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Abstract: A significant challenge of Carbon Capture and Storage strategy is the need to store or
convert carbon dioxide (CO) into valuable products. Among the various catalysts for CO, conversion
to cyclic carbonate, ionic liquid (IL) has shown superior performance due to the environmental
friendliness and high selectivity. This shows the need for analysis to understand the mechanism of
COz conversion. Therefore, this study aimed to conduct an experimental and analytical setup for in-
situ/operando studies of carboxylation reaction of unsaturated compound oxides (epichlorohydrin)
at atmospheric or elevated pressure in a closed volume FTIR (Fourier Transform Infrared) and Raman
multispectroscopy base with immersion probes and mass spectra endpoint. IL 1-(2-hydroxyethyl)-3-
methylimidazolium bromide ([C;OHmim][Br]) was used as catalyst for the reaction. The results
showed that Raman spectra were not a suitable method of analysis for the selected system due to the
presence of strong luminescence. By using IR spectroscopy, the coordination of substrate onto catalyst
was shown to occur because of hydrogen bonds between the imidazole proton at C2 position of
imidazole ring and the hydroxyl group of the substituent in IL. Based on the obtained data, the
mechanism of catalytic reaction was proposed.
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1. Introduction

Carbon dioxide (COz) emission is a symbol of modern environmental challenges in the context
of global warming and natural disasters caused by human activity. The issue is further increased
by progressive economic growth and a significant rise in energy consumption due to the rapid
development of industry (Whang et al., 2019). As the dominant product of the exothermic reaction
of carbon-containing fuel combustion, the amount of CO, produced reaches 30 billion tons per year
(Le Queére et al.,, 2016) serving as the largest non-recyclable waste. Despite the rapid development
in the use of alternative energy sources, significantly limiting the application of carbon-containing
substances in the energy industry is challenging. One of the most effective solutions to reduce COz
emission is the concept of gas capture and subsequent processing into valuable products or line use.
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The classical method of CO; capture is chemical absorption with organic solvents or membranes
(Kryuchkov et al, 2024, Kartohardjono et al, 2017). Among various CO. absorbents,
monoethanolamine is the best-known, which reacts with CO; to form carbamate, a process called
amine scrubbing. The sorption capacity of an aqueous solution of monoethanolamine reaches 1 mol
COzmol amine! (Kazarina et al., 2022; Shariff et al., 2016; Kadiwala et al., 2010; Jou et al., 1995).
However, the high energy intensity of the process due to absorbent regeneration step and high
capital costs are significant disadvantages requiring the search for alternative methods.

Adsorption methods of CO, capture are less preferable because the capacity often does not
exceed 5-7 mmol-g-l. The most common adsorbers are solids such as activated carbons (Cruz et al.,
2023; Yuan et al., 2023), metal-organic framework (Asgharnejad et al., 2018; Arstad et al., 2008),
graphite composites (Kusrini et al., 2018), and zeolitic imidazolate framework (Souza-Filho et al.,
2024; Mohammadi and Nakhaei Pour, 2023). Other disadvantages include low kinetic
characteristics, insufficient mechanical strength of some materials, and minimal selectivity.

In recent years, the idea of producing formic acid (Liu et al., 2019; Lu et al., 2014), ethylene
(Schreiber, 2024; Ozden et al., 2021; Li et al., 2019; Dinh et al., 2018), methane (Su et al., 2024; Zhang
etal., 2021; 2020) by electrochemical reduction of CO; has become very popular. The advantages of
this method of recovery include the ease of reaction control through electrode temperature and
potential, as well as modularity and compactness of the system. However, there are numerous
disadvantages such as low energy efficiency, slow recovery kinetics, and high overvoltage
(Yaashikaa et al., 2019; Kumar et al., 2016; Sridhar et al., 2009).

One of the most promising routes to reduce CO, emission is recycling (conversion) into cyclic
carbonate or other valuable products (Anggerta et al., 2025, Madani et al., 2024). This process is
attractive due to the possibility of obtaining useful chemicals including environmental friendliness
and high energy efficiency. Generally, cyclocarbonate is used as solvents (Ayuso et al., 2023; Jessop,
2011), battery components (Jin et al., 2024; Qian et al., 2022; Tillmann et al., 2014), and construction
purposes (Liu et al., 2015). The synthesis of cyclic carbonate by cycloaddition of CO; to epoxides is
more promising in comparison with traditional method using phosgene because of toxicity and by-
products (Kamphuis et al., 2019). Despite widespread application as substrate, propylene or
ethylene oxides are obtained from non-renewable raw materials, which reduces attractiveness in
the framework of green chemistry. An attractive substrate is (chloromethyl) oxirane
(epichlorohydrin (ECH)), which can be obtained from a renewable feedstock glycerol. Furthermore,
the conversion of ECH to cyclic carbonate is easier than other epoxides due to the high
electronegativity of the chlorine atom. To further enhance the process, ionic liquid (IL) catalyst
[Heemim][ZrCls] has been tested for the synthesis of cyclic carbonate from various epoxides (Hu et
al., 2015). The results show that cyclic carbonate with high yield in the shortest time (97% in 2 hours)
is obtained using epichlorohydrin.

The process of CO, conversion in this study takes place in the presence of catalysts. Various
catalysts have been explored for this purpose, including zeolite imidazolate frameworks (ZIF)
(Olaniyan and Saha, 2020), aluminum complexes (North, 2012), metal-organic frameworks (MOF)
(Zhang and Xu, 2024; Shah et al., 2022; Yulia et al., 2019; Maina et al., 2017), and organocatalysts
such as triethanolamine (Yan et al, 2023). Among these catalysts, IL has shown superior
performance due to the low volatility, environmental friendliness, ability to markedly improve the
efficiency and selectivity of the chemical reaction, and diversity of structures (Hu et al., 2015; Wang
et al., 2014; Sun et al., 2008). Currently, several studies have focused on density functional theory
(DFT) description of the reaction mechanism, which gives only approximate results (Zha et al., 2020;
Liu et al., 2015; Whiteoak et al., 2014). This shows the need for validation by experiment to ensure
a more accurate understanding of the process.

In this study, the reaction mechanism for carboxylation of unsaturated compound oxides,
epichlorohydrin, in the presence of catalyst 1-(2-hydroxyethyl)-3-methylimidazolium bromide was
presented and proved. To achieve the objective, an experimental and analytical complex for in-
situ/operando studies was developed based on FTIR and Raman multispectroscopy with
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immersion probes. The complex was designed to explore carboxylation reaction of unsaturated
compounds at atmospheric or elevated pressure in a closed volume. On the basis of in-
situ/operando FTIR and Raman spectra data, the mechanism of the investigated reaction was
proposed. The coordination of the substrate to catalysts was shown to occur because of hydrogen
bonds between the imidazole proton in C2 position of the imidazole ring and the hydroxyl group
of the substituent in IL.

2. Method

2.1. Chemicals and Materials

Chemicals used to synthesize catalysts were 2-bromoethanol (99 wt.%, originated from Sigma-
Aldrich (Schnelldorf, Germany)), 1-methylimidazole (99 wt.%, originated from Acros Organics
(Geel, Belgium)), ethyl acetate (< 99 wt.%, originated from Aldosa, Moscow, Russia) and phosphoric
anhydride (98 wt.%, originated from CJSC Khimreaktiv (Nizhny Novgorod, Russia)). Furthermore,
Epichlorohydrin (>99 wt.%) obtained from Chemical Line (Saint Petersburg, Russia) and CO»
(=99.99 vol.%) purchased from Monitoring LLC (Saint Petersburg, Russia) were used to explore
carboxylation reaction of unsaturated compound oxides.

2.2. Catalyst synthesis
To synthesize IL 1-(2-hydroxyethyl)-3-methylimidazolium bromide ([C;OHmim][Br]), an
equimolar amount of 2-bromoethanol was added to 1-methylimidazole and heated to 70 degrees
with stirring in an inert gas atmosphere. Subsequently, the synthesized IL was washed several times
with ethyl acetate and dried over phosphoric anhydride (Atlaskina et al., 2025).

2.3. Analytical complex

As part of this study, an experimental and analytical complex for in-situ/operando studies was
developed based on FTIR and Raman multispectroscopy with submersible probes, as shown in
Figure 1. The complex was intended for the study of carboxylation reaction of unsaturated
compounds at atmospheric or elevated pressure in a confined volume. The experimental setup had
mass spectra end, which allowed monitoring of the changes in the concentration of initial
components (CO, and epichlorohydrin) during the experiment.

The experimental setup designed for carboxylation reaction of unsaturated oxides at elevated
pressure in a confined space is shown in Figure 1. The apparatus consists of a reactor (1) made of
stainless steel 08X16H11M3 with one technological opening for gas inlet and outlet. The reactor also
contains catalyst [CCOHmim][Br] and a starting substance, namely epichlorohydrin, alongside the
necessary control and measuring equipment. A three-port, two-position SS-83XTS4 valve (2)
(Swagelok, USA) is used to switch between the reactor operation modes (gas inlet, gas analysis). In
this system, at the start of the experiment, CO, gas is introduced into the internal volume of the
reactor. After a certain period of time, the three-port valve is switched to the position connecting
the reactor with mass spectra complex to analyze the composition of the gas medium. Additionally,
the reactor is equipped with probes to monitor the reaction process. The control is performed
spectrometrically with the help of a multispectral complex through IR and Raman probes immersed
in the reaction mixture (liquid phase).

In this system, CO; gas is supplied from a cylinder (3) through a pressure regulator 0725-0050C-
1S-5 (Drastar LTD, Korea) and a gas flow regulator (4) El-Flow Prestige FG-201CV (Bronkhorst, the
Netherlands). At the reactor outlet, there is a gas pressure regulator (5) functioning in the mode of
maintaining constant pressure ‘up to itself’, El-Press P-702CM (Bronkhorst, the Netherlands). The
outlet from the reactor is connected to mass spectra complex (6) consisting of membrane 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
(7) (Pfeiffer MPT200). Furthermore, the vacuum post is connected to mass spectra chamber (8)
(Pfeiffer PrismaPro QMG 250 M2), where the vacuum is provided by a second vacuum post (9)
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(Pfeiffer Hi-Cube 80 Eco) and the level is determined by a second pressure transducer of the same
model. The reactor is located on a C-Mag HS 7 control magnetic stirrer (10) (IKA-Werke, Germany)
for constant stirring of the reaction mixture. Mass spectra are obtained through PrismaPro QMG
250 M2 1 - 200 u under selected ion monitoring (SIM) mode at 2000 uA emission current, 70 eV
electron energy, and 9000 meV ion energy.
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Figure 1 Schematic diagram of the experimental setup for studying concentration profiles of the
reaction occurring at elevated pressure in the atmosphere of CO;in a confined volume

3. Results and Discussion

3.1. Mass spectra

Before the experiment, based on the spectrum presented in NIST library, the mass-to-charge ratio
m/z = 57 was selected to track the concentration of epichlorohydrin (NIST U.S. Department of
Commerce, 2014). To investigate the concentration profiles of epichlorohydrin carboxylation
reaction, a minimum of 5 cycles were performed. These included reactor preparation (washing from
the initial reaction components, vacuumisation of the system, CO; inlet, and selection of the gas
medium (in case of the process in a confined volume). Changes in the concentration of
epichlorohydrin and CO; during the reaction of carboxylation of unsaturated compounds oxides
are presented in Figure S1 (Supplementary File). The concentration profiles of CO. and
epichlorohydrin during carboxylation reaction of epichlorohydrin led to the concentration
dependencies of these components on the duration of the experiment. The dependences were
obtained from mass spectra obtained for characteristic mass-to-charge ratios of CO, and
epichlorohydrin (m/z = 44 and m/z = 57). In this study, 7 experiments were performed and the
values of CO, and epichlorohydrin concentrations were averaged, as shown in Figure SI.
Observation from dependences showed that in the experiment, the concentration of
epichlorohydrin decreased, reaching a minimum constant value in approximately 550 min.
Similarly, the concentration of CO; in the flow of binary gas mixture increased in the experiment. It
was also observed that epichlorohydrin contained in the reactor was consumed during
carboxylation reaction, indirectly indicating the successful experiment.

Figure S2 (Supplementary File) shows the results of CO; and epichlorohydrin concentration
profiles during carboxylation reaction of epichlorohydrin. As part of the experiment in Figure 1, the
gaseous medium was sampled at the end of the reaction. The stream formed by the binary mixture
was fed into mass spectra system to analyze the composition of the gas mixture. The experiment
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including preparation (washing) of the reactor, loading of initial components (IL, epichlorohydrin),
and removal of atmospheric air and CO; inlet was repeated 5 times. After the experiment, mass
spectra of the binary gas system were obtained and averaged. The results were presented as
dependent on the concentration of mixture components (O2 and epichlorohydrin) regarding the
duration of the experiment.

From the presented dependences in Figure S2, the concentration profiles show that at the initial
stage of gas withdrawal from the reactor, the gas mixture contains residual unreacted
epichlorohydrin. However, as the gas medium is withdrawn from the reactor, it is replaced by CO,,
and the concentration of epichlorohydrin sharply decreases in the interval of 75 - 150 min after the
start of the experiment. Since the reactions are carried out in excess of CO,, the concentration of
epichlorohydrin in the gas phase gradually decreases and reaches the minimum near zero values
at the level of residual impurity.

3.1.1. Spectral data collection
For the convenience of the operation on the multispectrometer, spectral characteristics of all
participants of the reaction were obtained for quick identification during the reaction.

3.1.1.1. FTIR

IR spectra of the start of epichlorohydrin and the main product (chloropropylene carbonate) are
shown in Figures S3 and S4 (Supplementary File), respectively. Meanwhile, Figure S2 shows IR
spectra of catalyst (1-(2-hydroxyethyl)-3-methylimidazolium bromide). Furthermore, IR spectra of
epichlorohydrin show characteristic vibrations, but the intensity is not high. For example, the
valence vibrations of ether C-O-C (several non-equivalent bonds) appear at 1135 and 1089 cm-. The
intensity of these bonds is low due to the strain and rigidity of the three-membered cycle of
epichlorohydrin and the limited amplitude of vibrations. In comparison, the high-intensity band at
758 cm! corresponds to the valence vibrations of the C-Cl bond. The bands of skeletal deformation
vibrations of C-C bonds are shown in the range of less than 1000 cm. The valence vibrations of C-
H bonds appear at 3060-2920 cm! and the deformation is observed at 1500-1250 cm-.

In line with the results, IR spectra of chloropropylene carbonate show characteristic vibrations
intensely. A high-intensity band is observed at 1778 cm-1, corresponding to the valence asymmetric
vibrations of C=0 bond in carbonyl group of carbonate fragment. The valence vibrations of C-O-C
ether bonds (several non-equivalent bonds) occur at 1158, 1062, and 1037 cm-!. Additionally, the
valence vibrations of C-Cl and C-H bonds are observed at 763 cm-! and 2920-3020 cm-!, with the
deformation of C-H bonds occurring at 1500-1250 cm1.
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Figure 2 IR spectra of 1-(2-hydroxyethyl)-3-methylimidazolium bromide

IR spectra of 1-(2-hydroxyethyl)-3-methylimidazolium bromide (Figure 3) show intensely
characteristic vibrations. A high-intensity band corresponding to the valence vibrations of O-H
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bond of hydroxyl group of the substituent is observed at 3238 cm-!. The double C=C bond of the
imidazole ring occurs at 1569 cm-!, N+-C vibrations of the imidazole ring at 1166 cm-?, and C-O bond
of hydroxyl group at 1066 cm-!. In addition to these vibrations, IR spectra clearly show C-H valence
vibrations in the region of 3000-2800 cm-! for alkyl substituents and 3200-300 cm-! for C-H bonds of
the imidazole ring. Deformation vibrations of C-H bonds are also detected in the fingerprint region
0f1500-1250 cm!, and C-C skeletal in the range of less than 1000 cm! (Zaoui et al., 2021; Chaker et
al., 2016).

3.1.1.2. Raman

Raman spectra of the initial epichlorohydrin (Figure S5) show bands of C-C deformation
vibrations of alkyl chain in the range of 200-400 cm! with the most pronounced peaks at 231 and
378 cm1. The characteristic peaks are C-Cl bond vibrations, comprising high intensity at 702 and
728 cm!, as well as C-O-C bond vibrations at 849 and 933 cm-!. In the fingerprint region, the valence
vibrations of C-C bonds of carbon skeleton are clearly visible, appearing as medium and low
intensity in the range of 600-1200 cm-!. Peaks of deformation vibrations of CH, bonds are observed
in the range of 1400-1500 cm1. Meanwhile, the valence vibrations of carbon-hydrogen bonds of CH,
groups appear as weak intensity at 2982 cm-1.

As presented in Figure 56, Raman spectra of chloropropylene carbonate (Figure S6) show bands
of deformation vibrations of C-C alkyl chain in the range of 200-400 cm! with the most pronounced
peaks at 228 and 339 cm. The valence vibrations of C-H bonds of CH,-groups are also detected at
a weak intensity of 2976 cm-!. Furthermore, C-Cl vibrations show high-intensity peaks at 667 and
721 cm1, as well as C-O-C at 869 and 937 cm!. The peak of symmetric C=O vibrations of carbonyl
group of carbonate fragment is clearly visible. Compared to IR spectra, C=O vibrations have a
medium intensity and appear at 1792 cm-!. In the fingerprint region, the valence vibrations of C-C
bonds of carbon skeleton are clearly visible. These peaks are characterized by medium and low
intensity in the range of 600-1200 cm!, while deformation vibrations of CHz bonds are observed at
1300-1500 cm-1.

3.2. Study of the mechanisms of the investigated reactions based on data obtained by in-

situ/operando multispectroscopy. Generalization of the obtained results

The reaction was monitored in-situ/operando by two complementary methods, namely IR and
Raman spectra. For monitoring, the probes were immersed directly into the reaction mixture, with
an initial pressure of 650 kPa (decreasing as the reaction proceeded), constant temperature at 90°C,
and catalyst concentration of 2 mol%. Subsequently, scans were taken at fixed time intervals, which
were shorter (5-10 minutes) at the start of the reaction.
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Figure 3 IR spectra of the reaction mixture in carboxylation reaction of epichlorohydrin, reaction
conditions: p = 650 kPa, temperature 90°C, catalyst 2 mol%: a — region 3400-700 cm!; b — region
2000-700 cm!
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As the reaction decreases due to the consumption of reactants, there is an increase in the
conversion rate (30-60 minutes). IR spectra over the entire wave number range and in the 2000-700
cm are shown in Figure 3. Raman spectra of the reaction mixture in the whole range of wave
numbers and the range 1-1100 cm are presented in Figure 4. In both spectra, the peak of carbonyl
group is clearly visible, showing the formation of cyclocarbonate - chloropropylene carbonate.
Regarding IR spectra, there are asymmetric vibrations of C=O bonds, with peaks at 1800 cm. In
the case of Raman spectra, there are symmetric vibrations of the same bond, with medium intensity
at 1750 cm-.

As shown in Figure 4, a strong luminescence is observed, which increases as the concentration
of initial epichlorohydrin decreases (weak luminescence). Moreover, peaks are observed in region
of equal concentrations of the initial substance and the reaction product, namely 50% conversion.
The results suggest that the quenching of luminescence occurs at limiting concentrations of the
starting substance (epichlorohydrin) or reaction product (chloropropylene carbonate). The
intermediate concentrations are insufficient for the concentration quenching of luminescence to
occur. Due to the high luminescence, it is not possible to carry out a sufficient accumulation of
substances for scanning. Therefore, in the region of intermediate conversion, the target signals are
lost behind luminescence peaks and the informative value of spectra is low. This indicates that
Raman spectra prove to be less suitable compared to IR spectra for in-situ operando monitoring
tasks.

Amin

- 2min
3min

[ (a) e I 1 (b)

Intensity (a.u.)
Intensity (a.u.)

0 500 1000 1500 2000 2500 3000 200 400 600 800 1000

wavenumber, cm™ wavenumber, cm™
a) b)

Figure 4 Raman spectra of the reaction mixture in carboxylation reaction of epichlorohydrin;
reaction conditions: p = 650 kPa, temperature 90°C, catalyst 2 mol%. a - whole range of wave
numbers, b - range 1-1100 cm!

IR spectra provide sufficient information for obtaining detailed information on the reaction
process. Specifically, Figure 5 (a) shows spectra of the reaction mixture in the range 1900-1700 cm,
where the growth of C=0 bonds of carbonate fragment is clearly visible. The peak becomes visible
5 minutes after the start of the reaction, indicating the formation of chloropropylene carbonate.
Subsequently, the peak apex shifts slightly as the reaction product due to the influence of the
solvent, namely initial epichlorohydrin. As a polar solvent, epichlorohydrin affects vibrational
frequency of C=0 bond of the dissolved chloropropylene carbonate.

As chloropropylene carbonate increases, the concentration of epichlorohydrin decreases.
Furthermore, the effect on the absorption band becomes increasingly weaker, reaching zero at the
end point of the reaction (conversion of epichlorohydrin is more than 99%). This allows for
observation of C=0 bonds wave number of carbonate fragment, which is 1778 cm-!. The bands in
the 1500-1200 cm™ region, primarily corresponding to C—H deformation, are shown in Figure 5(b).
As the product accumulates, new bands corresponding to the vibrations begin to appear with the
presence of C-H bonds. The observation is due to the more tense geometry of the three-membered
cycle in parent compound, which limits vibrational modes and intensities. In comparison, the more
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relaxed structure of the product allows for stronger and defined C-H vibrational bands, which are
more intense than reactants.
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Figure 5 IR spectra of the reaction mixture in carboxylation reaction of epichlorohydrin; reaction
conditions: p = 1300 kPa, temperature 90°C, catalyst 2 mol%: a — region 1900-1700 cm; b — region
1500-1200 cm-!

The absorption bands of C-O-C vibrations of carbonate fragment grow similarly to C=0O bonds.
Since there are several bonds in the formed carbonate and non-equivalent, numerous increasing
bands can be observed in IR spectra (Figure 6(a)). C-O-C bands of the C-O-C bonds of
chloropropylene carbonate are at 1158, 1061, and 1037 cm. C-O-C bands of the original
epichlorohydrin are also visible, showing small peaks at 1137 and 1089 cm. These peaks have
lower intensity than in chloropropylene carbonate due to the tenseness of the ring (three-membered
cycle of epichlorohydrin), bond vibrations, and smaller amplitudes.

The 1000-700 cm! region of IR spectra is shown in Figure 6 (b). There are mainly skeletal valence
and deformation vibrations of C-C bonds, as well as carbon-halogen vibrations (C-CI). Based on
observation, spectra show that vibrations related to the initial epichlorohydrin are decreasing, while
those related to the product are increasing. The appearance of new vibrations does not indicate new
C-C bonds. However, new modes of vibrations are available in the more labile five-membered
chloropropylene carbonate cycle.
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Figure 6 IR spectra of the reaction mixture in carboxylation reaction of epichlorohydrin; reaction
conditions: p = 1300 kPa, temperature 90°C, catalyst 2 mol%: a — region 1250-950 cm!; b — region
1000-700 cm-!



1383
International Journal of Technology 16(4) 1375-1388 (2025)

Due to the low concentrations, neither IR nor Raman spectra were able to record bands related
to the by-products or catalyst. To register these interactions, additional experiments were
performed with molar ratio of catalyst to substrate of 1:1. Furthermore, hydroxyl group of the
substituent and epoxide (chloropropylene oxide) were evaluated using IR spectra (Figure 7). The
analysis was performed to evaluate and determine the presence of hydrogen bonding comprising
acidic proton of imidazole. Based on the results, IR spectra of pure 1-(2-hydroxyethyl)-3-
methylimidazolium bromide (Figure 7, black) showed a band at 3238 cm! belonging to the O-H
bond vibrations of the hydroxyl group. A band at 3052 cm! was also observed belonging to C-H
proton vibrations at C2-position of the imidazole ring. After interaction with epichlorohydrin, both
bands were simultaneously broadened and shifted to 3279 and 3075 cm-, respectively (Figure 7,
red). The observed frequency shifts of the imidazolium ring could be attributed to the
intermolecular interaction between the acidic imidazolium proton, the hydroxyl proton present in
IL, and epoxide due to the hydrogen bond. Additionally, out-of-plane strain bands in the
fingerprint region were shifted depending on the presence of interaction with epoxide. The
strongest interaction and large peak shift were observed between the acidic protons of the
imidazolium ring and the oxygen atom of epoxide.

32791
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Figure 7 Determination of interactions between catalyst and substrate epoxide by FTIR
spectroscopy

Coordination of the acid proton with oxygen atom of epoxide leads to polarisation of C-O bond,
which facilitates the opening of epoxide ring (Chatelet et al., 2013; Izgorodina et al., 2009; Dong et
al., 2006). At the same time, nucleophilic attack of IL anion (bromide) by the less hindered -carbon
atom of epoxide occurs, alongside cycle opening. This stage is rate-determining for the reaction and
the mechanism is discussed based on spectra data.

A schematic of the proposed mechanism is shown in Figure 8. Initially, coordination of epoxide
onto catalyst occurs. The process is facilitated by the formation of a hydrogen bond between the
oxygen of chloropropylene carbonate and hydrogen of catalyst. This comprises the acidic proton of
the imidazolium ring and hydrogen of hydroxyl group of the 2-ethoxy (Chatelet et al., 2013; Dong
et al., 2006) substituent of the imidazolium ring. Coordination occurs by both pathways as shown
in spectra data, according to the concept that IL with a hydroxyl group in the composition has
higher catalytic activity (Jia et al., 2020; Jayakumar et al., 2017). This coordination of the acid proton
with oxygen atom of epoxide leads to the polarisation of C-O bond, which facilitates the opening of
epoxide ring. Similarly, there is occurrence of the nucleophilic attack of Br-halide anion by the less
hindered {8 carbon atom of epoxide (stage I).

In the next stage, epoxide opens and a proton transfer from hydroxyl group of IL to oxygen takes
place. This leads to the formation of an intermediate transient 7-membered cycle including ionic
fragments and oxygen of the substrate (stage II). Subsequently, CO, molecule coordinates with the
system, where oxide oxygen attracts CO, carbon with electron density deficiency, causing a reverse



1384
International Journal of Technology 16(4) 1375-1388 (2025)

proton transfer to the hydroxyl group (stage III). C-O bond is also formed between carbon of CO;
and oxygen of chloropropienoxide. The oxygen coordinated to the protons of IL has excessive
electron density and attacks the electron-depleted carbon of chloropropylene oxide bound to the
easily escaping bromine atom (stage IV). Then, carbonate cycle closes, leading to product formation
and regeneration of IL (stage V).
|
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Figure 8 Assumed mechanism of carboxylation reaction

4. Conclusions

In conclusion, this study conducted experimental and analytical complex for in-situ/operando
studies. The analysis was based on multispectroscopy using immersion IR and Raman probes
operating at high pressure and temperature for spectral screening and analyzing epichlorohydrin
carboxylation reaction. Changes in the concentration of initial components (CO. and
epichlorohydrin) during the experiment were monitored using mass spectra included in the
complex. The study allowed recording the enhancement of vibrations corresponding to
chloropropylene carbonate as the reaction product accumulated. IR spectra also showed the
coordination of the substrate on catalyst, which occurred because of hydrogen bonds between the
imidazole proton in C2 position of the imidazole ring and hydroxyl group of the substituent in IL.
This study confirmed the proposed mechanism of catalytic reaction of converting CO; into cyclic
carbonate. The results showed that IL with a hydroxyl group in the composition had high catalytic
activity. In the future, recommendation was made to explore the possibility of using IL as a
component for selective extraction of CO, from gas mixtures with subsequent conversion into
valuable products.
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