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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°C,
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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IMenu. [{uxnuueckue KapboHAMbL S8ASLIOMC BAXKHBIMU NPOOYKMAMU OP2AHUUECKO20 CUHMe3A,
KOmopble Haxo0am wupoKoe npumeHeHue 8 Kkauecmse pacmeopumesieil, Kamaiu3amopos u pe-
azeHmos 011 NoAYUeHUst psida coeOuUHeHUll, 8 UACMHOCMU, YPEMAHCOOEPIKAULUX NOSUMEPO8 He-
usoyuaHamuovim memooom. OOHUM U3 NEePCNeKMUBHBLX MEMO008 UX CUHME3A S18J151emcst NPoyecc
ankozonuza Kapbamuoa MHo200CHO8HbIMU cnupmamu. Llens daHHoll pabombl — onpedeseHue yc-
s08ull peakyuu 83aumoodeticmeausi NPONUNEH2AUKONSL ¢ Kapbamudom 8 npucymemeuu ayemama
YuUHKQ 8 Kauecmee kamaiu3amopa.

MemooubL. SxcnepumeHmanbHoe UCCied08aHUe NPOUECCd CUHME3A NPONUAEHKAPOOHAMA HA -
6opamopHoli ycmaHoske nepuoduueckoezo oeticmeaust. AHAU3 UCXOOHbIX peazeHmo8 U NOSYUeH-
HbLX NPOOYKMO8 C UCNO/Ib308AHUECM 2A302KUOKOCMHOU Xpomamozpagpuul.

Pesynomamet. H3yueHbl 3AKOHOMEPHOCMU NOAYUEHUS nponuneHkapboHama aaKo2oau3om
Kapbamuoa NPonUNEH2AUKONeM 8 NPUCYMCMEUU Kamaiu3amopa (auemama yuHKka) npu eapbu-
PO8aHUU OCHOBHBIX NAPAMEmpPo8 NPoyecca 8 CAeOYrwWuUx OUaAna30HAX. HAUAIbHOE MOASPHOE
COOMHOWLEHUE peazeHmOo8 NPONULeH2AUK0b/ Kapbamud cocmaeasno (0.5-5):1, memnepamypa
curnmesa 130-190 °C, epems npeboieaHus peazenmog 8 peaxmope 0.5-4 u, cooeprcaHue kama-
auzamopa 8 peakyuoHHol emecu 0-1.5 macce. %.

Bwb1800bL. Pexomerndosarbl mexHoiozuieckue napamemps. CuHmesa nponuieHKapboHama, npo-
mekxarowez20 8 peakmope nepuoouueckozo deticmsaust. Ilokasaro, umo ocyuiecmanieHue npoyecca
Nnpu HAUANIbHOM MOJSLPHOM COOMHOULEHUU NPONUNEH2AUKOS U Kapbamuoa 3:1, npu memnepa-
mype 170 °C u epemeHu npebbleaHusl 2 u nosgossiem noayuame nponunieHkapboHam c odocma-
MOUHO 8blCOKUM 8blx00OM — 80%.

Knroueesvle cnoea: yuiiokapboHamol, nponuieHKapboHam, nponuieH2AuKob, Kapbamuo,
Kramanus.

Jlna yumupoeanusa: Cynumos A.B., OBuaposa A.B., Kpasuenko I"M., Cynmumona 0.K. U3yuenne 3akonomMmepHOCTEN CHHTE3a

MPONHICHKapOOHATa B3aMMOJICHCTBUEM MPOMMJICHITIMKONS ¢ KapOoaMuaoM. Toxkue xumuueckue mexuonoeuu. 2020;15(1):55-61.
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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 CO, and
H.,S, 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°C 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
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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°C) 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.
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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°C).
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 x 0.25 mm x 0.25 pm). Helium was
used as the carrier gas; its flow rate through the
column was 60 mL x min~'. 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 (p = 0.1013 MPa and 7 = 298.15
K) show that the change in enthalpy (AH) and the
change in the Gibbs free energy (AG) 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 AG 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
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Fig. 2. Dependence of AG of the reaction on temperature.

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°C (Fig. 3).
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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).
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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.
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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).

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).
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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 %).
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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).

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°C,
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.
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