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Abstract

A novel route was proposed for producing dimethyl carbonate (DMC) at atmospheric pressure from urea and methanol catalyzed by
the metallic compounds with a high boiling point electron donor compounds (polyethylene glycol dimethyl ether) (PGDE) as solvent.
The effects of various operation conditions, such as methanol/urea initial molar ratio, catalyst concentration, urea/PGDE initial mass
ratio, flow rate of circulating, reaction temperature, stirring speed and reaction time on DMC yield were investigated, respectively.
Experimental results indicate that the using of PGDE as solvent enable this synthesis reaction to reach the requisite temperature and
restrain the decomposition of urea and MC; removing the products, DMC and ammonia effectively from the reaction system in time
is important to improve the yield of DMC. The DMC yield of 28.8% can be obtained in the optimal reaction conditions. This new pro-
cess shows some advantages such as easily operating, effectively removing NH; from the reaction system and lower cost.

© 2006 Published by Elsevier B.V.
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1. Introduction

Dialkyl carbonates are important commercial com-
pounds, especially the dimethyl carbonate (DMC). Since
the DMC molecule includes CH;—, CH3;0-, CH;0-CO-,
—CO- groups, it can be used as a methylating and carbony-
lating agent, etc., to replace the virulent carcinogen such as
phosgene, dimethyl sulphate (DMS), chloromethane and
methyl chloroformate. DMC has higher oxygen content
(53%) than methyl zert-butyl ether (MTBE) or fert-amyl
methyl ether (TAME). The RON of DMC is 130 and the
volatile of DMC is less than either MTBE or TAME. It
has a potential possibility to act as an oxygenation agent
in reformulated gasoline and an octane component. Fur-
thermore, DMC can also been widely used in many fields
such as medicine, pesticide, solvent, composite material,
dyestuff, flavoring agent of foodstuff and electronic chemi-
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cal [1-3]. Nowadays, DMC has become the new basic mate-
rial of organic synthesis field.

Since the alluring industrial applications foreground of
DMC, many researchers pay more attention to the devel-
opment of its synthetic routes, and the aim is simplifica-
tion, innocuity and no pollution. Presently, the DMC
synthesis techniques reported internationally mainly con-
sist of phosgenation of methanol, oxidative carbonylation
of methanol, ester exchange, esterification of carbon diox-
ide methanol, etc. [4-7].

The alcoholysis of urea to produce DMC is one kind of
new process developed recently. In this route, DMC is pre-
pared from urea and methanol under a definite temperature,
pressure and the existence of catalyst, the starting materials
have abundant resource and low cost. Since no water is
formed during this process, the ternary azeotrope, metha-
nol-water-DMC can be avoided; the subsequent separation
and purification of DMC thus will be simplified. If the
ammonia, the only byproduct, is connected with the urea
production line, it can achieve the duty-cycle operation.


mailto:blunyang@mail.xjtu.edu.cn

B. Yang et al. | Catalysis Communications 7 (2006) 472-477 473

Therefore, this method is a kind of environmental friendly
technique.

Recently, authors have reported some research results
related in this process, such as the preparation of catalyst
(1,1,3,3-tetrabutyl-1-methoxy-3-isocyanatodistannoxane)
(TBMI), the synthesis of methyl carbamate and the kinetics
investigation of synthesizing DMC [8-10]. However, all the
results were gotten in high pressure (1.5-3.0 MPa), because
the methanol will be gasified at desired reaction tempera-
ture (about 150 °C) due to the lower boiling point at atmo-
spheric pressure. In this case, the urea is easily to
decompose before the reaction temperature achieved the
prerequisite value.

Up to now, DMC was considered impossible to be syn-
thesized by urea and methanol at atmospheric by many
researchers. This work firstly discloses a unique procedure
to produce DMC from urea and methanol catalyzed with
the metallic compounds at atmospheric pressure. By using
a high boiling electron donor compounds, Polyethylene
glycol dimethyl ether (PGDE) as the solvent, it enable
the reaction temperature to reach the desired one. Several
operation factors such as the reaction temperature, metha-
nol/urea initial molar ratio and catalyst concentration were
investigated. The catalyst and the reaction mechanism were
explored sententiously.

2. Experimental
2.1. Materials

Methanol (A.R.), urea (A.R.), methyl carbamate (A.R.),
zinc oxide (A.R.), calcium oxide (A.R.), titanium
dioxide(A.R.), calcium chloride (A.R.), magnesium
powder (A.R.) were commercial reagents that the purity
was greater than 99.9 mass percent. Dibutyltin oxide
(C.R.), Polyethylene glycol dimethyl ether (average molec-
ular weight: 250-270) (PGDE) (C.R.), zinc stearate (C.R.,
molecular weight: 632.34), magnesium stearate (C.R., mol-
ecular weight: 591.25) and calcium stearate (C.R., molecu-
lar weight: 607.02), were also commercial reagents. All of
them were purchased from Xi’an Chemical Reagent,
China. DMC was purchased as analytically pure reagents
from Fluka Chemie GmbH CH-9471 Buchs (Germany).

2.2. Preparation of catalyst

The catalysts used in this experimental investigation
consist of zinc oxide (Zn0O), calcium oxide (CaQ), titanium
dioxide (TiO,), calcium chloride (CaCl,), organotin
(TBMI), zinc stearate (C3cH70O4Zn), magnesium stearate
(C36H7004Mg) and calcium stearate (C3H70O4Ca). These
reagents can be purchased from the market except the
TBMI.

The TBMI (1,1,3,3-tetrabutyl-1-methoxy-3-isocyanatod-
istannoxane) catalyst is preferably formed from dibutyltin
oxide and methyl carbamate (MC) at definite temperature
(433 K) and an autogenous pressure (2.1 MPa), i.e., the

sum of the vapor pressure of the methanol, ammonia and
MC at the reaction temperature [10].

n-Bu [0} n-Bu n-Bu
Sni=0 + So—o0—snl
v H,N—C—OCH; Py N
n-Bu n-Bu n-Bu
OCH;4 N=C=0
(1)

2.3. Apparatus and procedure

The schematic diagram of experimental apparatus is
shown in Fig. 1. The reactor 1 was a stainless steel auto-
clave with an electric hearing and a dynamoelectric stirring
7.

For each experiment, a mixture of urea, catalyst and the
solvent (PGDE) was added in reactor 1 according to a def-
inite ratio. The reactor was flushed with nitrogen to replace
air within it and rapidly heated to the desired reaction tem-
perature with stirring. Opened the feed valve 15 and added
some methanol material to the steam generator 6 according
to a definite methanol/urea molar ratio. The ratio of added
amount thus was defined as the initial molar ratio of meth-
anol/urea. The methanol in 6 was rapidly heated to boil
and generate the methanol steam at the same time. The
steam was then charged into the heater 9 and heated fur-
ther to the desired temperature (423 K). The flux of steam
can be regulated through the bypass valve 12 and deter-
mined by electronic flow meter 11. When the hot methanol
steam sprays into reactor from the shower nozzle 8, it will
react with the urea in the solvent from the bottom to form
methyl carbamate, DMC and ammonia in the presence of
catalysts. Then, DMC and the ammonia will evaporate
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Fig. 1. Schematic diagram of the experimental apparatus. 1- reactor; 2, 3,
10 — condenser; 4 — collection vessel; 5 — feed tank; 6 — methanol steam
generator; 7 — stirrer; 8 — shower nozzle; 9 — heater; 11 — electronic
flowmeter; 12, 13, 14, 15, 16, 17, 18 — valve; p — pressure gauge; T —
thermocouple.
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and leave from the reaction solution with the excessive
methanol. The mixture was cooled in condenser 2 which
was kept at approximately 273 K. Under these conditions,
no liquid was evaporated. The methanol and DMC were
liquefied and flowed through condenser 3 into collection
vessel 4 except for the ammonia released outside passing
through 2. Ammonia could be absorbed by the dilute sul-
phuric acid solution to form ammonia sulfate directly.
Because the content of DMC in methanol was relatively
low during initial reaction stage, the solution of methanol
containing DMC would be circulated to the methanol
steam generator 6 and went on.

2.4. Analytic methods

Small samples (1 mL each) were withdrawn via sampling
valve 14 and 16 from the collection vessel and reactor. The
samples from 14 containing DMC and methanol could be
analyzed by gas chromatograph (HP 4890D) using a HP-
5 capillary column (15 m x0.530 mm X 1.5 pm) with the
thermal conductivity detector (TCD).

The samples from 16 were firstly distilled to separate
into two parts, the one contained DMC and methanol,
and the another mainly consist of urea, MC, catalyst and
the solvent. The volume of DMC and methanol was too
small to be measured, because most of them have evapo-
rated from the reaction solution under the desired reaction
condition.

Some water was added into the other part containing
urea and MC to achieve a constant volume (2 mL), and
the catalyst could be hydrolyzed to form some solid prod-
ucts. Subsequently this suspending liquid was separated by
centrifugal separation to remove the solid products. And
then the solid products were washed 3 times by water
(1 mL per time). The total solution after centrifugal separa-
tion and washing involved urea, MC, and the solvent. Then
some water was added into this solution to constant vol-
ume (5 mL) again. Urea and MC can be analyzed by ultra-
violet spectrophotometry method based on the partial least
squares method. The detail of this method had been
described by our previous work [11].

2.5. Calculations

The yield of DMC was calculated using following
formula:

Moles DMC(existing in the solution at r moment)

Starting Moles Urea

Yome =
x 100%

The DMC mole amount can be calculated by the sample
analysis in collection vessel 4 based on the total volume
amount of methanol solution in collection 4 and steam gen-
erator 6.

The mass percent wt% of catalyst or urea was calculated
based on the mass of PGDE solvent.

3. Results and discussion

3.1. Analysis of the reaction mechanism

O (0]

P,T,Cat
CH3;0—C—OCH; + 2NHj3

2)

Via the thermodynamics calculation, the enthalpy
change of above reaction is AHj = +47.11 kJ/mol, and
the change of Gibbs free energy is AG% = +4.3 kJ/mol, it
can be known from the calculation results that this reaction
is endothermic and the increasing of temperature is in favor
of this system; the reaction can not take place spontane-
ously and some chemical or physical means must be
adopted to make it possible.

The reaction (2) actually contains two steps. In the first
step, the methyl carbamate (MC) can be synthesized from
urea and methanol without any catalyst. And then MC
can react further with methanol to form DMC in the pres-
ence of the catalyst [12-17]. It is very important that ammo-
nia produced in these two steps must be removed from the
reactor in time. Otherwise the conversion of urea and DMC
yield would be relatively low. According to previous inves-
tigation, it can be known that the reaction temperature is
impossible to reach the desired value (423-443 K) at atmo-
spheric pressure without the using of the high boiling elec-
tron donor compound PGDE as solvent. The reason is
that the boiling point of methanol is comparatively low; it
will be gasified at the desired reaction temperature. This
process can be described by Egs. (3) and (4):

NH,COOCH; + CH;0H = CH;0COOCH; + NH; 1 (4)

H,N—C—NH, + 2CH3;0H

When the DMC concentration in the reaction solution is
comparatively higher, the N-alkyl by-products can be
formed during the DMC synthesis process as described
by Egs. (5) and (6):

CH;0COOCH; + NH,CONH, =

CH;NHCONH, + CH;OH + CO, 1 (5)
CH;0COOCH; + NH,COOCH; =
CH;NHCOOCH; + CH;0H + CO, 1 (6)

3.2. Analysis of the catalytic mechanism

The catalytic mechanism of the metallic compound can
be ascribed to that the methanol can produce the methoxyl
group by getting rid of the hydrogen atom of the hydroxy
group under the catalyst effect, then, the —-OCHj; group
attacks the carbonyl carbon participating of partial posi-
tive charge, and exchange with the amino group to yield
monomolecular MC or DMC. The —-NH, removed above
will combine with the H™ disassociated from methanol
and to form monomolecular NHj.
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In addition, the -OCHj; has a less alkalescent than —
NH,, and the -OCHj; is easier to be replaced from the
product than the -NH,. It is adverse to yield DMC. Foras-
much this reason, the NH; formed during the reaction
must be removed in time.

3.3. Selection of the optimal catalyst

The zinc oxide (ZnO), calcium oxide (CaO), titanium
dioxide (TiO,), calcium chloride (CaCl,), organotin
(TBMI), zinc stearate (C3;sH70O4Zn), magnesium stearate
(C36H7004Mg) and calcium stearate (C;¢H7004Ca) were
used as catalyst in this reaction individually. And the
results are listed in Table 1.

It can be known that the DMC yield is lower when using
the metal oxide or stearate of Mg and Ca as catalyst than
using the metal compound of Zn, Sn and Ti. The reason is
that the alkality of Mg and Ca compound is comparatively
strong, and the metal compounds of Zn, Sn and Ti have the
amphoteric centers (acidity and alkality) that is in favor of
the form of methoxyl. Furthermore due to the dissolvabil-
ity of organotin and zinc stearate in methanol and PGDE
solvent, the active center of catalyst can distribute uni-
formly over the whole reaction system. Hence, the zinc
stearate (C3;sH70O4Zn) was used as an ideal catalyst to
investigate the effect factors such as the reaction tempera-
ture and the catalyst concentration as follows.

3.4. Effect of methanollurea initial molar ratio on DMC yield

The effect of methanol/urea initial molar ratio on DMC
yield is shown in Fig. 2. It can be known that DMC yield
increases with the increasing of the molar ratio of initial
methanol/urea. When the molar ratio of methanol/urea is
lower, the DMC concentration in the circulation methanol
will become higher and the side reactions consuming DMC
in reactor would take place in a higher reaction tempera-
ture. When the molar ratio of initial methanol/urea was
higher than 15:1, the DMC yield increased slowly. Hence,
the methanol/urea initial molar ratio 15:1 was selected
from the economical point of view.

3.5. Effect of catalyst concentration

The effect of catalyst loading on DMC yield is shown in
Fig. 3. As shown in this figure, DMC yield increases with
the increasing of the catalyst loading. The reason is that
the number of catalytic active centers in the reaction system
was increased and the reaction rate was accelerated. How-
ever, when the catalyst loading was 2 wt%, the DMC yield
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Fig. 2. The effect of methanol/urea initial molar ratio on DMC yield.
Reaction conditions: reaction temperature 423 K, reaction time 10 h, the
mass percent of catalyst 2 wt%, urea/PGDE mass ratio 7 wt%, flow rate of
circulating 3 mL/min, the stirring speed 1000 rpm.
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Fig. 3. The effect of catalyst loading on DMC yield. Reaction conditions:
reaction temperature 423 K, reaction time 10 h, methanol/urea molar
ratio 15:1, urea/PGDE mass ratio 7 wt%, flow rate of circulating 3
mL/min, the stirring speed 1000 rpm.

reached in the maximum value 28.8%. And then, DMC
yield declined with the increasing of the catalyst loading.
The higher catalyst concentration caused the great con-
sumption of DMC by side reactions. Because the com-
pounds of transition metal, such as Zn, Ti, Sn and Pb,
could also catalyze the reactions of aminolysis, which
caused the decrease of selectivity for DMC. This conclu-
sion can also been confirmed by the thermodynamics calcu-
lation of Egs. (3) and (4). The changes of Gibbs free energy
of these reactions are —52.04 kJ/mol and —39.98 kJ/mol.
The side reactions can take place spontaneously. There-
fore, the mass percent of catalyst 2 wt% was selected.

3.6. Effect of ureal PGDE initial mass ratio
Fig. 4 gives the effect of urea concentration on the DEC

yield. The electron donor compound PGDE with high boil-
ing point was used as the solvent in this reaction system.

Table 1

The catalytic performance of different catalyst at atmospheric pressure

Catalyst ZnO CaO T102 CaClz TBMI C36H7004ZH C36H7OO4Mg C36H7004Ca
Ypomc% 22.4 12.1 18.7 7.2 25.5 28.8 13.5 14.5

Reaction conditions: catalyst 9 g, urea 30 g, methanol 300 mL, solvent(PGDE) 400 mL, reaction temperature 150 °C, reaction pressure 0.1 MPa, flow rate

of feed 3 mL/min, reaction time 10 h.
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Fig. 4. The effect of urea concentration on DMC yield. Reaction
conditions: reaction temperature 423 K, reaction time 10 h, methanol
/urea molar ratio 15:1, the mass percent of catalyst 2 wt%, flow rate of
circulating 3 mL/min, the stirring speed 1000 rpm.

PGDE can prevent the formation of by-products such as
alkyl amine at relatively high concentration of DMC, and
abate the decomposition of urea or MC at atmospheric
pressure in the reactor. Otherwise, it is also in favor of
the effective removal of NHj from the reaction system.
When the mass percent of urea was higher than 7 wt%,
the DMC yield began to decline. The reason can be consid-
ered that the higher urea concentration will promote the
side reactions, and consume DMC, urea and MC heavily.
Hence, the mass percent of solvent 7 wt% was selected.

3.7. Effect of flow rate of circulating

The influences of circulating flow rate on DMC yield is
shown in Fig. 5. As shown in this figure, DMC yield
increases with the increasing of circulating rate. The flow
rate here was measured by the electronic flowmeter 11
shown in the experimental apparatus. The synthesis of
DMC by urea and methanol in this process was actually
a gas-liquid heterogeneous reaction. Therefore the increase
of methanol feed flow rate can raise the methoxyl concen-
tration in reactor and accelerate the reaction rate of form-
ing DMC. When the flow rate was faster than 3 mL/min,
the increasing of DMC yield was comparatively slow. In
addition, the thermal load of the reactor will be augmented

10.0 L L L
0 2 4 6

Flow rate of circulating (ml/min)

Fig. 5. The effect of circulating flow rate on DMC yield. Reaction
conditions: reaction temperature 423 K, reaction time 10 h, methanol/urea
molar ratio 15:1, the mass percent of catalyst 2 wt%, urea/PGDE mass
ratio 7 wt%, the stirring speed 1000 rpm.

and the production cost will be increased. Consequently
3 mL/min was selected.

3.8. Effect of reaction temperature on DMC yield

The effect of reaction temperature on DMC yield is
shown in Fig. 6. From this figure, it can be seen that the
yield of DMC increased with the increase in temperature,
and then decreased rapidly. The peak is in 423 K. Since
the reaction is an endothermic reaction, it is beneficial for
the synthesis of DMC in a higher reaction temperature
range from the thermodynamics viewpoint. However, the
higher reaction temperature will result in the decomposi-
tion of MC and urea and accelerate the side reaction of
DMC. Although the conversion of urea rose obviously,
the selectivity and yield declined rapidly when the temper-
ature was higher than 423 K. Hence the reaction tempera-
ture 423 K was selected.

3.9. Effect of the stirring speed on DMC yield
Fig. 7 shows the influences of stirring speed on DMC

yield. With the increasing of the stirring speed, DMC yield
is increased. Because this reaction is a heterogeneous phase
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Fig. 6. The effect of reaction temperature on DMC yield. Reaction
conditions: reaction time 10 h, methanol/urea molar ratio 15:1, the mass
percent of catalyst 2 wt%, urea/PGDE mass ratio 7 wt%, flow rate of
circulating 3 mL/min, the stirring speed 1000 rpm.
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Fig. 7. The effect of stirring speed on DMC yield. Reaction conditions:
reaction temperature 423 K, reaction time 10 h, methanol/urea molar
ratio 15:1, the mass percent of catalyst 2 wt%, urea/PGDE mass ratio 7
wt%, flow rate of circulating 3 mL/min.
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Fig. 8. The effect of reaction time on DMC yield. Reaction conditions:
reaction temperature 423 K, methanol/urea molar ratio 15:1, the mass
percent of catalyst 2 wt%, urea/PGDE mass ratio 7 wt%, flow rate of
circulating 3 mL/min, the stirring speed 1000 rpm.

reaction, the higher stirring speed results the higher reac-
tion rate. However, DMC yield increases slightly after
the stirring speed exceeding 1000 rpm. In this work, the
stirring speed 1000 rpm was selected.

3.10. Effect of reaction time on DMC yield

The effect of reaction time on DMC yield is shown in
Fig. 8. It can be known from this figure that the DMC
almost could not be detected in the initial 2 h. However,
the yield of DMC increased rapidly in the periods from
third to tenth hours. Meanwhile, with the increase of
DMC concentration in circular methanol, the side reac-
tions will occur to form the N-alkyl by-products, the con-
suming rate is faster than the forming rate of DMC and
DMC yield declines after 11 h. Therefore, the reaction time
10 h is suitable for this work.

4. Conclusions

A new route can produce DMC from urea and methanol
catalyzed by the metallic compounds using high boiling
electron donor compounds (PGDE) as solvent at atmo-
spheric pressure. Comparing with other catalysts, the zinc
stearate (C36H7904Zn) is an optimal catalyst for its dissol-
ubility and the conspiracy of amphoteric centre that is
favor of the forming of methoxyl.

The experimental results indicated that the optimal reac-
tion conditions were the methanol/urea initial molar ratio
of 15:1, the catalyst concentration of 2 wt%, the urea initial
concentration of 7 wt%, the flow rate of circulating of
3 mL/min, the reaction temperature of 423 K, the stirring
speed of 1000 rpm and the reaction time of 10 h, respec-
tively. DMC yield of 28.8% can be obtained in the optimal
reaction conditions.

The using of PGDE enables this synthesis reaction to
reach the requisite temperature and restrain the decomposi-
tion of urea and MC at high reaction temperature by con-
trast to other presented high pressure DMC synthesis routes.

Removing DMC and ammonia effectively from the reac-
tion system in time is vital to improving DMC yield.
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