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Abstract 
Environmental problems, such as climate change and global warming 

(the "greenhouse effect"), are associated with an increase in the 

concentration of carbon dioxide in the atmosphere. Reducing CO2 

emissions is of great economic and environmental importance to 

humanity. At the same time, carbon dioxide is considered an ideal C1 

building block in organic synthesis for ease of availability, low cost, non-

toxicity and inflammability. Cost-effective and environmentally friendly 

chemical processes using CO2 in the synthesis of valuable chemicals are 

one of the technological advances aimed reducing CO2 emissions into 

atmosphere. But, due to thermodynamic stability and chemical inertness, 

it is difficult to convert CO2 into valuable products using effective, 

selective and "green" catalysis under mild conditions. To overcome these 

barriers, several synthesis strategies have been developed using 

polyfunctional catalysts for CO2 conversion. Recent advances in the 

development of efficient, selective, and environmentally friendly 

catalytic processes using homogeneous and heterogeneous catalysts 

summarized in this review, show that CO2 activation is a necessary 

prerequisite for CO2 conversion, and usually consists of: the development 

of reliable catalysts for effective catalytic conversion of CO2 other than 

stoichiometric reactions; the design and selection of high-energy active 

substrates; development of polyfunctional catalysts with two or more 

active centers for synergistic activation of both CO2 and substrate. As 

expected, CO2 can be efficiently and selectively converted into valuable 

chemicals, fuels, and polymers through “green” catalysis processes. This 

material provides a review of the literature on the effects of carbon 

dioxide on global warming, sources of CO2 generation, and various 

methods used to convert carbon dioxide into important chemical products 

such as urea, salicylic acid, organic carbonates, methanol, 

polycarbonates, and organic cyclic carbonates 
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Introduction 

Purity of air, water and protection of nature are urgent problems of humanity. The 

synthesis of many organic products is accompanied by the formation of a huge amount of 

inorganic and organic waste. The possibility of using renewable raw materials and waste is a 

prerequisite for sustainable development of the environment and the creation of environmentally 

friendly chemical processes. One such waste and renewable source of carbon is carbon dioxide 

(CO2), which is readily available, non-toxic, fire safe, recyclable, chemically inert and cost-

effective compound [1, 2]. The production of electricity from natural fuels such as oil, natural 

gas and coal, as well as from wood, are the main sources of industrial carbon dioxide emissions. 

In chemical processes, in the production of cement and in the form of automobile exhaust gases, 

huge amounts of CO2 are also produced. Therefore, over the past 200 years, the concentration of 

CO2 in the atmosphere has increased greatly and CO2 accumulating in the atmosphere has 

created a "greenhouse effect” with a potentially serious impact on climate change. Although CO2 

is not the worst greenhouse gas, it is by far the most common emission of approximately 28 

gigatons of CO2 per year [1, 2]. Today, it is essential to develop strategies to limit the 

accumulation of CO2 in the atmosphere. 

One of the many attempts to reduce the concentration of carbon dioxide in the 

atmosphere is its use in the synthesis of such valuable products as urea, salicylic acid, organic 

carbonates, methanol, polycarbonates and organic cyclic carbonates, etc. [3-5]. In addition, CO2 

can be used as an alternative raw material to traditional processes that used previously toxic 

carbon monoxide and phosgene to produce organic carbonates, polycarbonates, carboxylic acids 

and their derivatives [7-11].  

Achieving effective and selective conversion of CO2 to various products depends on the 

development of new effective catalysts. Direct utilization of CO2 in cost-effective and 

environmentally friendly ways would be promising, which remains a challenge due to its 

thermodynamic stability and kinetic inertia [2-5]. 

1. Physical and chemical properties of carbon dioxide 

Carbon dioxide, CO2, Mw=44.010, is a colorless, odorless, non-flammable gas with a 

slightly sour taste. It is one of the compounds of earth's atmosphere gases. CO2 is a carbonyl 

compound consisting of two oxygen atoms covalently bonded to one carbon atom with a linear 

triatomic structure. CO2 is 1.5 times heavier than air and has a density of 1.98 kg/m
3
 (at 0

o
C and 

0.1 MPa) [12-14]. CO2 has several applications in its gaseous, liquid and supercritical forms. 

Liquid CO2 is produced by compressing it to 20 bar and then cooling it to -18°C, or by 

compressing CO2 to a higher pressure at 50.78 bar and a temperature of 21°C, and when the 

pressure is reduced to 5.18 bar at -56.6°C, solid CO2 is formed. The point at which the three 

phases (gas, liquid and solid) of CO2 coexist is called the triple point. Solid CO2 (dry ice) can 

sublimate directly into CO2 gas by absorbing heat without passing through the liquid phase. 

Carbon dioxide reaches the simple phase under critical conditions of temperature 31°C (Tc) and 

pressure 73 bars (Pc) [12-15]. The supercritical liquid state of CO2 is formed at a point above the 

critical parameters (Fig. 1). 
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Fig. 1. A simplified CO2 phase diagram illustrating the density change from liquid to gas.                    

Pc- critical pressure, Tc- critical temperature 

At normal temperature, gaseous carbon dioxide is not very reactive. The carbon dioxide 

molecule is relatively stable and does not readily break down into simpler compounds. However, 

some decomposition to produce carbon monoxide and oxygen can be produced by high 

temperature, ultraviolet light, or electric discharge. Reactions between carbon dioxide and other 

substances are generally affected only at high temperature or by use of catalysts. Reduction to 

carbon monoxide occurs by the reaction with hydrogen, the reverse of the water–gas shift 

reaction. 

 

Carbon monoxide is also formed by reaction with carbon at elevated temperatures. 

 

Several other reactions involving carbon dioxide are of commercial importance. Its 

reaction with ammonia forms ammonium carbamate, which when dehydrated yields urea, a 

compound of considerable importance as a concentrated fertilizer and as a reagent in the plastics 

industry [12-15]. 

  and    

A gaseous mixture of carbon dioxide, carbon monoxide, and hydrogen can be converted 

to methanol at moderate temperature and pressure by means of a copper-zinc catalyst [12-15]. 

Addition of carbon dioxide to sodium phenolate yields the sodium salt of salicylic acid, which is 

important in the manufacture of aspirin [12-15]. Carbon dioxide in water solution is somewhat 

more reactive. Carbon dioxide dissolves in water to form a weak acid, carbonic acid, which 

undergoes reactions typical of such an acid [12-15]. 

As a dibasic acid, carbonic acid can react to form hydro carbonates (M
I
HCO3) and 

carbonates (M
II
CO3). All hydro carbonates are readily soluble in water and yield carbon dioxide 
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when heated; these properties are important in the industrial recovery of carbon dioxide. All 

carbonates are relatively insoluble in water except those of the alkali metals. 

2. Sources of carbon dioxide generation and its impact on global climate change 
CO2 is a by-product of the metabolic activity of all cells and one of the most important 

regulators in the human body. Song [14] classified the sources of CO2 emissions as a natural, 
mobile and stationary. The natural source includes people, plants, animals, earthquakes and 
volcanic emissions. Stationary and mobile sources include fossil fuel power plants, industrial 
plants, automobiles, airplanes, trains, and ships. A large amount of commercial CO2 is produced 
by various fermentation, cement, ammonia and hydrogen plants [16]. CO2 extraction from flue 
gases is another source of commercial CO2 production. Stages associated with the extraction of 
CO2 from flue gases include the use of absorbent materials such as ethanolamine, a solution of 
sodium carbonate and potassium carbonate, heating the absorbent solution with steam to displace 
the pure CO2, followed by compression of the gas in a steel cylinder [13]. However, this process 
is not economically profitable. 

CO2 is one of the components of the chemical composition of the air. The industrial 
revolution and human activities associated with the use of carbonaceous fossil fuels have 
contributed significantly to the increase in CO2 concentrations in the atmosphere. Approximately 
80-85% of the world's energy sources are provided by carbon-containing fossil fuels [3], and 
about 290 billion tons of carbon is emitted into the atmosphere as a result of the use of fossil 
fuels and the production of cement since 1751 [2]. The continuous release and accumulation of 
CO2 in the atmosphere is a major concern. It was reported that the concentration of CO2 in the 
atmosphere increased from 278 ppm in the pre-industrial era to ~403 ppm in May 2015, which is 
much higher than the safe limit of 350 ppm [3, 17]. At the same time, the ecological system 
depends on CO2 as a carbon source in plant photosynthesis and in food production in autotrophic 
bacteria such as heterotrophic and pathogenic bacteria [13]. Emissions of greenhouse gases, in 
particular CO2, into the global atmosphere inevitably lead to an increase in temperature, water 
levels and changes in the solid surface of the Earth [18]. The decrease in the number of wild 
animals, such as the polar bear, is a significant evidence of the effect of increasing the 
concentration of CO2 in the atmosphere [19]. Other impacts of climate change associated with 
the accumulation of CO2 in the atmosphere include global warming, extremely low global 
temperature/snow, ash cloud, ocean acidification, and acid rain [14]. 

CO2 reduction strategies require a combination of innovative ideas and revolutionary 
approaches that include the use of green energy sources as an alternative to the existing energy 
system. For example, the use of natural gas to replace coal and the use of renewable energy 
sources such as hydrothermal energy, solar energy, wind energy and biomass are important 
technological innovations to minimize CO2 emissions. Limiting the use of biomass and animal 
waste as fuel includes regional and seasonal availability, saturation and demand for energy [13].  

The efficiency of catalytic CO2 recovery processes to produce useful hydrocarbons with 
higher molecular weight, such as polycarbonates and organic cyclic carbonates, is an important 
and more environmentally friendly technological approach to reduce CO2 emissions. However, 
recent studies have shown that the rate at which CO2 accumulates in the global atmosphere as a 
result of human activities through the use of carbon-based fossil fuels is higher than the amount 
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of CO2 consumed in the production of valuable chemicals, organic materials and fuels [13]. 
Thus, achieving a balance between emissions and CO2 use is a major challenge. 

3. Methods of carbon dioxide utilization 

3.1. General information on some CO2 disposal methods 

The environmental chemical process for CO2 recovery is an innovative system aimed at 

replacing traditional processes for the production of industrially important chemicals (Fig.2). 

 
Fig. 2. The main directions of using CO2 as a C1 building block in organic synthesis 

 

This approach helps to reduce CO2 emissions into the atmosphere, replacing the use of 

toxic and carcinogenic raw materials such as phosgene, isocyanate, carbon monoxide (CO) and 

chlorofluorocarbons, as well as substances with the ability to change the climate. In [2, 21, 22] it 

is reported that currently about 116 million tons of CO2 are consumed annually in chemical 

syntheses, including commercial processes for the production of urea, salicylic acid, cyclic 

carbonate, polycarbonates, methanol and inorganic carbonates (Tab. 1).  
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Table 1. The volume of industrial production of some CO2-based products. 

Product Production volume 

(million tons per year) 

CO2, associated in product 

(million tons per year) 

Carbamide 150 109.5 

Methanol
а 

4.4 6 

Methanol
б 

0.004 0.00548 

Salicylic acid 0.17 0.054 

Organic carbonate 0.1 0.043-0.049 

Bisphenol A polycarbonate 0.6 0.102 

Propylene carbonate 0.07 0.03 

  Total: ≈ 116 
Note: a) mixing CO2 with synthesis gas; b) direct hydrogenation of CO2 with H2 

Urea synthesis consumes the largest amount of CO2 (about 94%) and is considered an 

active form of CO2 utilization. About 150 million tons of CO2 is consumed in the synthesis of 

urea and 46 million tons of CO2 was used in 2008 in the production of inorganic carbonates 

(mainly Na2CO3 by the Solvay process). In 2003, about 6 million tons/year of methanol and 54 

kilotons of CO2 were used in the production of salicylic acid [23].  It is noteworthy that the 

synthesis of salicylic acid and urea does not require catalysts. Although urea production 

currently provides the most significant quantitative use of CO2 as a feedstock, it should also be 

noted that this process produces more CO2 than it consumes. The reason for this is that the origin 

of the recycled CO2 is only a part of the resulting CO2 emissions that occur during the synthesis 

of the necessary co-reagent-ammonia [6]. 

Typically, 18 million tons/year of CO2 is used as a supercritical fluid.  One of the main 

sequential processes of CO2 utilization is the synthesis of cyclic carbonates and polycarbonates. 

Approximately 180 thousand tons/year of CO2 is consumed in the synthesis of polycarbonates 

and organic cyclic carbonates [14]. About 13.5 million tons/year of CO2 is consumed for 

technical purposes, such as food processing, carbonated beverage production, metal production, 

agriculture, nuclear power plant, chemical processes, plastics, and rubber production [22]. In 

addition, CO2 is used as a mild oxidizer or selective oxygen atom source in the chemical 

industry. Dissociation of CO2 on the surface of heterogeneous catalysts leads to the formation of 

reactive oxygen species. Rao et al. [24], Reddy et al. [25] and de Morais Batista et al. [26] 

investigated the use of CO2 to dehydrogenate ethylbenzene to produce styrene on the surface of a 

composite mixed metal oxide. Song [14], Chen et al. [27] reported dehydrogenation of lower 

alkanes (ethane, propane, and butane) to produce alkenes (ethylene, propylene, and butylene, 

respectively). Thus, CO2 is usually not a toxic substance under controlled conditions.  It is also 

regarded as a safe reagent or solvent, especially when supercritical CO2 is used as a process 

reaction medium [3]. 

Some possible syntheses of inorganic and organic compounds using supercritical CO2 as 

a solvent, reaction medium, or co-reagent were investigated in [28-33]. The use of CO2 in liquid 

or supercritical form is an innovative approach aimed at replacing traditional solvents in 
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chemical synthesis. The advantages of using supercritical CO2 for chemical synthesis include: 

reduced heat and mass transfer; avoidance of coke formation and catalyst poisoning; easier 

separation of the target product; increase of conversion and selectivity for inorganic and organic 

synthesis [34-37].  

Industrial technical applications of supercritical CO2 include its use in dry cleaning, water 

treatment, cleaning of electronic and antibacterial mixtures [3, 14]. In addition, supercritical CO2 

is preferred over traditional organic solvents in extraction processes. It allows for extraction 

processes without impurities in beverages (caffeine from coffee beans), food products (excess oil 

from fried potato chips), organic and inorganic functional materials (oils and waxes for herbs and 

pharmaceuticals) [13, 38, 39]. It is also used to remove contaminants such as polycyclic aromatic 

hydrocarbons (PAHs) from wastewater and contaminated soils [14]. 

3.2. Catalytic methods of carbon dioxide utilization 

CO2 is not just waste generated by burning organic compounds and the primary 

greenhouse gas for today's environmental problems; it is an important renewable raw material for 

the synthesis of several valuable chemicals, fuels, and carbohydrates (food). The use of CO2 as a 

feedstock for the production of valuable chemical compounds in recent years continues to 

receive great attention [4, 40]. However, the thermodynamic stability of CO2 limits its wider use 

as a reagent for chemical synthesis [41, 42]. 

Using CO2 as a chemical feedstock may not be able to offset CO2 emissions into the 

atmosphere, however, an innovative approach to using CO2 as a non-toxic, renewable and low-

cost carbon source potentially provides access to a wide range of valuable chemicals [9, 43-46].  

CO2 is an important chemical raw material for the synthesis of inorganic and organic chemical 

products, pharmaceuticals, and intermediates for pharmaceuticals (carboxylic acid), urea (for the 

production of fertilizers), esters, salicylic acid, aspirin, cyclic carbonates, polycarbonates, 

dimethyl carbonate. Industrial catalytic CO2 utilization includes large-scale production of 

hydrogenation products, carboxylic acid, urea, urethanes, salicylic acid, esters, lactones, and 

numerous carbon-based products. A significant addition to the industrial application of CO2 is 

the production of biodegradable organic carbonates, such as polycarbonates and cyclic 

carbonates [4, 20].  

As a rule, high energy consumption and an efficient catalyst are necessary conditions for 

the conversion of CO2 into valuable products. In practice, high pressure, high temperature, strong 

bases, or organometallic compounds are commonly used, even if adverse reactions are 

unavoidable. It is understood that the developed catalytic systems capable of effectively 

activating CO2 and/or the substrate should reduce the energy barrier and increase the reaction 

rate and/or inhibit the formation of by-products. Therefore, it is necessary to develop a highly 

functional catalyst with an appropriate active center to obtain 100% or high selectivity of the 

target products. Functional catalysts are the key and ideal for achieving an efficient and selective 

CO2 conversion process. Over the past decade, highly efficient and selective catalysts for CO2 

recovery have been developed. The following are some basic examples of the use of carbon 

dioxide as a chemical feedstock using the developed catalysts. 

 



CARBON DIOXIDE: PROPERTIES, SOURCES AND UTILIZATION METHODS 

ISSN: print - 1726-4685; online - 2519-2876 193 

3.3.1. Hydrogenation processes and products 

CO2 hydrogenation products include carbon monoxide, carboxylic acid, methyl alcohol, 

methylformate, and dimethylformamide. Fig. 3 shows possible options for the synthesis of 

various chemicals using the CO2 hydrogenation reaction, which is the reaction of CO2 and 

hydrogen with or without a catalyst. Homogeneous catalysts, such as transition metal complexes 

and ionic liquids, are often used for CO2 hydrogenation reactions with relatively good yields [9, 

13]. The limitations of this reaction include the production of a large number of by-products, the 

need to use expensive processes of separation of catalysts from the reaction medium and 

purification of products, low conversion and selectivity, as well as high energy costs [4, 47]. 

Methanol formation is one of the main reactions of CO2 hydrogenation. Methanol is used in the 

chemical industry as a fuel additive (methyl-tert-butyl ether, MTBE) and in the 

transesterification of vegetable oils [8]. 

 
Fig. 3. Reaction of hydrogenation of carbon dioxide. R is an alkyl group 

3.3.2. Synthesis of urea and urethanes 

Urea (urea - carbamic acid ester) and urethanes (carbamates) are valuable chemicals with 

industrial applications.  Urea has found application as a chemical intermediate in the production 

of fertilizers, urea resins, urea-melamine resins, organic chemicals and as additives in animal 

feed [48]. Urethane is an important intermediate of pharmaceuticals and agricultural chemicals 

(herbicides, fungicides and pesticides) [49].  

As shown in Fig. 4, carbamide is commercially produced by the reaction of CO2 with 

organic ammonia compounds. Urethanes are synthesized by the reaction of CO2 and the 

corresponding amine in the presence of organic compounds such as organic halides, alcohol, 

organic carbonates, acetylenes, olefins, epoxides, and organometallic compounds (Fig. 5). For 

the synthesis of urethane, several heterogeneous and homogeneous catalysts are used, such as 

mesoporous silica gel containing ammonium salts and adenine-modified Ti-containing 

mesoporous silica gel [47, 49]. 

 
Fig. 4. Synthesis of urea by reaction of organic compound ammonium and carbon dioxide. R-is 

an alkyl group 
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Fig. 5. Synthesis of urethane by reaction of amine and carbon dioxide. R is an alkyl group and X 

is a halogen 

3.3.3. Synthesis of esters and lactones 

Esters are synthesized by the reaction of CO2 and carbon-carbon unsaturated compound 

in the presence of a palladium catalyst. Lactones are produced by the reaction of CO2 and 

unsaturated compounds such as alkynes (acetylene), conjugated dienes (1,3-butadiene), dienes 

(diacetylene) and benzene in the presence of transition metal compounds as catalysts [47]. 

3.3.4. Synthesis of acyclic carbonates 

Acyclic carbonate, such as dimethyl carbonate, is one of the valuable chemical 

compounds that are produced commercially [50, 51]. Dimethyl carbonate is used as a solvent, a 

component of gasoline to increase the octane number and the starting material in organic 

synthesis [44, 52]. Some methods of dimethyl carbonate synthesis have been reported, including 

the reaction of phosgene and methanol, transesterification of cyclic carbonate and methanol, 

oxidative carbonylation of methanol and carbon monoxide and methyl nitrite [53, 54]. Dimethyl 

carbonate synthesis by oxidative carbonylation or methanol phosgenation is considered unsafe 

due to the formation of toxic by-products such as chlorine, phosgene and carbon monoxide [55, 

56]. Dimethyl carbonate synthesis by reaction of CO2 and methanol (Fig. 6) in the presence of 

heterogeneous catalysts attracts increased interest due to the safe implementation of the reaction 

and the use of non-toxic and renewable source of carbon - CO2 [9, 45, 57, 58]. In [55, 56] two-

stage dimethyl carbonate synthesis was reported, which includes the reaction of CO2 and 

epoxides (ethylene oxide and propylene oxide) to produce cyclic carbonate, and then the reaction 

of cyclic carbonate and methanol to produce dimethyl carbonate in the presence of a catalyst - 

magnesium oxide (MgO). 

 
Fig. 6. Synthesis of dimethyl carbonate by reaction of methanol and carbon dioxide 

3.3.5. The synthesis of polycarbonates 

Polycarbonates are organic carbonates with different physical and chemical properties, 

which can be defined as a polymer, containing carbonate groups (-O-(C=O)-O-). Polycarbonates, 

such as polypropylene carbonate (PPC), polycyclohexene carbonate (PCHC), polyethylene 

carbonate (PEC) and polybutylene carbonate (PBC) are produced on a large scale [46]. The 

copolymerization reaction of CO2 and the corresponding epoxide in the presence of suitable 



CARBON DIOXIDE: PROPERTIES, SOURCES AND UTILIZATION METHODS 

ISSN: print - 1726-4685; online - 2519-2876 195 

catalysts yields polycarbonates (Fig. 7). Many catalysts, such as chiral cobalt complexes and 

organic salts [60, 61] and Salen-metal complexes [46, 62], have been studied for the synthesis of 

polycarbonate by copolymerization of CO2 and epoxide. The concept of copolymerization 

reaction of CO2 and epoxides includes potentially possible replacement of traditional 

environmentally harmful industrial processes, including polycondensation reaction of trans-diols 

and phosgene to obtain poly (oxycarbonyloxy-1,4-phenylene) or isopropylidene-1,4-phenylene 

(bis-phenol-A) [20, 63].  

 
Fig. 7. Synthesis of polycarbonate by reaction of epoxide with carbon dioxide. 

R= H, CH3, C2H5, CH2Cl 

In addition to good physical and mechanical properties due to high molecular weight, 

polycarbonates also have high strength, lightness, durability, biodegradability, heat resistance, 

transparency and good electrical insulation properties. Industrial applications of polycarbonate 

include its use as a substitute for glass and metal, as a storage material such as CDs and DVDs, 

electronic components, optical lenses, structural materials, automotive materials, aircraft 

components, engineering plastic elastomers, packaging materials, binders, adhesives and 

coatings. However, low thermal stability and ease of thermal deformation limits the possibilities 

of wide application of polycarbonates [46, 64]. Thus, the synthesis of polycarbonates from 

epoxides and CO2 tends to a cycloaddition reaction, which thermodynamically favors the 

synthesis of five-membered cyclic carbonates [65]. 

3.3.6. Synthesis of cyclic carbonates 

Organic cyclic carbonates are industrially important chemicals with many confirmed and 

potential applications. In the traditional process of synthesis of organic carbonates, toxic 

chemicals are used as the starting material [45, 66]. The reaction of epoxide and CO2 produces 

two main products - polycarbonates or cyclic carbonates, and by-products. Selectivity for 

polycarbonates or cyclic carbonates usually depends on the type of used catalysts, substrates 

(epoxides) and reaction conditions. Several methods of synthesis of organic cyclic carbonates 

have been reported. Modern methods include reactions: oxidative carbonylation of alkenes; 

phosgenation; cycloaddition of epoxides and CO2. 
An inexpensive and simple way to synthesize cyclic carbonates is to directly incorporate 

CO2 into the alkene molecule in the presence of molecular oxygen, i.e. oxidative carboxylation 
of alkenes. This process has been known since 1962 [67]. The reaction was carried out either in 
the form of a one-stage reaction, or in two successive stages. Carrying out a one-step reaction is 
considered safe and associated with lower costs, as it does not require cleaning and treatment of 
epoxides. On the other hand, a two-stage reaction requires multifunctional catalysts capable of 
catalyzing the oxidation of alkenes to epoxides, which is also known as the epoxidation reaction 
[68], followed by the reaction of epoxides and CO2 to form cyclic carbonates. The main 
drawback of this reaction is the difficulty of developing an effective catalyst and a suitable 
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process technology. Several effective catalysts have been developed for the direct synthesis of 
carbonates from alkenes, which include niobium oxide (Nb2O5) [47, 54] and brominated 
hydrogen peroxide in water [67]. Fig. 8 shows a scheme of direct synthesis of cyclic carbonate 
by the reaction of oxidative carboxylation of an alkene. With this method, several cyclic 
carbonates can be synthesized. However, the method attracted less attention due to the low yield 
and selectivity of the target product, the use of expensive catalysts and oxidizing reagents, as 
well as the formation of several oxidation by-products [69, 70]. 

 
Fig. 8. Oxidative decarboxylation of alkenes. R is an alkyl group 

Phosgenation is a traditional method for the synthesis of cyclic carbonate by reaction of 
phosgene and 1,2-diol in the presence of organic halides and pyridine as catalysts [71, 72] (Fig. 
9). The disadvantages of the method include the use of toxic phosgene as a starting material, low 
yield and selectivity of cyclic carbonate, a complex separation process and the formation of 
hazardous waste of hydrochloric acid [72]. 

 
Fig. 9. Synthesis of cyclic carbonate by phosgenation reaction.  

R is an alkyl group and Py is a pyridine 

A scheme for the reaction of carboxylation of 1,2-diols, such as propylene glycol and 
phenyl glycol, and CO2 to obtain the corresponding cyclic carbonate is shown in Fig.10. The 
effectiveness of several catalysts, which include solid copper iodide on the carrier [12], 
palladium (Pd) [47], magnesium (Mg) and magnesium oxide (MgO) [73] have been investigated 
in the synthesis of cyclic carbonate. In the presence of an organic base, a high yield (99%) of 
cyclic carbonate was obtained as a co-catalyst. However, the main limitations of the process 
include catalyst leaching, high cost of separation processes, and low yield of cyclic carbonate 
due to equilibrium and reversible reactions [44]. 

 
Fig. 10. The synthesis of cyclic carbonate by the reaction of the carboxylation of 1,2-diols.  

R is an alkyl group 
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Cycloaddition reaction of CO2 and epoxide to produce cyclic carbonate is an innovative 

and more environmentally friendly approach that can replace traditional methods that use toxic 

phosgene, carbon monoxide and pyridine as starting materials and produce an environmentally 

undesirable by-product such as HCl. The scheme of synthesis of cyclic carbonates by reaction of 

cycloaddition of CO2 with corresponding epoxides is presented in Fig.11. 

 
Fig. 11. Cycloaddition reaction of epoxide and СО2. R=H, CH3, C2H5, CH2Cl 

The synthesis of cyclic carbonates by the reaction of cycloaddition of CO2 with epoxides 

has aroused great interest from the point of view of the efficiency of atoms and some 

environmental benefits [74]. The main by-products associated with the CO2 and epoxide 

cycloaddition reaction include dimers of epoxides and their derivatives, such as 2,2-dialkyl-1,4-

dioxane, trans-2,5-dialkyl-1,4-dioxane, trans-2,6-dialkyl-1,4-dioxane, 2-alkyl-4-alkyl-1,3-

dioxolan and 2,2,3-trialkyl-1,3-dioxolan, and isomers of epoxides, including ketones and 

aldehydes, and hydrolysis of epoxides such as 1,2-diol [75-79].  Fig. 12 shows possible by-

products and pathways for the conversion of epoxides. 

 
Fig. 12. Possible reactions of transformation of epoxides and by-products.  

R is an alkyl group 

As a rule, the cycloaddition reaction between inert CO2 and high-energy epoxides as a 

starting material is exothermic [80-82] and requires a suitable efficient catalyst with a high-

energy substrate to achieve high epoxide conversion and selectivity of cyclic carbonates. 

The development of highly efficient, selective, and stable catalysts for the synthesis of 

cyclic carbonates remains a serious current problem. In particular, several homogeneous 
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catalysts have been developed and investigated, including Salen-complex [83], Lewis acids and 

bases [69], transition metal complexes [83], metal and mixed oxides [72, 85, 86], metal salt, 

ionic liquid [69, 82], oxychlorides [86], porphyrin [88], zeolites [89], etc. But all these catalysts 

have such disadvantages as low efficiency, selectivity, TOF and formation of by-products. 

 In the works [90, 91] it is reported about the synthesis of cyclic ethylene carbonate by 

the cycloaddition reaction using zinc phenolate catalysts based on methylene-bis-, thio-bis- and 

dithio-bis-alkylphenols. These new catalysts proved to be very efficient (ethylene oxide 

conversion 80-98%), highly selective (ethylene carbonate yield 95-99%) and with high TOF 

(1200-2100 mol EC/mol Cat·hour). 

However, despite the high catalytic activity of homogeneous systems in the synthesis of 

cyclic carbonates, homogeneous catalysts have a number of disadvantages, including high cost 

and multi-component catalyst, multi-stage process, high cost of separating the product from the 

reaction mixture, the potential for toxic by-products, the use of co-solvent, problems with the 

reuse of the catalyst and instability of the catalyst in room conditions [79, 80, 92]. Therefore, the 

development of heterogeneous catalytic systems that allow the reaction of cycloaddition of 

epoxides and CO2 without the use of a solvent, and the creation of environmentally friendly 

technology for the synthesis of cyclic carbonates is relevant and has a certain scientific and 

practical importance. Heterogeneous catalysts have such advantages that eliminate most of the 

disadvantages of homogeneous catalytic processes and processes with their use are economically 

profitable and environmentally safe, eliminating the risk to human health and the environment 

[93]. In recent years, several heterogeneous catalysts immobilized on carriers such as polymers, 

silica gels and zeolites have been created for the synthesis of cyclic carbonates. 

In [94] was studied the activity of a catalyst on a polymer carrier poly (4-vinylpyridine), 

with zinc bromide as the active catalyst for the synthesis of ethylene carbonate by the reaction of 

cycloaddition of CO2 and ethylene oxide. Similarly, was investigated the effectiveness of 

Al(salen)-complexes on polymer carriers, such as polystyrene [Al(salen) PS] and polyethylene 

glycol bis-methacrylate (Al(salen)PEGM), in the presence of organic bases (N-methylimidazole 

or N,N-dimethyl aminopyridine) for the synthesis of styrene carbonate [95]. 

Barbarini et al. investigated a catalyst heterogenized on a zeolite carrier prepared by 

covalent binding of 7-methyl-1,5,7-tri-aza-bicyclo[4,4,0]dec-5-ena (MTBD) on MSM-41 zeolite 

in the synthesis of styrene carbonate [96]. Similarly, Zhang et al. investigated a catalyst 

(SiO2/MTBD) based on MTBD deposited on silica gel (SiO2) for the synthesis of propylene 

carbonate [97]. Srivastava et al. investigated adenine-modified microporous silica gel (Ti-SBA-

15-pre-Ade) as a catalyst for the synthesis of cyclic carbonates [98]. 

Xiao et al. investigated the reaction of cycloaddition of propylene oxide and CO2 to 

produce propylene carbonate over an ionic liquid (3-n-butyl-1-propyl-imidazolium) grafted on 

SiO2 [99]. Similarly, Wang et al. investigated a quaternary ammonium salt and an imidazole 

ionic liquid on a SiO2 carrier as a catalyst (SiO2/imidazole salt) ([C4-mim] + [BF4]) in a 

propylene carbonate synthesis reaction [100].  

Immobilized active homogeneous catalysts, such as non-metals and metal complexes, on 

carriers (metal oxides, polymers, zeolites and polystyrene) have been studied for the synthesis of 



CARBON DIOXIDE: PROPERTIES, SOURCES AND UTILIZATION METHODS 

ISSN: print - 1726-4685; online - 2519-2876 199 

cyclic carbonates [80, 99, 101]. 

Insoluble ion-exchange resins and polystyrene-based catalysts containing an ammonium 

salt or an amino group, PEG-600 (Bu3NBr)2, were investigated in the cycloaddition reaction 

[77]. Polymer catalysts can be easily recovered and reused several times without any significant 

loss in their catalytic activity.   

The most commonly used heterogeneous catalysts for the synthesis of cyclic carbonates 

include zeolites, graphene oxide, metal oxides, and mixed metal oxides.  Zeolites are highly 

porous crystalline material and belong to the class of aluminosilicates. Tu and Davis investigated 

zeolite-X and other solid catalysts such as cesium and potassium exchange zeolite-X (Cs/KX), 

magnesium oxide (MgO), cesium oxide deposited on aluminum oxide (Cs/Al2O3) and aluminum 

oxide (Al2O3) for the synthesis of cyclic carbonates [102]. It was found that most zeolite 

catalysts exhibit weak activity in the reaction of cycloaddition of epoxides and CO2. However, 

the catalytic activity of zeolites was improved after the inclusion of clusters of alkali metal 

oxides in the pores of zeolites. Thus, the combination of Cs/KX-zeolite and MgO showed 

improved catalytic activity in the synthesis of propylene carbonate. It has been suggested that the 

yield of organic carbonates depends on the strength of the base, porosity and Lewis acidity of the 

catalysts. 

Conclusion 

Carbon dioxide is considered the ideal building block of C1 in organic synthesis because 

of its easy availability, low cost, non-toxicity, and non-flammability. However, due to its 

inherent thermodynamic stability and kinetic inertness, it is very difficult to convert CO2 into 

valuable products through efficient, selective, and "green" catalysis under mild conditions. To 

overcome these barriers, many valuable synthesis strategies have been developed using 

functional catalysts for CO2 conversion. Among them, metal-containing and organo-catalysts 

have proven to be promising and effective catalysts capable of activating CO2 and substrate 

molecules for efficient CO2 conversion. Recent advances in the development of efficient, 

selective and environmentally friendly catalytic processes using homogeneous and 

heterogeneous catalysts, summarized in this review, show that CO2 activation is a prerequisite 

for CO2 conversion, and usually consists of:  

(1) the development of reliable catalysts for effective catalytic conversion of CO2, other than 

stoichiometric reactions.  

(2) the design and selection of active substrates with high energy.  

(3) development of bifunctional catalysts with two or more active centers for synergistic 

activation of both CO2 and substrate.  

As expected, CO2 can be efficiently and selectively converted into valuable chemicals, 

fuels, and polymers through green catalysis processes. 

4. Recommendations for further research 

The following recommendations are proposed for future research on carbon dioxide 

utilization to obtain valuable chemical products and reduce the impact of the greenhouse effect 

on global climate change:  
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4.1. Development of effective methods of CO2 capture and storage 

The use of waste from various industries and atmospheric CO2 is economically profitable 

and environmentally friendly. CO2 waste is produced with many different impurities. A large 

amount of CO2 is produced in power plants with flue gases, which usually have a CO2 

concentration of between 6-13% and contain impurities such as water vapor, nitrogen dioxide 

and sulphur dioxide. It would be appropriate to develop an innovative technology that would 

directly use CO2 from the source (flue gas) to synthesize organic carbonates and other valuable 

products. In this case, all the costs associated with carbon capture and storage, purification and 

concentration of spent CO2 could be avoided.  

4.2. Development of highly efficient catalysts 

The development of efficient, highly selective, and stable homogeneous and 

heterogeneous catalysts for carbon dioxide recovery and use is generally appropriate in a number 

of industrial applications. Heterogeneous catalysts are the most preferred catalysts for industrial 

applications because of their technical advantages over homogeneous catalysts. It would be 

useful and interesting to synthesize and investigate different types of heterogeneous catalysts, 

such as metal oxide, mixed metal oxide, and graphene-inorganic nanocomposite catalysts. 

Heterogeneous catalysts can be investigated by changing the percentage composition of the 

catalyst components to determine the most appropriate component ratio that would provide an 

effective heterogeneous catalyst for the synthesis of valuable organic products based on CO2. 

4.3. Purposeful study of physical and chemical properties and structure of new catalysts 

In order to establish the relationship between the properties and structure of catalysts and 

their effectiveness in the activation of carbon dioxide in various chemical reactions and synthesis 

of valuable chemical products, it is necessary to thoroughly study the main characteristics of 

potential catalysts by modern physical and chemical research methods. 

4.4. Use wet and "dirty" CO2 as feedstock 

Given that it is very difficult and economically unprofitable to clean waste carbon 

dioxide, it is necessary to develop such highly efficient catalysts that would allow to attract into 

the reaction along with "clean" CO2 also wet (CO2 from the production of ethylene oxide with a 

water content of up to 50%) and "dirty" CO2 containing a significant amount of various 

impurities. 

4.5. Synthesis of other valuable chemical products 

Along with the industrially important large-scale production of urea (94% of all CO2 

used), it is necessary to increase the production of existing and new valuable chemical products, 

such as fuels, polymers, methanol, hydrocarbons, cyclic carbonates (such as styrene carbonate, 

diphenyl carbonate, dimethyl carbonate and aliphatic carbonates, including ethylene carbonate, 

propylene carbonate, hexene carbonate and octene carbonate), which can be synthesized on the 

basis of CO2 various chemical compounds.  
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4.6. Reduction of CO2 in the atmosphere 

In order to reduce the impact of CO2 in the atmosphere on global warming and climate 

change ("greenhouse" effect"), it is necessary to develop a variety of cost-effective and 

environmentally friendly ways: reducing CO2 emissions into the atmosphere from various 

natural and anthropogenic sources; selective capture of CO2 from the atmosphere and its storage 

in various natural and artificial reservoirs; irrevocable binding of CO2 using various methods and 

chemical processes. 
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