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Objectives. Cyclic carbonates are important products of organic synthesis, which are widely 
used as solvents, catalysts, and reagents for the production of various compounds (in particular, 
urethane-containing polymers) by the non-isocyanate method. The process of carbamide 
alcoholysis with polybasic alcohols is a promising method for the synthesis of cyclic carbonates. 
The purpose of this study is to determine the reaction conditions for the interaction of propylene 
glycol with carbamide in the presence of zinc acetate as a catalyst.
Methods. We conducted experiments to study the synthesis of propylene carbonate in a batch 
laboratory apparatus. Moreover, we analyzed the starting reagents and final products using 
gas–liquid chromatography.
Results. We studied the synthesis of propylene carbonate by carbamide alcoholysis with 
propylene glycol in the presence of a catalyst (zinc acetate) by varying the following parameters: 
initial molar ratio of propylene glycol/carbamide = (0.5–5):1, synthesis temperature 130–190°С, 
reagent residence time in the reactor 0.5–4 h, and the catalyst amount in the reaction mixture 
0–1.5 wt %.
Conclusions. We determined the technological parameters of propylene carbonate synthesis 
in a batch reactor. Moreover, we showed that the process allowed the production of propylene 
carbonate with a sufficiently high yield of 80%—at the initial molar ratio of propylene glycol/
carbamide = 3:1, temperature 170°C, and residence time 2 h.
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Цели. Циклические карбонаты являются важными продуктами органического синтеза, 
которые находят широкое применение в качестве растворителей, катализаторов и ре-
агентов для получения ряда соединений, в частности, уретансодержащих полимеров не-
изоцианатным методом. Одним из перспективных методов их синтеза является процесс 
алкоголиза карбамида многоосновными спиртами. Цель данной работы – определение ус-
ловий реакции взаимодействия пропиленгликоля с карбамидом в присутствии ацетата 
цинка в качестве катализатора.
Методы. Экспериментальное исследование процесса синтеза пропиленкарбоната на ла-
бораторной установке периодического действия. Анализ исходных реагентов и получен-
ных продуктов с использованием газожидкостной хроматографии.
Результаты. Изучены закономерности получения пропиленкарбоната алкоголизом 
карбамида пропиленгликолем в присутствии катализатора (ацетата цинка) при варьи-
ровании основных параметров процесса в следующих диапазонах: начальное молярное 
соотношение реагентов пропиленгликоль/карбамид составляло (0.5–5):1, температура 
синтеза 130–190 °С, время пребывания реагентов в реакторе 0.5–4 ч, содержание ката-
лизатора в реакционной смеси 0–1.5 масс. %.
Выводы. Рекомендованы технологические параметры синтеза пропиленкарбоната, про-
текающего в реакторе периодического действия. Показано, что осуществление процесса 
при начальном молярном соотношении пропиленгликоля и карбамида 3:1, при темпера-
туре 170 °С и времени пребывания 2 ч позволяет получать пропиленкарбонат с доста-
точно высоким выходом – 80%.

Ключевые слова: циклокарбонаты, пропиленкарбонат, пропиленгликоль, карбамид, 
катализ.
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INTRODUCTION

Propylene carbonate is an important product of 
organic synthesis. Because it possesses a number of 
valuable properties, it is widely used as a solvent and 
intermediate product in various syntheses. Its use as 
a solvent is attributed to the good dissolving ability, 
low toxicity, biodegradability, and high boiling point. 
Propylene carbonate is used in the production of 
polyacrylonitrile fibers, in the separation of CO2 and 
H2S, as a component of lubricating oils, hydraulic fluids, 
and electrolytes in lithium-ion batteries [1]. In addition, 
propylene carbonate is used as a starting component to 
obtain polymer compositions in pharmaceuticals [2] 
and in the synthesis of dimethyl carbonate [3].

Currently, propylene carbonate is commercially 
produced by the direct cyclocarboxylation of propylene 
oxide with carbon dioxide under catalysis by alkali metal 

salts, ammonium, phosphines, and metal complexes 
[4]. However, in addition to the traditional disadvantages 
inherent to homogeneous catalytic processes, this method 
is characterized by the rather stringent conditions of 
implementation (200°С and 5–10 MPa) [5]. Economic 
and environmental requirements dictate the need to 
develop new catalytic systems and technological 
processes for the synthesis of propylene carbonate.

A promising method for producing propylene 
carbonate is the interaction of propylene glycol and 
carbamide [6]:
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The undoubted advantage of this process is that 
it is based on available raw materials, which can 
be obtained from renewable sources. Specifically, 
carbamide under industrial conditions is obtained 
by the interaction of ammonia and carbon dioxide; 
the reserves of the latter in the environment are 
practically inexhaustible [7, 8]. Propylene glycol 
is commercially produced from propylene oxide. 
However, even today, when the chemical market is 
oversaturated with bio-glycerin, many studies are 
published on its transformation to propylene glycol 
[9, 10]; in the future, the proportion of propylene 
glycol will only increase [11]. In general, possible 
options for raw materials for obtaining propylene 
carbonate can be represented as a diagram (Fig. 1).

The direct cyclocarboxylation of propylene oxide 
or propylene glycol is of considerable interest. However, 
this process, even when implemented on an industrial 
scale, is characterized by certain disadvantages (e.g., the 
need to use very high pressures) [5]. It is worth noting 
the studies regarding the catalytic systems based on 

ionic liquids and various metal complexes [12–14]. The 
use of these catalysts allows the cyclocarboxylation of 
propylene oxide to be carried out with carbon dioxide at 
low temperatures and pressures. Despite the rather high 
yield of propylene carbonate (greater than 90–95%), the 
process of obtaining such catalytic systems is complex 
and expensive, which casts doubt on the possibility of 
their industrial use, at least in the near future.

The use of propylene glycol and carbamide to 
produce propylene carbonate allows the process to be 
carried out under milder conditions at lower temperatures 
(130–180°С) and pressures (0.05–0.1 MPa) [15]. The 
possibility of its implementation is determined by the 
presence of effective catalytic systems. Previous studies 
[15, 16] have shown that metal acetates can catalyze 
the reaction of propylene glycol with carbamide to 
form propylene carbonate. Moreover, zinc acetate is 
most active in this process [16]. Therefore, we have 
investigated the synthesis of propylene carbonate by the 
interaction of propylene glycol with carbamide in the 
presence of zinc acetate as a catalyst.

Fig. 1. Possible routes for the synthesis of propylene carbonate.
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MATERIALS AND METHODS

The following reagents were used in this study 
(the purity grade is indicated in brackets): propylene 
glycol (puriss.), carbamide (p.a.), zinc acetate (p.a.).

The synthesis of propylene carbonate was carried 
out in a batch laboratory apparatus consisting of a 
glass reactor with electric heating, a reflux condenser, 
a temperature measurement and control system, and 
a magnetic mixing device. The calculated amounts of 
propylene glycol, carbamide, and zinc acetate were 
loaded into the reactor, and the heating and stirring 
of the reaction mixture were started. Upon reaching 
the set temperature, the start time of the synthesis was 
recorded. The reaction mass was kept for a certain 
time (0.5–4 h) at a constant temperature (130–190°С). 
At the end of the synthesis, samples (0.5 g) were taken 
from the reaction mass and quantitatively dissolved 
in the excess amount of absolute isopropyl alcohol.

The analysis of the reaction mixtures to determine 
the content of propylene glycol and propylene 
carbonate was carried out by gas chromatography 
on a Chromos GC-1000 instrument equipped with 
a flame ionization detector on a VB-1701 capillary 
column (30 m × 0.25 mm × 0.25 μm). Helium was 
used as the carrier gas; its flow rate through the 
column was 60 mL × min–1. The temperatures of the 
evaporator and column thermostat were maintained 
at 200°C and 150°C, respectively. The technique was 
evaluated based on 5–7 parallel experiments, and 
their mean square error did not exceed 5%. The yield 
of propylene carbonate was determined relative to 
carbamide.

RESULTS AND DISCUSSION

On the basis of the reference data [17], the 
thermodynamic calculations of the reaction under 
standard conditions (р = 0.1013 MPa and Т = 298.15 
K) show that the change in enthalpy (ΔH) and the 
change in the Gibbs free energy (ΔG) of the reaction 
are 51.60 kJ/mol and 13.99 kJ/mol, respectively. A 
positive change in enthalpy means that the reaction 
between propylene glycol and carbamide proceeds 
with heat absorption. Thus, an increase in the 
temperature of the process will contribute to a shift in 
equilibrium toward the reaction products. However, 
a positive change in the Gibbs free energy indicates 
that the reaction cannot proceed at the temperature 
of 298.15 K. The dependence of ΔG on the reaction 
temperature is shown in Fig. 2.

The isobaric–isothermal potential decreases with 
an increase in the reaction temperature and becomes 
equal to zero at 62°C (335 K). This suggests that at 

Fig. 2. Dependence of ΔG of the reaction on temperature.

Fig. 3. Dependence of the propylene carbonate yield 
on the synthesis temperature (initial molar ratio propylene 

glycol/carbamide = 1:1, catalyst content 1 wt %, 
synthesis time 2 h).

temperatures higher than the abovementioned value, 
the reaction can proceed in the forward direction.

The equilibrium constant of the reaction at 
130°C is 99.8; at 190°C, the equilibrium constant 
reaches 5271.3, which indicates a considerable shift 
in the equilibrium toward the reaction products with 
an increase in the temperature to 190°C.

Thus, calculations show that the synthesis of 
propylene carbonate from propylene glycol and 
carbamide is thermodynamically possible. However, 
to increase the speed of the process and reduce the 
time required to achieve equilibrium, kinetic factors 
should also be considered.

On the basis of the results obtained by 
calculation, the effect of temperature on the yield of 
propylene carbonate was studied in the temperature 
range of 130–190°С (Fig. 3).
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Fig. 4. Dependence of the propylene carbonate yield 
on the initial propylene glycol/carbamide ratio 

(synthesis temperature 170°C, catalyst content 1 wt %, 
synthesis time 2 h).

Fig. 5. Dependence of the propylene carbonate yield 
on the duration of the synthesis (synthesis temperature 170°C, 

initial molar ratio of propylene glycol/carbamide = 3:1,
catalyst content 1 wt %).

Fig. 6. Dependence of the propylene carbonate yield 
on the catalyst content (synthesis temperature 170°C, 

initial molar ratio of propylene glycol/carbamide = 3:1, 
synthesis time 2 h).

The analysis of the results shows that with an 
increase in the temperature to 170–180°C, an increase 
in the yield of propylene carbonate is observed. A 
further increase in the temperature leads to a decrease 
in the yield of the target product, which is clearly 
associated with the occurrence of side processes 
(e.g., oligomerization of propylene carbonate). Thus, 
to implement the process, it is advisable to maintain 
the temperature in the range of 170–180°C. Under 
these conditions, the propylene carbonate yield of 
74–75% is achieved.

To evaluate the effect of the initial molar ratio of 
propylene glycol/carbamide on the yield of propylene 
carbonate, a series of experiments was carried out 
with this indicator varying in the range of (0.5–5):1. 
The results are shown in Fig. 4.

Figure 4 shows that a noticeable increase in 
the yield of propylene carbonate is observed with 
an increase in the ratio of reagents to 4:1. It is 
recommended to perform the synthesis of propylene 
carbonate in the presence of a 3–4-fold molar excess 
of propylene glycol. Unreacted propylene glycol 
is supposed to be isolated from the reaction using 
mass transfer processes and recycled to the chemical 
conversion step.

Based on the propylene carbonate yield–
synthesis time dependence (Fig. 5), the optimal 
time was selected from 2 to 2.5 h. An increase in 
the reaction time beyond this value is undesirable 
because it leads to a certain decrease in the yield 
of propylene carbonate, which is most likely owing 
to the participation of the target product in further 
transformations.

Finally, we have investigated the dependence of 
propylene carbonate yield on the catalyst content in 
the reaction mixture (Fig. 6).

As expected, an increase in the catalyst amount in 
the reaction mixture promotes an increase in the yield of 
propylene carbonate. This dependence can be explained 
by an increase in the process rate; during the same time 
(2 h) a larger amount of propylene carbonate is formed 
with a higher catalyst content. This trend continues until 
the catalyst content is 1 wt %. With a further increase in 
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the concentration of the catalyst, propylene carbonate in 
the reaction mixture can participate in side reactions, and 
its yield decreases, which is confirmed by the observed 
regularities.

In addition, the reaction can occur in the absence 
of a catalyst. At fixed parameters (temperature 170°С, 
propylene glycol/carbamide ratio = 3:1, contact duration 
2 h), the yield of propylene carbonate does not exceed 
40%. This value is relatively small, and it is unlikely 
that the non-catalytic process can be considered as an 
alternative. However, this fact is important and should be 
considered in further studies on the kinetics of propylene 
carbonate synthesis.

CONCLUSIONS

Thermodynamic calculations and kinetic studies of 
the reaction between propylene glycol and carbamide in 
the presence of zinc acetate as a catalyst allowed us to 
identify the range of parameters, ensuring high yields of 
the target product (75–80%). Based on our analysis, we 
recommend the following parameter values: temperature 
170–180°C, initial ratio propylene glycol/carbamide 
(2–3):1, synthesis time between 1.5 and 2 h, and catalyst 
content 1 wt %.
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