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Abstract: The capture, storage, and conversion of anthropogenic carbon dioxide (CO2) is one of the 
urgent environmental challenges. Among the various methods available, direct conversion is the 
most preferable. An example is the production of cyclic carbonates which are important products in 
the chemical industry. Considering that this method relies on catalysis, different catalysts can be used. 
Ionic liquid has been proposed as a promising candidate but the application in the process remains 
underexplored. Therefore, this study aimed to synthesize and comprehensively characterize ionic 
liquid 1-(2-hydroxyethyl)-3-methylimidazolium bromide using spectral techniques, including 1H and 
13C NMR, Fourier transform infrared spectroscopy (FTIR), and matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF). This compound was used as a catalyst in the 
cycloaddition reaction of CO₂ with epichlorohydrin to produce 1-chloromethylpropylenecarbonate, 
comprising an important and in-demand class of organics namely cyclocarbonates. Key reaction 
parameters including temperature, pressure, and catalyst loading were systematically evaluated for 
the effects on epichlorohydrin conversion, product yield, and selectivity. The results showed that 
optimal conditions were found at 90 °C and 650 kPa, with a catalyst loading of 2 mol%. The main 
product was obtained at a yield of 94% with a selectivity of 97% within 2 hours. Additionally, 
methods to intensify the catalytic reaction were explored through the application of ultrasonic and 
microwave irradiation. Both forms of irradiation significantly accelerated the conversion of 
epichlorohydrin, increasing the catalyst turnover frequency (TOF) from 3.85 h⁻¹ in the blank 
experiment to 4.50 h⁻¹ and 8.38 h⁻¹ with microwave and ultrasonic irradiation, respectively. The 
practical ease of integrating these approaches into industrial setups suggests promising potential for 
technological application. Finally, the feasibility of catalyst recycling was investigated. The 1-(2-
hydroxyethyl)-3-methylimidazolium catalyst had stable catalytic activity, with only minimal activity 
loss observed over five consecutive cycles. 

Keywords: Carbon dioxide utilization; Cyclic carbonates; Cycloaddition; Ionic liquid 
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1. Introduction 

Carbon dioxide (CO2) is a greenhouse gas and the increasing atmospheric concentration disrupts 
the planet thermoregulation, making it the primary cause of global climate change (Nunes, 2023). 
The search and development of technologies for CO2 utilization is a major task of science and 
technology (Fatah et al., 2020; Guo et al., 2020; Vega et al., 2020). In recent years, there have been 
quite a few methods of CO2 extraction from emission sources. The traditional method for the 
removal of CO2 from gas mixtures is chemical absorption by alkanolamine solutions. However, new 
energy-efficient approaches for example, membrane gas separation  (Kryuchkov et al., 2024; 
Petukhov et al., 2021; Dmitrenko et al., 2020; Trubyanov et al., 2019; Penkova et al., 2018; Dmitrenko 
et al., 2017; Kartohardjono et al., 2017; Vorotyntsev et al., 2006) are attracting the attention of 
different studies and the industry. 

More unconventional methods are also being developed, such as CO2 absorption using ionic 
liquids (Atlaskina et al., 2024; Vorotyntsev et al., 2017). Although these methods provide ways to 
effectively remove CO2 from the source, direct recycling into any useful products does not occur. 
This is because the conversion is a substantial challenge. 

Due to the high thermodynamic and kinetic stability of CO2, the utilization is a very non-trivial 
task (Valluri et al., 2022; Lu et al., 2022; Mustafa et al., 2020; Anwar et al., 2020). In this regard, 
catalytic processes play a special role. For example, the conversion of CO2 occurs into carbonates 
by the interaction between epoxides and CO2 (Anggerta et al., 2025; Lopes et al., 2020; Luo et al., 
2020; Pal et al., 2020; Zhang et al., 2020). 

Lewis acids can catalyze these transformations quite efficiently. However, common Lewis acids, 
such as aluminum chloride, are often toxic and highly corrosive, complicating technological 
processes. The presence of chlorine ions in the reaction medium can also lead to the formation of 
phosgene. Therefore, the development of catalysts devoid of the above-mentioned disadvantages 
is of particular interest. Numerous transition metal-based catalysts have been developed to produce 
cyclic carbonates by coupling CO2 with epoxides, metal-organic frameworks (MOFs) (Zhang and 
Xu, 2024; Shah et al., 2022; Maina et al., 2017), transition metal complexes (Kinzel et al., 2021) and 
metal oxides. However, due to the toxicity of some transition metals, leaching leads to serious 
environmental pollution. Various non-metallic catalysts such as functionalized SiO2 (Ye et al., 2023), 
covalent organic frameworks (COFs) (He et al., 2020), and modified carbon materials have been 
developed to make the catalysis reaction more environmentally friendly. The disadvantages of 
these catalysts are related to the complicated and overly expensive preparation, as well as the need 
to use a special solvent during the catalytic reaction. 

Another possible option is catalysis by ionic liquids (Lei et al., 2022; Mujmule and Kim, 2022; Qu 
et al., 2022; Li et al., 2021; Vorotyntsev et al., 2019). Metal-free ionic liquids have catalytic activity 
due to the presence of ions. For example, halogen anions act as nucleophiles in the reaction between 
CO2 and oxiranes (Ghorai et al., 2024). An additional advantage of using ionic liquid as catalyst is 
the ability to act not only as a catalyst but also a reaction medium and a sorbent for CO2 capture and 
retention (Akhmetshina et al., 2019). One of the most popular homogeneous salt-based catalysts for 
the synthesis of cyclic carbonates is imidazolium salts (Guo et al., 2021). 

For CO2 conversion processes, the use of intensifying external forcing is typical (Islam et al., 
2021). In the context of catalytic reactions, intensification of the reaction to produce cyclic carbonates 
is also possible by microwave or ultrasonic irradiation. Due to the polar and ionic nature, ionic 
liquids absorb microwave radiation efficiently (Orrling, 2009). A previous study (de la Hoz et al., 
2005) reported that one of the effects of microwave radiation is the acceleration of reactions, 
provided polar substances or transition complexes participate in the process. In addition, 
microwave radiation is considered an environmentally friendly method that accelerates the time of 
various reactions (Aviantara et al., 2024; Sediawan et al., 2023). The effect of microwave irradiation 
power and time on the reaction parameters of cycloaddition of phenyl glycidyl ether (PGE) and 
CO2 using silica-supported ionic liquid was studied in (Dharman et al., 2011). With increasing 
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microwave radiation power, the conversion and reaction yield decreased, but the selectivity 
remained constant. This is probably because the solubility of CO2 decreased with increasing 
microwave irradiation power. Substrate conversion increased with increasing irradiation time, 
reaching a maximum at 20 minutes, after which it did not significantly improve.  

The use of ultrasound induces a physicochemical phenomenon, known as cavitation, in which 
cavities in liquid medium are sequentially formed, developed, and collapsed. When cavities 
collapse, energy is released. Due to the effect of cavitation arising from the use of ultrasonic 
ultrasound, there is an intensification of physical and chemical processes  (Nisya et al., 2024; 
Ibrahim et al., 2020). In general, cavitation increases the reaction rate and product yield (Holkar et 
al., 2019).  

Based on the description above, this study was conducted to investigate the possibility of 
intensifying the catalytic conversion of CO2 into cyclic carbonates using epichlorohydrin and ionic 
liquid as substrate and catalyst respectively. For this purpose, ionic liquid 1-(2-hydroxyethyl)-3-
methylimidazolium bromide was synthesized and comprehensively characterized using spectral 
techniques, including 1H and 13C NMR, FTIR, and MALDI-TOF spectroscopy. 

The effect of intensifying irradiation (ultrasonic and microwave) on the reaction of obtaining 
cyclic carbonates using this ionic liquid as a catalyst was studied for the first time. A UWave-2000 
reactor was used and the process was carried out under the conditions of a reference experiment at 
90 °C, constant CO2 pressure of 110 kPa, and catalyst concentration of 2 mol.%. The results showed 
that the use of these methods allows the reaction to be accelerated up to 2.5 times without significant 
losses in selectivity or product yield. 

2. Methods 

2.1. Chemicals and Materials 
1-Methylimidazole (99 wt %, Acros Organics (Belgium)), 2-bromoethanol (99 wt %, Sigma-

Aldrich (Germany)), ethyl acetate (< 99 wt %, Aldosa, Russia), phosphoric anhydride (98 wt%, CJSC 
Chimreaktiv (Russia)) and nitrogen (≥ 99.999 vol.%, and Monitoring LLC (Russia)) were used to 
synthesize ionic liquid 1-(2-hydroxyethyl)-3-methylimidazolium bromide. Epichlorohydrin (> 99 
wt %, Chemical Line, Russia), CO2 (≥99.99 vol.%, Monitoring LLC (Russia)) and the synthesized in 
the present work ionic liquid 1-(2-hydroxyethyl)-3-methylimidazolium bromide, were used to carry 
out the catalytic reaction for the production of cyclic carbonates. The reagents were used without 
further purification. 

2.2. Catalysts Preparation and Characterization 
NMR Spectroscopy. 1H NMR and 13C NMR spectra were recorded on an Agilent DD2 400 MHz 

spectrometer. Chemical shifts (δ) are given in parts per million (ppm) for a solution of the 
compounds in DMSO-d6, with the residual solvent peak as an internal standard. 

IR spectroscopy. IR spectra of the samples were recorded using an IRTracer-100 FTIR 
spectrophotometer (Shimadzu, Kyoto, Japan) equipped with a modified FTIR Attenuated Total 
Reflectance (ATR) attachment and a ZnSe crystal plate (PIKE Miracle, North Carolina, USA) in 
transmission mode at ambient temperature. A minimum of 30 scans were averaged with a 
resolution of 4 cm-1 in the range of 4000-600 cm-1. 

MALDI. MALDI mass spectra were recorded on Bruker Microflex LT mass spectrometer in linear 
mode using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as a 
matrix on a ground steel target plate. 

Elemental analysis. The elemental composition of ionic liquid was determined using the 
Elemental Vario EL cube (Elementar Analysensysteme GmbH, Germany), which allows for the 
simultaneous analysis of hydrogen, carbon, nitrogen, bromine, and oxygen.  

Procedure of ionic compound synthesis. Ionic liquid was obtained by the Menshutkin reaction 
(Figures S1 (Supplementary Information)). A recent study by (Koutsoukos et al., 2022) described an 
alternative synthesis method that entails the use of a solvent (ethyl acetate). However, further 
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details on the synthesis route and process conditions were not prescribed. The reported product 
yield was 79%. In this study, the modified synthesis method was used by adding 2-bromoethanol 
into 1-methylimidazole in a molar ratio of 1:1 in an inert medium (nitrogen atmosphere). The 
reaction was carried out in a heat-resistant vial with a lid and Teflon septum, also under a nitrogen 
atmosphere. The completeness of the reaction was monitored using a Fourier Transform Infrared 
Spectrophotometer (Shimadzu IT-Racer-100) by the decrease in the intensity of the C-Br band (656 
cm-1), showing the breaking of the C-Br bond in the initial halogen alcohol and the formation of 
imidazolium compound. After completion of the reaction (after 72 hours), the resulting ionic liquid 
was washed 3 times with ethyl acetate from the residues of unreacted initial compounds and dried 
over phosphoric anhydride in the desiccator. The isolated 1-(2-hydroxyethyl)-3-methylimidazolium 
bromide is white crystals with a melting point of 65-70 °C, and a yield of 94 %. 

[C2OHmim][Br]: 1H NMR (400 MHz, DMSO-d6) δ 9.18 (d, J = 1.6 Hz, 1H), 7.75 (dt, J = 12.7, 1.8 
Hz, 2H), 5.16 (s, 1H), 4.23 (dd, J = 5.7, 4.5 Hz, 2H), 3.87 (s, 3H), 3.74 - 3.67 (m, 2H). 13C NMR (101 
MHz, DMSO-d6) δ 136.79, 123.32, 122.65, 59.30, 51.57, 35.72. Elemental Analysis C6H11BrN2O found 
(%): C, 34.78; H, 5.34; Br, 38.61; N, 13.57; O, 7.73; calculated (%): C, 34.80; H, 5.35; Br, 38.59; N, 13.53; 
O, 7.73; MALDI-TOF: m/z 127.2 (cation peak). 

2.3. Catalytic tests 
To study the effect of ultrasonic and microwave irradiation on the process of epichlorohydrin 

carboxylation, a model reaction was first carried out under set model conditions of temperature 90 
°C, constant CO2 pressure 110 kPa, catalyst concentration 2 mol.% (control experiment). This 
catalyst was designed for the reaction of CO2 conversion to cyclic carbonates as shown in Figures 
S2 (Supplementary Information). The conversion of epichlorohydrin to products was carried out to 
approximately 80 %. The main product yield and selectivity were determined using GC method. 
Sampling was performed every 20 min for the first 2 hours, then every 30-60 min. The experimental 
setup scheme is given in Figure 1. 

 

Figure 1 Schematic diagram of the unit for catalytic tests at constant CO2 pressure 1 - gas cylinder, 
2 - mass flow controller, 3 - reactor, 4 - magnetic stirrer, 5 - back pressure regulator, 6 - gas 
chromatograph, 7 – computer 
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The unit shown in Figure 3 was designed for the carboxylation of unsaturated compound oxides 
at atmospheric pressure and continuous gas flow. The model setup consists of a thermostatically 
controlled reactor containing a catalyst, a starting substance (epichlorohydrin), as well as the 
necessary control and measuring equipment. In this system, CO2 gas is supplied from a cylinder to 
the reactor through the El-Flow Prestige FG-201CV gas flow regulator (Bronkhorst, the 
Netherlands). At the reactor outlet, there is a gas back pressure regulator El-Press P-702CM 
(Bronkhorst, the Netherlands). The outlet from the reactor is connected to the mass spectrometric 
complex consisting of diaphragm and turbomolecular vacuum pumps (Pfeiffer Hi-Cube ECO 300), 
which provide the primary discharge in the zone of sample input. The pressure in this cavity is 
determined using a pressure transmitter (Pfeiffer MPT200). The vacuum post is further connected 
to the mass spectrometer chamber (Pfeiffer PrismaPro QMG 250 M2), where the vacuum is 
provided by a second vacuum post (Pfeiffer Hi-Cube 80 Eco) and the level is determined by a 
second pressure transmitter of the same model. The gas stream leaving the reactor is sent for 
analysis to a mass spectrometric complex to determine the composition. The reactor is located on a 
C-Mag HS 7 control magnetic stirrer (IKA-Werke, Germany) for constant stirring of the reaction 
mixture. 

To evaluate the influence of pressure and temperature on the yield of reaction products, the 
reaction was carried out on a setup similar to the one shown in Figure 1. The setup differs only in 
the fact that the reactor, made of stainless steel 08X16H11M3, has one additional port for gas inlet 
and outlet. A three-port, two-position SS-83XTS4 valve (Swagelok, USA) is used to switch between 
the reactor operation modes (gas inlet, gas analysis). At the start of the experiment, CO2 was 
introduced into the internal volume of the reactor, and then, after some time, the three-port valve 
was switched to the position connecting the reactor to the mass spectrometric complex for analyzing 
the gas composition of the medium. After the reaction, the mixture was cooled to room temperature, 
and excess CO2 was removed. 

2.4. Effect of irradiation 
The UWave-2000 reactor (Sineo, China) was used to study the effect of ultrasonic and microwave 

irradiation on the process of carboxylation of chloropropylene oxide. A schematic diagram of the 
reactor is shown in Figure 2. The reaction was carried out under constant stirring in a quartz flask, 
in which a sonicator was submerged (in reactions where the effect of ultrasound was studied). The 
temperature was controlled by a thermocouple (when the set temperature was exceeded, cooling 
by air blowing was switched on). For visual online control of the reaction, a built-in camera with a 
display was used. Samples were taken with the same regularity as in the control experiment. 

 
Figure 2 Schematic diagram of the reactor for studying the influence of intensifying radiation 1 - 
gas cylinder, 2 - pressure controller, 3 - mass flow controller , 4 - irradiation generator, 5 - 
temperature sensor, 6 - quartz flask, 7 - valve, 8 - gas chromatograph, 9 - IR spectrometer 
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3. Results and Discussion 

3.1. Catalyst synthesis and characterization 
The 1H,13C NMR spectra are shown in Figures S3 and S4 (Supplementary Information). The mass 

spectrum was recorded on a Trace DSQII instrument with MALDI-TOF ionization and is presented 
in Figure S5 (Supplementary Information). The spectra contain the C2OHmim+ cation signal, 
observed at 127.2 m/z. In the IR spectrum (Figure S6), the characteristic vibrations are visible 
including a high-intensity band at 1778 cm-1 corresponding to the valence asymmetric vibrations of 
the C=O bond in the carbonate moiety and bands associated with the C-O-C ester bonds at 1158, 
1062 and 1037 cm-1. Additionally, the C-Cl bond appeared at 763 cm-1, the valence vibration bands 
of the C-H bonds were found at 2920-3020 cm-1 and the C-H strain bonds were detected at 1500-
1250 cm-1. 

3.2. Effect of temperature, pressure and catalyst loading 
To optimize the technological parameters of the process, several screenings were conducted in 

which certain parameters were varied, while the others were kept constant. The varied parameters  
include: 

- reaction temperature: varied between 50 and 90 °C; 
- reaction time: varied from 1 to 4 hours; 
- pressure: varied from 110 to 1300 kPa. 

3.2.1. Investigation of the influence of temperature 
The effect of temperature was evaluated under the following conditions namely pressure 650 

kPa, catalyst content 2 mol.%, reaction time of 3 hours, and the temperature of 50 to 110 °C in steps 
of 20 °C. For each experiment, the amount of catalyst was screened with loading variations of 0.5 to 
5 mol.% (relative to epichlorohydrin). At 50 °C and interaction time of 4 h, a maximum conversion 
of about 60% was achieved, with an average main product selectivity of 96% and independent of 
catalyst loading (Figure 3а). At a temperature of 70 °C and reaction time 3 of hours, the conversion 
of epichlorohydrin predictably increased. Increasing the catalyst concentration from 3 to 5 mol% 
did not raise the conversion proportionally, but at the same time, the selectivity for the main 
product decreased to 89 % (Figure 3b). Further increase of temperature up to 90 °C (reaction time 2 
hours) increased the conversion of epichlorohydrin, but increasing the concentration of catalyst 
above 2 mol.% slightly decreased the conversion and the selectivity for the main product up to 93 
% (Figure 3c). The graphs with multiple "y" axes should be read as follows epichlorohydrin 
conversion - green circles and green scale bar, product yield - red squares and red scale bar, and 
selectivity - blue triangles and blue scale bar. 

         
a) b) 

Figure 3 Dependence of selectivity, epichlorohydrin conversion, and product yield on reaction 
temperature and catalyst concentration: a - 50°C, 4h; b - 70°C, 3h; c - 90°C, 2h 
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                                                                                            c) 

Figure 3 Dependence of selectivity, epichlorohydrin conversion, and product yield on reaction 
temperature and catalyst concentration: a - 50°C, 4h; b - 70°C, 3h; c - 90°C, 2h (cont.) 
 

Since increasing the catalyst concentration above 2 mol% did not yield a positive effect, and the 
reaction time of up to 4 hours led to a rise in product yield and conversion of epichlorohydrin, the 
effect of temperature at these parameters was evaluated (pressure was constant 650 kPa) (figure 4).  

 
Figure 4 Dependence of selectivity, epichlorohydrin conversion and product yield on temperature 
(650 kPa, C cat = 2 mol.%, 4h) 

 
The results showed that increasing the temperature to 90 0C under the conditions had a positive 

effect. The values of conversion and product yield increased to 85%. Further increase in temperature 
enhanced the conversion of epichlorohydrin but reduced the yield of the product. The selectivity 
decreased to 86%, showing the inexpediency of further increase in temperature. 

In general, temperature increase had a positive effect on the conversion of epichlorohydrin. An 
increase from 50 to 110 °C led to elevated conversion from 28 to 99 %. The most significant increase 
in conversion was observed in the transition from 50 to 70 °C, reaching 28 to 83 %. A further increase 
from 70 to 90 °C had a negligible effect on conversion but nearly completed the reaction, achieving 
a 97% conversion of the initial epichlorohydrin. Selectivity for the main product remained high up 
to 90 °C, reaching 97%. Conducting the reaction at 110 °C resulted in a 99% conversion of the initial 
compound into products, but the selectivity dropped to 90 % and the yield of the main product, 
chloropropylene carbonate was lower than at 90 °C (89 % compared to 94 %). 

3.2.2. Investigation of the influence of pressure and catalyst concentration 
Comparison of the catalyst concentration effect was carried out at the same temperature of 90°C, 

reaction time of 1 hour, and different pressures (Figure S7 (Supplementary Information)). At 650 
kPa, the conversion of epichlorohydrin and selectivity for the main product decreased with 
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increasing catalyst concentration above 2 mol% (Figure S7 a). At this catalyst concentration, a 
conversion of 85% with a selectivity of 98% was achieved in 1 hour, while in 2 hours under the same 
conditions, the conversion was 90% with a selectivity of 97%. This implied that a 2-fold increase in 
reaction time produced a less significant increase in conversion. 

The reaction was carried out at a pressure of 1300 kPa and the results are shown in Figure S7 b. 
The conversion did not significantly change at pressures 650 and 1300 kPa, reaching 85%, while 
selectivity decreased across all catalyst concentrations, dropping to 94% or lower. The increase in 
pressure did not cause a significant rise in the reaction rate but reduced the selectivity for the main 
product. This suggests that the rate-determining step in the carboxylation of oxides for unsaturated 
compounds is the opening of the epoxide cycle. 

The effect of pressure was evaluated under the conditions of temperature 70 °C, catalyst content 
2 mol.%, reaction time 4 hours, pressure variation from 110 to 1300 kPa (figure 5). In all cases except 
110 kPa, the pressure was set at the start of the reaction and the system was closed throughout the 
reaction time. In the case of 110 kPa, the pressure was maintained at this value throughout the 
reaction.  

Under the same conditions, increasing pressure resulted in a higher conversion of the main 
product, while the selectivity remained practically unchanged and averaged 90 %. Doubling the 
pressure from 650 to 1300 kPa led to an 11% increase in the yield of the main product from 71 to 82 
%.  

 
Figure 5 Effects of pressure on epichlorohydrin conversion, product yield and selectivity (Cсat = 2 
mol.%, T = 70°C) 

 
The effect of temperature and pressure on the conversion of epoxide in reaction with CO2 in the 

presence of ionic liquid 1-Butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF4] was studied 
in (Peng and Deng, 2001). Increasing temperature from 65 to 110 °C (P CO2 = 2500 kPa) led to a rise 
in the conversion, reaching a maximum of 100% at 110 °C (TON = 40.0). At the same temperature 
with increasing pressure from 1500 to 2000 kPa, the conversion increased to 90.1% (TON = 60.1) 
and decreased to 69.4% (TON = 46.3) with a further increase to 2500 kPa. 

This character of reaction efficiency dependence on temperature and pressure was also 
confirmed in (Wang et al., 2013), where the temperature dependence of product yield in the reaction 
between CO2, epichlorohydrin, and aniline in the presence of 1-Butyl-3-methylimidazolium 
chloride [Bmim][Cl] was studied. Initially, increasing temperature led to elevated reaction yield by 
up to 60% in the range of 40-60 °C, but further increase did not affect the yield of cyclic carbonate. 
Increasing the pressure up to 1500 kPa resulted in an elevated yield of 55-60%, but a further increase 
up to 2500 kPa led to a 45% decrease. 

Based on the comparison of the results obtained with literature data, materials including ionic 
liquids, polymers, MOFs and zeolite imidazolate frameworks (ZIF) can be used as catalysts in 
reactions of CO2 conversion into cyclic carbonates with epichlorohydrin substrate. A study by 
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(Ziaee et al., 2019) investigated the catalytic application of UIIP, ionic polymer based on amine-
containing imidazolium salt (TAIB) functionalized with urea in the cycloaddition reaction of CO2 
and epichorohydrin. The reaction was carried out in a pre-dried autoclave reactor then the mixture 
of epoxide (38.4 mmol) and UIIP (0.15 mmol) was flushed using CO2 several times to remove air. 
After heating the reactor to the desired temperature with continuous stirring, the reactor was placed 
in cold water and slowly depressurized. The highest conversion values (99%) were achieved when 
the reaction was carried out for 1 hour at a temperature of 110ºC and a pressure of 1000 kPa. 

Another study (Sun et al., 2008) compared the catalytic activity of different ionic liquids, as well 
as various solvents and metal-containing catalysts for the reaction under investigation. The reaction 
was carried out under conditions of 0.2 mol epoxide and 3.2 mol HEMIMB was introduced into the 
reactor. CO2 was supplied at a pressure of 2000 kPa, and the temperature of the reaction system 
was 125 °C. Under these conditions, the yield of the reaction between CO2 and epichlorohydrin was 
92 %. The highest yield was achieved in the conversion of cyclohexene oxide - 99 %.  

In (Xiao et al., 2014), reactions between epoxides and CO2 in the presence of various ionic liquids 
were also studied. The catalytic activity of HMimBr was investigated in reactions with various 
epoxides. For example, in the reaction of CO2 with epichlorohydrin, the reaction yield was 93.5 %. 
Similarly, Wu et al. (2010) used ionic liquid based on 1-butyl-3-methylimidazolium cation alongside 
amino acid anions as catalysts for the reaction with propylene oxide. Ionic liquid [bmim][Lys] had 
the highest activity probably due to the additional amino group in the side chain structure, while 
[bmim][Ser] with an additional hydroxyl group had poor results. On the other hand, [bmim][Glu] 
with a carboxylic acid functional group of the side chain and [bmim][Ala] with a methyl group, 
showed moderate activity. The use of [bmim][Ala] as a catalyst at a reaction time of 18 hours 
achieved a yield of 96% and a selectivity of 97% for both the reaction with propylene oxide and 
epichlorohydrin.  

In another study (Olaniyan and Saha, 2020), the cycloaddition reaction of CO2 and 
epichlorohydrin was also studied using zeolite imidazolate frameworks (ZIF) as catalysts including 
ZIF-8 based on zinc nitrate hexahydrate and Zirconium-doped ZIF-8 (Zr/ZIF-8). In a typical 
cycloaddition reaction, a certain amount of catalyst and limiting reagent, epichlorohydrin, were 
loaded into a high-pressure reactor. The reactor was sealed and stirred continuously at a known 
stirring rate and temperature then a certain amount of liquid CO2 was loaded. After completion of 
the reaction, the reactor was cooled to room temperature, and the mixture was collected and 
filtered. The catalyst was separated, washed with acetone, and dried in a vacuum oven. A known 
amount of methanol used as an internal standard, was added to the product and analyzed through 
gas chromatograph.  

In (Hu et al., 2015), the reaction of cyclic carbonate formation using propylene oxide as a 
substrate was studied. The cycloaddition was carried out in the presence of ionic liquids as catalysts 
based on 1-[2-(2-hydroxyethoxy)ethyl]-3-methylimidazolium (Heemim), 1-hexyl-3-methyl-
imidazolium (Hmim), 1-butyl-3-methylimidazolium (Bmim) and 1-butyl-3-methypyridinuim 
(BMPy). CuCl2, ZnCl3, ZrCl5, CoCl3, TiCl5, AlCl4, Cl, Br, BF4 or PF6 were used as anions. The results 
showed that the types of cations or anions of the ILs had a great influence on the cycloaddition. IL 
[Heemim][ZrCl5] was identified as the most efficient ionic liquid catalyst among those investigated. 
The selected catalyst was evaluated for the synthesis of cyclic carbonates from various epoxides 
such as oxirane, 2-propyloxirane, 2-(methoxymethyl)oxirane, 2-(chloromethyl)oxirane, 2-
(phenoxymethyl)oxirane, 2-phenyloxirane and cyclohexene oxide. The selectivities for all reactions 
over cyclic carbonates using [Heemim][ZrCl5] as catalysts were more than 98%. The data on the 
results of the aforementioned studies are summarized in Table 1.  

UIIP appears to be the most promising catalyst for the carboxylation reaction of epichlorohydrin 
among those considered, achieving a maximum conversion and selectivity values of 99% (Table 1). 
These values were achieved at a high pressure of 1000 kPa. Performing the reaction with the 
[C2OHmim][Br] catalyst allowed the same conversion value (99%) to be achieved at lower pressure 
(650 kPa). Although the reaction time with UIIP is shorter than [C2OHmim][Br], the reaction 
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requires a pressure higher than that used in this present work. The synthesis of [C2OHmim][Br] is 
one step, against the multistep and complex synthesis of UIIP, using expensive precursors, which 
also shows the economic viability of the catalyst.  

The simplicity of synthesis, low required pressure, and high conversion value (99%) suggest the 
possibility and feasibility of using [C2OHmim][Br] as a catalyst for the carboxylation reaction of 
epichlorohydrin.  

 
Table 1 Catalytic activity of various catalysts 

Catalyst 
Temperature,°C / 
Pressure, kPa 

Time, 
h 

Conversion, 
% 

Selectivity, 
% 

Yield, 
% 

Ref. 

UIIP 
110 / 1000 1 99 99 - 

(Ziaee et 
al., 2019) 

90 / 1000 1 59 99 - 
90 / 1000 2 99 99 - 

 
ZIF-8 

50 / 800 

8 

65 57 37 

(Olaniyan 
and Saha, 
2020) 

60 / 800 69 64 44 
70 / 800 73 69 49 
80 / 800 77 74 52 
90 / 800 81 71 51 
100 / 800 85 69 49 

Zr/ZIF-8 

50 / 800 80 67 58 

60 / 800 86 74 64 
70 / 800 90 80 70 
80 / 800 93 86 76 
90 / 800 95 85 75 
100 / 800 97 82 72 

[Heemim][ZrCl5] 120 / 1000 2 - 99 97 
(Hu et al., 
2015) 

HEMIMB 125 / 2000 0.33 - 82 92 
(Sun et al., 
2008) 

[Hmim][Br] 120 / 1500 2  99 93.5 
(Xiao et 
al., 2014) 

[Bmim][Ala] 130 / 4000 18  97 96 
(Wu et al., 
2010) 

[Bvbim]Cl 140/500 3 98 - - (Ghazali-
Esfahani 
et al., 
2013) 

[Bnmim][Cl] 140/500 3 99 - - 

[C2OHmim][Br] 

90 / 110 10 84 92 77 

This work 

50 / 650 3 28 96 27 
70 / 650 3 83 98 81 
90 / 650 3 97 97 94 
110 / 650 3 99 90 89 
70 / 110 4 49 90 44 
70 / 650 4 78 91 71 
70 / 900 4 84 90 76 
70 / 1300 4 89 92 82 

 
3.2. Effect of irradiation  

To study the intensification capabilities for catalytic conversion of CO2 into cyclic carbonates, a 
model reaction was carried out under selected reference conditions of temperature 90 °C, constant 
CO2 pressure 110 kPa, and catalyst concentration 2 mol.% (control experiment). The reaction was 
carried out until the conversion of epichlorohydrin reached approximately 80 %. The dependence 
of conversion, yield of the main product, and selectivity of the reaction are presented in Figure S8 
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(Supplementary Information). When the reaction was carried out under the described model 
conditions, the conversion of epichlorohydrin into the products was estimated at 84% in 10 hours. 
The selectivity for the main product namely chloropropylene carbonate was stable and quite high 
reaching 90% on average, except for at the beginning of the reaction, where it was lower and 
amounted to 80%.  

The reaction order for epichlorohydrin and the constant were determined. The CO2  
concentration was constant and pressure was maintained at 110 kPa. For this purpose, the 
dependences of epichlorohydrin concentration on time were plotted in linear and logarithmic 
coordinates as presented in Figures S9 a and b, respectively. 

Considering the dependence in the coordinates lnСECH = f(t) is a straight line, the reaction order 
for epichlorohydrin is 1. The equations describe the relationships quite accurately (R2 > 0.99), and 
the value of the reaction constant found from the logarithmic from linear relationships coincide and 
are 2.9 -10-3 mol-1.  

Ultrasound and microwave radiation were applied as reaction intensifiers. At first, the reaction 
mixture was exposed to ultrasonic irradiation to intensify the carboxylation of epichlorohydrin. 
Irradiation was carried out with 60% power ultrasound (input power 54 W) with frequency 27.76 
kHz in the mode 2 min/10 min. The effect of irradiation was evaluated under the same conditions 
as the control experiment including a temperature of 90 °C, constant CO2 pressure of 110 kPa, and 
catalyst concentration of 2 mol.%. The dependences of epichlorohydrin conversion, yield of the 
main product (chloropropylene carbonate), and selectivity for the main product are presented in 
Figure 6. 

 
Figure 6 Dependence of conversion, main product yield and selectivity for chloropropylene 
carbonate on the reaction time of carboxylation of epichlorohydrin under ultrasonic radiation 

 
As shown in Figure 6, ultrasound tended to accelerate the reaction. Compared to the control 

experiment without intensifying radiation, the reaction proceeded more rapidly achieving 
epichlorohydrin conversion of 84 % within 240 minutes (4 hours). However, the selectivity for 
chloropropylene carbonate decreased significantly and averaged 80 %, while the yield was 67 % in 
the same 4 hours. The selectivity for the main product remained almost constant throughout the 
reaction.  

To further investigate the effects of intensified irradiation, the reaction mixture was exposed to 
microwave radiation. The power was set to 300 W, heating time to 90 °C - 3 min, and irradiation 
mode was set to pulsed. Dependence of epichlorohydrin conversion, yield of the main product 
(chloropropylene carbonate), and selectivity for the main product are presented in Figure 7.  
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Figure 7 Dependence of conversion, main product yield and selectivity for chloropropylene 
carbonate of epichlorohydrin carboxylation reaction under microwave radiation 

 
As shown in Figure 12, exposure to microwave radiation accelerated the carboxylation reaction 

of epichlorohydrin. Compared to the control experiment without intensifying radiation, the 
reaction proceeded more rapidly achieving epichlorohydrin conversion of 84 % within 360 minutes 
(6 hours). However, the selectivity for chloropropylene carbonate decreased significantly compared 
to the control and the experiment with ultrasonic irradiation, averaging 65%, with a yield of 72% in 
6 hours. Table 2 and Figure 8 provide the values of selectivity, epichlorohydrin conversion, and 
chloropropylene carbonate yield for a comparative assessment of different types of radiation. 

 
Table 2 Effect of irradiation on the carboxylation reaction of ECH under different experimental 
conditions with the catalyst- [C2OHmim][Br] 

Temperature,°C / 
Pressure, kPa 

Time, h Conversion, % Selectivity, % Yield, % TON TOF, h-1 

90 / 110 10 84 92 77 38.5 3.85 
90 / 110 + MW 7 88 72 63 31.5 4.50 
90 / 110 + US 4 83 81 67 33.5 8.38 

 

 
Figure 8 Studies on the possibility of reuse of the [C2OHmim][Br] catalyst 

 
As shown in Figure 7, ultrasound exposure proved to be the most effective method. Although 

the method resulted in reduced selectivity, the carbonate yield was the highest in a shorter time. 
Meanwhile, microwave irradiation slightly changed the conversion trend. Up to 180 min, the 
conversion rate was slightly lower than without exposure, and afterward, it facilitated a faster 
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conversion of epichlorohydrin into products. By 360 minutes, the yield of the main product was 
comparable to that of the reaction without radiation exposure, as microwave radiation resulted in 
the lowest selectively among all the methods considered. Similar conversion rates were achieved at 
different times, while the selectivity varied significantly.  

Important catalyst characteristics such as turn-over number (TON) and turn-over frequency 
(TOF) were also calculated. TON characterizes the ability of the catalyst to turn over the substrate. 
The higher the TON, the more the catalyst can process the substrate and subsequently consume or 
lose catalytic activity. Meanwhile, TOF is a measure of the catalyst activity, determining how fast it 
works and turnovers. Since the catalyst loading was the same in all cases, the TON values for close 
reaction yields were also close, but the TOFs varied according to the patterns discussed. The highest 
value of TOF (8.38) was achieved for the reaction intensified by ultrasound, which is twice as high 
compared to the model reaction without irradiation. These results show the benefits of using 
ultrasonic irradiation in epichlorohydrin conversion reactions. The implementation in the plant 
processes is not energy-consuming. Ultrasonic irradiation allows the achievement of higher 
epichlorohydrin conversion and selectivity while significantly reducing the reaction time where 
necessary.  

3.4. Reusability of catalyst 
Evaluation of catalyst reusability is an essential characteristic to understand feasibility in 

industrial applications. The reusability of ionic liquid in cycloaddition reaction was investigated. 
The experiments were carried out under optimal reaction conditions, including 90°C, 650 kPa with 
fresh 2% (w/w) catalyst for 2 hours. Following the initial reaction cycle, the catalysts were washed, 
centrifuged, and oven-dried at 60°C for 14 h before reuse. The recovered catalysts were reused in 
five subsequent experiments following the same experimental procedure (Figure S10). 
[C2OHmim][Br] showed no loss of activity, indicating the stability of the catalyst for 
epichlorohydrin CO2 cycloaddition reaction. There was no significant change in ECH conversion, 
selectivity, and yield with [C2OHmim][Br]. After five uses of ionic liquid, the yield decreased by 
only 13% from 77% (fresh) to 67% (recycled). Similarly, the selectivity did not reduce significantly 
from 91.6% (fresh) to 88.2% (recycled). These results show the potential for repeated use of ionic 
liquid [C2OHmim][Br] as a catalyst for the conversion of epichlorohydrin into cyclic carbonates. 

4. Conclusions 

In conclusion, ionic liquid [C2OHmim][Br] showed high epichlorohydrin conversions and 
selectivity without using any solvent or co-catalyst. Increasing the temperature had a positive effect 
on the conversion of epichlorohydrin. With a rise in temperature from 50 to 90 °C, the conversion 
increased from 28 to 97%, and the product yield from 27% to 94%. The selectivity for the formation 
of the main product remained quite high at 97%. Further increase in temperature had an adverse 
effect on selectivity, which reduced to 90% at 110 °C. The most effective catalyst concentration was 
2 mol.%. Increasing the catalyst concentration from 0.5 mol.% to 2 mol.% led to elevated 
epichlorohydrin conversion at all temperatures studied, reaching a maximum (85%) at 900C. 
However, further increasing the catalyst concentration above 2 mol.% did not produce a positive 
effect. Epichlorohydrin conversion and product yield increased disproportionately, while 
selectivity for the main product decreased. Increasing the pressure also had a positive effect on the 
conversion of epichlorohydrin. An increase from 110 kPa to 1300 kPa led to a two-fold rise in 
conversion from 49% to 89%. When the pressure was raised beyond 650 kPa, the yield of the main 
product increased by 11 %, specifically from 71 to 82 %. Increasing the pressure did not have a 
significant effect on selectivity, which averaged 91%. Therefore, increasing the pressure above 650 
kPa is not always reasonable, because it does not proportionally affect epichlorohydrin conversion 
and yield of the chloropropylene carbonate. The pressure can be increased when technologically 
necessary, and at the same time, the selectivity on the main product will remain high. Based on the 
results of the experiments, the optimal reaction conditions were determined to be 90 °C and 650 
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kPa, with a catalyst loading of 2 mol.%. The main product was obtained with a yield of 94% and a 
selectivity of 97% within 2 hours. Ionic liquid [C2OHmim][Br] showed good catalytic activity both 
in single and repeated use. After the 5th use of the catalyst, the conversion of epichlorohydrin 
decreased by less than 10%, from 84% to 76%. Irradiation significantly accelerated the carboxylation 
reaction of epichlorohydrin but slightly reduced the selectivity for the main product. Ultrasonic 
exposure turned out to be the most effective method, achieving epichlorohydrin conversion of 83% 
in 4 hours with reduced selectivity. Meanwhile, the same conversion was achieved only after 10 
hours without irradiation. Intensifying the process for obtaining cyclic carbonates can be 
specifically advisable when the conversion rate is important or when a carbonate and a dihalogen 
alcohol are required. The simplicity of synthesis, low required pressure, high conversion (99%), and 
reusability suggest the feasibility of using [C2OHmim][Br] as a catalyst for the carboxylation 
reaction of epichlorohydrin in industrial applications. The action of ultrasonic irradiation can also 
significantly accelerate the reaction of CO2 conversion to cyclic carbonates. 
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