO, (calcined at 673 K) were purchased
from the manufacturers.

tive sites have al the CO, adsorption and the number is
0.016 mmol/0.04 g-ZrO,, TON can be estimated to be 26.

Table 2 shows the results of CH3OH+ CO» reaction over
various catalysts. DMC was formed on zirconia catalysts,
but on some catalysts DME was formed and DMC was not
at al. It isfound that ZrO, catalysts are effective for the
DMC synthesis from methanol and CO,.

The weak point of this DMC formation from methanol
and CO; is that the conversion is limited by the reaction
equilibrium at low level. But this limitation is avoidable by
the removal of water from the reaction system, for example,
by introducing trimethyl orthoformate, as described below:

HC(OCHs)s + H0 — 2CH3OH + HCOOCH;  (2)

This reaction has been utilized in oxalate synthesis by the
direct oxidative coupling of CO as dehydrant to keep water-
free conditionsin the reaction system [4]. In fact, the DMC
amount was increased by the addition of trimethyl ortho-
formate [14]. But in economical terms, the utilization of
trimethyl orthoformateis not advantageous since this chem-
ical is not so cheap. In our study, we tried Molecular Sieve
3A and CaCl,, but DMC amount was amost the same as
the amount observed in the experiment without them. This
is because the reaction temperature is too high for Molec-
ular Sieve 3A and CaCl,to remove water from the reaction
system. If it is possible to get a suitable method for the
removal of water, DMC yield will be improved drastically.
On the other hand, if we modify ZrO, catalyst and then
DMC formation at lower reaction temperature comes true,
inorganic dehydrating agents can be utilized. Further de-
velopment of catalyst and process is very necessary.

4. Conclusions
(1) Dimethyl carbonate was directly and selectively syn-
thesized from methanol and CO, using ZrO,.

(2) The DMC formation rate was much dependent on the
structure of the zirconia. On zirconia prepared by the
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calcination of zirconium hydroxide at 673 K, the high-
est rate of DMC formation was observed.

(3) DMC amount was limited by the equilibrium of this
reaction at the long reaction time. Since the maximum
amount of DM C was beyond the amount of total Zr ions
in ZrOy, it is demonstrated that this reaction proceeded
catalytically.

(4) From the results of catalyst characterization, it is sug-
gested that the acid-base bifunction on the zirconia sur-
face is related to the DMC formation from methanol

References

[1] Y. Ono, Appl. Catal. A 155 (1997) 133.
[2] M.A. Pacheco and C.L. Marshdl, Energy Fuels 11 (1997) 2.

(3]
(4
(9]

(6]
(7]
(8]
(9

(10
(11
[12

[13]
(14

U. Romano, R. Tesel, M.M. Mauri and P. Rebora, Ind. Eng. Chem.
Prod. Res. Dev. 19 (1980) 396.

D. Molzahn, M.E. Jones, G.E. Hartwell and J. Puga, US Patent
5,387,708 (1995).

S.S.T. King, M.E. Jones and M.M. Olken, US Patent 5,391,803
(1995).

T. Matsuzaki and A. Nakamura, Catal. Surv. Jpn. 1 (1997) 77.

S. Fang and K. Fujimoto, Appl. Catal. A 142 (1996) L1.

T. Yamaguchi, Sekiyu Gakkaishi 36 (1993) 250.

T. Yamaguchi and M. Okawa, Shokubai (Catalysts and Catalysis) 38
(1996) 260.

B.-Q. Xu, T. Yamaguchi and K. Tanabe, Chem. Lett. (1988) 1663.
H. Nakabayashi, Chem. Lett. (1996) 945.

T. Zhao, Y. Han and Y. Sun, Nat. Gas Chem. Industry (Chinese) 23
(1998) 52.

N. Cohen and SW. Benson, Chem. Rev. 93 (1993) 2419.

K. Tomishige, T. Sakaihori and K. Fujimoto, in preparation.



