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Abstract−A kinetic experiment of dimethyl carbonate (DMC) synthesis by urea methanol over ZnO catalyst was
carried out in an isothermal fixed-bed reactor. A kinetic model based on the mole fraction was proposed and the kinetic
parameters were estimated from the experimental results. The model predictions were compared with the experimen-
tal data and fair agreements were found. The effects of the reaction temperature (443-473 K), space time (0-4.7 h mol−1

kgcat) and urea mass percent (5-9%) in feed on DMC mole fraction were investigated. It was found that the reactions
are mainly influenced by the reaction temperature and space time rather than urea mass percent in feed. The experimental
and simulated results indicated that the reaction from MC to DMC was the rate-controlling step in the DMC synthesis
process from urea and methanol. It is important to remove the DMC and byproduct ammonia to achieve a high selectivity
of DMC. This implies that reactive distillation might be used in the DMC synthesis on an industrial scale to achieve
a higher selectivity of DMC.
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INTRODUCTION

As an environmentally friendly chemical product, dimethyl car-
bonate (DMC) has been used widely in fields of chemical industry
recently [1-5]. It can be used as carbonylation and methylation re-
agent to substitute extremely toxic phosgene and dimethyl sulfate.
DMC can also be used as a solvent in fields such as medicine, pesti-
cide, dyestuff and flavoring agent of foodstuff [6,7]. Moreover, DMC
is an ideal additive of gasoline for its high oxygen content and high
octane number [8]. Therefore, much attention has been paid to the
development of a clean and simple synthesis method for DMC.

The reported methods of DMC synthesis include the reaction of
phosgene and methanol, oxidative carbonylation of methanol, and
ester exchange [9,10]. The traditional process of DMC synthesis
via phosgene and methanol is limited in industry due the toxic raw
material involved. Currently, DMC synthesis by non-phosgene routes
via the oxidative carbonylation of methanol (EniChem process and
UBE process) and the transesterification method (Texaco process)
are developed and applied in industry [11]. However, the drawbacks
of the former method suffer from the use of poisonous or corrosive
gases of carbon monoxide, hydrogen chloride and methyl nitrate
and bearing the possibility of explosion [12-15]. The transesterifi-
cation method is limited by the thermodynamic equilibrium con-
version, which leads to low production of DMC [16,17]. Thus, in
order to avoid all the shortcomings above-mentioned, a new syn-
thesis process of DMC from methanol and urea has been investi-
gated [18]. This process uses urea and methanol as raw material
under the definite temperature, pressure with the existence of cata-

lyst. As there is no water involved during this process, the ternary
azeotrope (methanol-water-DMC) does not form, the subsequent
separation and purification of DMC thus can be simplified. Further-
more, the byproduct ammonia that is released during the reaction
can be, in principle, recycled for urea synthesis. Therefore, this pro-
cess is one kind of environment-friendly technique.

Although the synthesis of DMC by urea alcoholysis method is
quite interesting, the kinetics of this process was rarely reported in
the literature. Most studies focused on testing various catalysts in
this process, such as bases, organotin catalysts, and metal oxides
[19-25]. Very recently, Wang et al. found that ZnO showed the highest
catalytic activity and stability among solid base catalysts for this
process [19-22]. In this work, kinetic experiments of dimethyl car-
bonate synthesis from urea and methanol over ZnO catalyst were
carried out in a fixed-bed reactor within the temperature range 443-
473 K. A new kinetics model was developed and its parameters
were determined based on the experimental results. The obtained
parameters from this study will be used in the future work for model-
ing the DMC production.

EXPERIMENTAL

1. Materials and Catalyst Preparation
Chemicals used in this study include methanol (99.5 wt%) and

urea (99.5 wt%) obtained from Tianjin University Chemical Factory
(Tianjin, China). Zinc nitrate, potassium nitrate and KOH were pro-
vided by Shanghai Chemical Reagent (Shanghai, China). The prep-
aration of ZnO catalyst was according to the method provided by
Wang et al., which are shown as follows [21]: first, 2 wt% potas-
sium nitrate aqueous solution and 80 wt% zinc nitrate aqueous solu-
tion were prepared, and their pH values were adjusted to 2.0 by KOH.
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Then said solution was sprayed and impregnated on γ-alumina car-
rier for 1 hour by equal-volume spraying and impregnating pro-
cess, respectively, and the carrier with active component supported
thereon was then dried at 423 K for 8 hours and calcined at 1,073
K for 8 hours. The prepared catalyst was composed of potassium
oxide (2 wt%), zinc oxide (31 wt%) and Al2O3 (67 wt%). The specific
surface area of the sample, which was determined by BET method
with a Micromeritics ASAP-2000, was 72.3 m2/g.
2. Experimental Procedure

The experimental equipment (as shown in Fig. 1) was a stain-
less fixed bed tubular reactor with a pre-heater, a product con-
denser, a stuff storage vessel of 500 mL and two product storage
vessels of 2,000 mL. The pipes of the apparatus were traced to main-
tain the desired temperature. 2.0 g catalyst was charged into the reac-
tor (ID=10 mm), and the residues zone of the reactor was filled with
inert bead. The reactor was housed in an electric furnace controlled
by a programmable temperature controller. The temperature of the
catalyst bed was measured by a sliding thermocouple placed at the
center of the catalyst bed. N2 was introduced into the reactor and
compressed to a desired pressure prior to reaction. The pressure of
the reactor was controlled by a back-pressure regulator. The reac-
tants were heated to the desired temperature in the pre-heater and
then continuously fed into the reactor by a meter pump. The reac-
tion products were cooled to 60 oC in the product condenser and
then entered into the product storage vessel. After reaching steady
state at the designated temperature, samples were taken at intervals
of 3 hours. The compositions of the liquid samples were detected
by a GC-950 gas chromatograph (GC) equipped with Porapak-Q
column of 2,000 mm in length and 4 mm in diameter with TCD as
detector. The gas chromatograph applied a temperature ramp for
the analysis: the column temperature was kept at 80 oC for 3 min,
and then the temperature was raised 20 oC per minute until a tem-

perature of 200 oC was reached. The temperature was maintained
for ten minutes before the column oven was cooled to 80 oC for the
next analysis.

The kinetics of DMC synthesis was studied at seven different
temperatures (443, 448, 453, 458, 463, 468 and 473 K). At each
reaction temperature, the space time was varied in the range of 0.1-
4.7 [h mol−1 kgcat] by changing the liquid feed rate. The space time,
τ, of reactants with catalyst is defined as

τ=Wcat/F (1)

Where Wcat is the amount of catalyst, F is the mole flow rate of feed.
All the experiments were operated at 1.2 MPa with 5 wt% urea in
feed.

RESULTS AND DISCUSSION

1. Kinetics Model
Wang et al. and Zhao et al. studied the synthesis of DMC from

urea and methanol over zinc compounds and observed that in the
synthesis of DMC from urea and methanol, the following sequence
of reactions took place [20-24,26]:

NH2CONH2+CH3OH NH2COOCH3+NH3 (Reaction 1)

NH2COOCH3+CH3OH CH3OCOOCH3+NH3 (Reaction 2)

The reaction of urea to DMC can be divided into two steps: first,
methyl carbamate (MC) is synthesized from urea and methanol (see
reaction 1); secondly, MC further reacts with methanol to produce
DMC (see reaction 2).

Besides the above two main reactions (reaction 1 and 2), there
were other side reactions in urea methanolysis. In our previous work,
N-methyl methyl carbamate (NMMC) was detected as the major
byproduct, which can be formed from DMC and MC (see reaction
3). In addition, Fu et al. reported that DMC was prone to thermal
decomposition over ZnO [27]. Ono et al. revealed further that DMC
could be decomposed to dimethyl ether and carbon dioxide in the
presence of metal oxides (see reaction 4) [28].

CH3OCOOCH3+NH2COOCH3

CH3NHCOOCH3+CH3OH+CO2 (Reaction 3)

CH3OCOOCH3 CH3OCH3+CO2 (Reaction 4)

Considering the reactions 1-4, the reaction rate of each compo-
nent can be described as follows:

(2)

(3)

(4)

(5)

k1

k1−

k2

k2−

k3

k3−

k4

k4−

dxMeOH

dτ
--------------- = − r1− r2  + r3

dxUrea

dτ
------------- = − r1

dxDMC

dτ
-------------  = r2  − r3 − r4

dxMC

dτ
----------- = r1− r2  − r3

Fig. 1. Experimental setup.
Vessel and equipment
A. N2 gas F. Condenser
B. Raw liquid storage vessel G. Surge tank
C. Meter pump H. Product storage vessel
D. Fixed bed tubular reactor I. Feed pre-heater
E. Heating furnace
Valves
1-6. Glove valve 7. Back pressure valve
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(6)

(7)

(8)

(9)

Where τ denotes the space time.
According to the above-mentioned reaction pathway, the expres-

sions of reaction rate in term of mole fraction can be defined as fol-
lows:

(10)

(11)

(12)

(13)

Where xj is the mole fraction of species j (MeOH, urea, DMC, MC,
NMMC, CO2, NH3, or DME), kj is the forward reaction rate con-
stants of reaction i(i=1-4) and Wcat is the amount of catalyst, Keq, i is
the chemical equilibrium constants (Keq, i=ki/ki−).

Our previous studies have verified that reactions 1-4 represent
elementary reaction steps [19,21,22]. The relations of the chemical
equilibrium constants Keq, i with temperature ranging from 300-600
K determined by Wang et al. are represented in Table 1 [20]. From
the table, the equilibrium constant is not very high for reaction 1
and not very low for reactions 2 and 3 in the temperature range of
300-600 K. However, the equilibrium constant is very high for reac-
tion 4. Hence, Eq. (13) can be simplified as the following form:

r4=Wcatk4kDMC (14)

The relationship of equilibrium constant and temperature in Table1
is explained by the van’t Hoff equation (Eq. (15)):

(15)

where (∆Hr)i is the standard enthalpy change of the reaction, (∆rS)i

is standard entropy change of the reaction, and Rg the universal gas
constant.

The linearization of lnKeq, i with 1/T is shown in Fig. 2 and the
following equations are obtained from the plots:

lnKeq, 1=573.5/T+3.12 (16)

lnKeq, 2=−1341.9/T+1.64 (17)

lnKeq, 3=−6510.7/T+10.42 (18)

2. Kinetic Parameter Determination
For the optimization, a Matlab program was employed to find

the best-fitted reaction rate constants which minimize the relative

dxNMMC

dτ
---------------- = r3

dxCO2

dτ
------------  = r3 + r4

dxNH3

dτ
------------  = r1+ r2

dxDME

dτ
------------- = r4

r1= Wcatk1 xureaxMeOH − 
1

Keq 1,
----------xMCxNH3⎝ ⎠

⎛ ⎞

r2 = Wcatk2 xMCxMeOH − 
1

Keq 2,
----------xDMCxNH3⎝ ⎠

⎛ ⎞

r3 = Wcatk3 xDMCxMC − 
1

Keq 3,
----------xNMMCxCO2xMeOH⎝ ⎠

⎛ ⎞

r4 = Wcatk4 xDMC − 
1

Keq 4,
----------xDMCxCO2⎝ ⎠

⎛ ⎞

Keq i,  = − 
∆rH( )i

RgT
-------------- + 

∆rS( )i

Rg
-------------ln

Table 1. Dependence of the equilibrium constant on temperature

Temperature
[K]

Reaction equilibrium constant

Keq, 1 Keq, 2 Keq, 3 Keq, 4

300 158.88 2.07E-03 1.27E-05 3.22E+08
350 114.79 4.31E-03 2.76E-04 2.10E+08
400 092.30 7.19E-03 2.82E-03 1.53E+08
450 079.19 1.04E-02 1.73E-02 1.19E+08
500 070.79 1.37E-02 7.39E-02 9.63E+07
550 065.03 1.66E-02 2.42E-01 8.05E+07
600 060.90 1.92E-02 6.52E-01 6.88E+07

Fig. 2. Van’t Hoff plots for Keq, 1, Keq, 2 and Keq, 3.

Fig. 3. Optimization algorithm for reaction rate constants estima-
tion.
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root mean square deviation values expressed by Eq. (19):

(19)

where xj, pred and xj, exp are the predicted and experimental mole frac-
tions of the component j, respectively. Fig. 3 illustrates the proposed
algorithm for obtaining kinetic constants (ki). The solver ODE45
was used to solve the series of above ordinary different equations.
The algorithm first estimates the parameters (k1−k4) followed by
solving the ordinary differential equations and checking the error
between results and the experimental data. The process continues
until convergence to the experimental data is reached. The ki values
at the different temperature are calculated from the regression equa-
tion, as are shown in Table 2. It is obvious that the reaction tem-
perature has a strong effect on the reaction rate constants.

The relationship of reaction rate constants ki and the absolute tem-
perature obeys the Arrhenius equation:

ki=Ai exp(−Eai/RgT) (20)

Where ki is the reaction rate constants, Eai the apparent activation
energies, Ai the constant called the pre-exponential factor, and T
the Kelvin temperature.

Take logarithm with Eq. (20):

(21)

The relationship between lnki and 1/T is shown in Fig. 4 and is
treated by the linear regression method. The pre-exponential fac-
tors and activation energies were obtained by plotting lnki versus 1/T,
and the results are listed in Table 3. The obtained activation ener-
gies of different reactions have a range of 43.54 to 90.87 kJ mol−1;
among them, the activation energy of the MC to DMC is the highest
(90.87 kJ mol−1) and that of the DMC to DME is the second highest
(83.50 kJ mol−1). These are remarkably higher than the values of
the other reactions (43.54 and 63.25 kJ mol−1). This fact shows that
the reaction rates of reactions (2) and (4) are more sensitive to the
temperature variation than those of reactions (1) and (3).

The experimental results at different reaction temperatures together
with the accompanying theoretical predictions are given in Fig. 5(a)-
(d) using the fitted kinetics parameters and chemical equilibrium
constants Keq, j. The lines in Fig. 5(a)-(d) are the calculated mole
fraction results by the above kinetics model with the kinetics param-
eters presented in Table 3. All the marks in Fig. 5(a)-(d) are the ex-
perimental mole fractions of four components at different tempera-
tures.

It can be seen from Fig. 5(a)-(d) that the simulated results from
the kinetics model match the experimental ones very well, which
suggests that the proposed reaction rate model is well suited to re-
produce the experimental results. This point makes it possible to
investigate the corresponding reaction rates at various urea mass
percents. The effect of urea mass percents in the feed on the mole
fraction of DMC is shown in Fig. 6. It can be seen that urea mass
percents in the feed have only a slight influence on the mole fraction
of DMC in the products when the urea mass percent ranges between
5% and 9%. However, the required time to reach the equilibrium
of reaction (2) decreases with the increase of urea mass percent.

The effect of space time on DMC mole fraction in the product
at different temperatures (ranging from 443 to 473 K) is shown in
Fig. 5(a). The change of DMC mole fraction with space time at dif-
ferent reaction temperatures shows similar trends. The DMC mole
fraction increased with space time firstly and then leveled off. This
may result from the fact that the byproduct ammonia restricted the
reaction shift from MC to DMC. Hence, the byproduct ammonia
should be removed in time in order to shift the reaction equilibrium.

The effects of space time on the mole fractions of NMMC and
DME are shown in Fig. 5(b) and (c), respectively. It can be seen
from the figures that the change of NMMC mole fraction with space
time show similar trends as that of DME mole fraction. At the same
reaction temperature, the mole fraction of NMMC and DME in-
creased monotonically with the increase of space time. A higher

φ = 
1
n
--- xj pred m, ,  − xj exp m, ,

xj exp m, ,
---------------------------------⎝ ⎠
⎛ ⎞

2

m=1

n

∑

ki = − 
Eai

RgT
---------  + Ailnln

Table 2. The values of reaction rate constants at different temper-
ature

Temperature
[K]

Reaction rate constants [mol h−1 kgcat
−1]

k1 k2 k3 k4

443 09760.22 0.0779 13.0987 0.0264fo
448 10975.05 0.0947 18.0099 0.0287fo
453 11404.58 0.1087 22.8324 0.0372fo
458 11455.55 0.1393 26.3830 0.0448fo
463 14238.15 0.1944 30.5285 0.0649fo
468 16863.89 0.2762 35.4414 0.0727fo
473 22000.49 0.3608 41.0217 0.1114fo

Fig. 4. Arrhenius plots (Marks indicate fitted ki values derived from
kinetic experiments) Amount of catalyst: 2.0 g; Feed com-
position: 5 wt% urea+95 wt% methanol.

Table 3. Pre-exponential factors and activation energies

Reaction rate
constant

k [mol h−1 kgcat
−1]

Pre-exponential
factor

A [mol h−1 kgcat
−1]

Activation
energy

Ea [kJ mol−1]

Variance
R2

k1 1.24×109 43.54 0.864
k2 3.63×109 90.87 0.964
k3 4.14×108 63.25 0.973
k4 1.65×108 83.50 0.962
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reaction temperature accelerated the rate of side reactions. As both
side reactions consumed DMC, removing DMC from the reaction
system in time could restrain the side reactions. Therefore, a cata-
lytic distillation technique was introduced into the DMC synthesis
to solve the problems in unfavorable equilibrium and complicated
side reactions.

The effect of the space time on MC mole fraction is shown in
Fig. 5(d). The MC mole fraction increased linearly with the space

time for the first few hours. As the reaction progressed, the MC mole
fraction reached a maximum and then decreased sharply. By com-
paring the result in Fig. 5(a) and 5(d), an important phenomenon
was observed: the mole fraction of MC was significantly higher
than that of DMC under the same reaction conditions. This indi-
cated that the intermediate MC was easily prepared, but was diffi-
cult to convert into DMC. Therefore, reaction 2 from MC to DMC
was the rate-controlling step in DMC synthesis. The key to pro-
moting DMC yield was to find a proper catalyst to shift the reaction
from MC and methanol to the DMC. Besides, when the space time
was higher than 2.7 [h mol−1 kgcat], the MC mole fraction decreased
sharply under high reaction temperature (in Fig. 5(d)); however,
DMC mole fraction almost remained constant (in Fig. 5(a)). This
indicated that the formation rate of DMC was almost equal to the
consumption rate under the above-mentioned conditions.

CONCLUSIONS

Detailed kinetics experiments and models for the reaction sys-
tem from urea and methanol to yield DMC over ZnO catalyst have
been developed. This reaction system was considered to include
two main reactions and two side reactions. The effect of tempera-
ture, space time and urea mass percent in feed on the mole fraction
of DMC were studied. The reaction rate constants at different tem-
peratures are fitted by applying a Matlab program to minimize the
relative root mean square deviation values. The apparent activation
energies and the pre-exponential factors of DMC synthesis process

Fig. 5. Mole fractions of DMC (a), NMMC (b), DME (c) and MC (d) as a function of space time at different temperatures.

Fig. 6. Model prediction: DMC mole fraction as a function of space
time for different urea mass percents in feed at 458 K.
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were determined by the Arrhenius equation based on the relation-
ship of reaction rate constants and temperature (ranging from 443 K
to 473 K). The experimental mole fractions of DMC, MC, NMMC
and DME as a function of temperature and space time were fitted
well with the corresponding theoretical predictions using the fitted
kinetics parameters and chemical equilibrium constants Keq, i.

Experimental results indicated that reaction 2 from MC to DMC
was the rate-controlling step in DMC synthesis. It seemed neces-
sary to remove DMC and ammonia from the reaction mixture for
two reasons: first, the removal of DMC and ammonia could enhance
the DMC yield by shifting the equilibrium of reaction (2); secondly,
removing DMC from the reaction system in time was important to
restrain side reactions.

Reactive distillation might be used in a DMC synthesis system
on an industrial scale to achieve a higher selectivity of DMC. It is
expected that the kinetics parameters presented in the paper could
be used in the modeling of a reactive distillation processes.
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NOMENCLATURE

Ai : pre-exponential factor [mol h−1 kgcat
−1]

Eai : apparent activation energy [kJ mol−1]
F : mole flow rate of feed [mol h−1]
(∆Hr)i: standard enthalpy change of the reaction [kJ s−1]
Keq, i : chemical equilibrium constant
ki : forward reaction rate constant of reaction i [mol h−1 kgcat

−1]
ki− : backward reaction rate constant of reaction i [mol h−1 kgcat

−1]
Rg : gas constant (=8.314) [J mol−1 K−1]
ri : reaction rate [mol h−1]
(∆rS)i : standard entropy change of the reaction [J mol−1 K−1]
T : reaction temperature [K]
Wcat : amount of catalyst [kg]
xj, exp : experimental mole fraction
xj, pred : predicted mole fraction
xj : mole fraction of component j

Greek Symbol
τ : space time, Wcat/F [h mol−1 kgcat]
φ : relative root mean square deviateon
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