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The article substantiates the feasibility of using furfural a product of the 

hydrolysis industry as a base monomer in the synthesis of ion-exchange 

resins. A methodology for obtaining new ion-exchange polymeric materials 

based on furfural as a secondary raw material is presented, along with the 

results of studies on their sorption, physicochemical, and operational 

characteristics. The identify cation of effective practical applications of the 

synthesized ion exchangers for the treatment of industrial wastewater and 

natural waters from chemical enterprises, including hydrometallurgical 

facilities, is of considerable scientific, technical, and applied significance. 
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1. INTRODUCTION 

The scale of industrial organic synthesis has now reached such proportions that the issue of the 

limited availability of natural oil and gas resources required to meet its demands is becoming 

increasingly urgent. Under the conditions of modern scientific and technological advances, 

polymer composite materials formed through the combination of components of different 

chemical nature represent a new class of materials that, in terms of overall performance 

characteristics, significantly surpass the properties of their individual constituents [1-3]. Owing 

to their composite characteristics, such materials exhibit unique physicomechanical, magnetic, 

and optoelectronic properties, high chemical and thermal stability, and enhanced resistance to 

various types of radiation. In recent years, the development of materials and compositions with 

predetermined properties containing phosphate groups has gained increasing importance. 
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Phosphate-containing natural compounds are components of widely used medicinal 

pharmaceuticals. Compounds with phosphate groups constitute not only the foundation of 

inorganic chemistry but also the fundamental basis of vital processes in living organisms. The 

ability of phosphate groups to undergo facile modification with organic compounds is of both 

practical and theoretical significance and has generated considerable scientific interest among 

researchers [4-6]. Foreign literature sources devoted to the synthesis and investigation of ion-

exchange materials based on furfural and its derivatives are limited to a small number of 

publications and are predominantly of a patent nature [7-9]. One of the earliest studies aimed at 

the synthesis of ion exchangers focused on the production of carboxyl and sulfo-cationites 

through the polycondensation of furfural with β-furylacrylic acid, benzenesulfonic acid, and n-

phenolsulfonic acid. These cationites contain carboxyl, sulfo, and phenolic hydroxyl groups. 

Although sulfo-cationites are produced from relatively inexpensive raw materials, such as lignin, 

the sulfation process is random in nature, resulting in ion exchangers with a disordered 

structure. Simultaneously, both ion-exchange and electro-exchange properties were observed in 

the polymer obtained through the polycondensation of polyhydric phenols with furfural [9-11]. 

This polymer is characterized by reducing properties, with a capacity to reduce trivalent iron to 

divalent iron of 6.5 mg-eq/g. To improve the kinetic characteristics during the synthesis of 

electro-ion-exchange polymers, pre-sulfonated phenols were used, which led to a slight increase 

in the reducing capacity up to 7.5 mg-eq/g. The use of furfural as a crosslinking agent in the 

production of ion-exchange materials and the analysis of the structure of these polymers will be 

considered in greater detail, as the results obtained can be applied in further studies on the 

synthesis of nitrogen-containing anion exchangers. Among the earliest works devoted to the 

synthesis of ion exchangers are studies on the production of carboxyl and sulfo-cationites 

through the polycondensation of furfural with p-furylacrylic acid, benzenesulfonic acid, and n-

phenolsulfonic acid [12-14]. Moreover, one of the most dynamically developing areas of modern 

organic chemistry is the synthesis of highly reactive compounds through the introduction of 

unsaturated groups into the structure of organic molecules. The incorporation of a vinyl group 

opens virtually unlimited possibilities for the use of divinylfurfuryl ethers in the targeted organic 

synthesis of multifunctional furan compounds [15-17]. However, the widespread application of 

divinylfurfuryl ethers is limited by the lack of simple and technologically convenient methods 

for their synthesis. In contrast to alkyl vinyl ethers, they have been studied to a much lesser 

extent; their chemical properties are distinguished by specificity due to the presence of additional 

functional groups, which makes them prone to electrophilic and radical reactions. In this context, 

the synthesis of silsesquioxanes and (oligo)polymers, which enhance the mechanical strength 

and thermal stability of compositions, as well as the study of their properties and the 

development of technologies for producing ion exchangers based on them, becomes particularly 

important [18]. 

2. EXPERIMENTAL PART 

 In this study, the synthesis based on furan derivatives was carried out as follows. A reaction 

flask was charged with 50 mg of vinylfurfuryl ether, 0.1 mol of thiourea, 50 mg of sodium 

tripolyphosphate, 50 mg of polysilicic acid, and 1% (by monomer mass) of the initiator dinitrile-

azobisiminodiacetic acid (DAA). The flask was equipped with a thermometer and placed on a 

magnetic stirrer, then heated at 85–120 °C for 2 hours. After the reaction was complete, the 

viscous, yellowish, and solidifying polymer Polyphos 1 was washed three times, purified, and 

dried to constant weight. 
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Data on the direct vinylation of furfuryl alcohols with vinylacetylene are extremely limited. 

Considering the potential of furfural to undergo the Cannizzaro reaction in an alkaline medium, 

furfuryl alcohol was chosen. The reaction to produce divinylfurfuryl ether was carried out using 

furfuryl alcohol and vinylacetylene in an alkaline system at room temperature and atmospheric 

pressure, resulting in the formation of 1-(tetrahydrofuran-2-yl)pent-4-en-2-yn-1-ol. 

The resulting intermediate compound possesses broad potential for modification with various 

substances. In particular, the introduction of compounds containing a non-bonded electron pair 

enables the synthesis of highly reactive compounds. Accordingly, the intermediate was modified 

with thiourea, sodium tripolyphosphate, and polysilicic acid to obtain an inorganic-organic ion 

exchanger. The reaction was carried out in the following sequence. 

First, thiourea reacts with the hydroxyl group of the intermediate compound according to the 

following scheme. 

 

The resulting intermediate compound undergoes polymerization. The reaction proceeds in a 

single system following a specific sequence. 

  

To purify the obtained ion exchanger, an extraction method using various solvents was 

employed. The separation method, based on the differing solubilities of the starting, 

intermediate, and final products in various solvents, ensures a high level of substance purity. 

Accordingly, a solvent was selected that does not dissolve the final product but is capable of 

dissolving the starting and intermediate compounds. The extraction results are presented in the 

following table (table 1). 

To purify the obtained ion exchanger, an extraction method using various solvents was 

employed. This separation technique, based on the differing solubilities of the starting, 

intermediate, and final products in various solvents, ensures a high level of substance purity. 
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Accordingly, a solvent was selected that does not dissolve the final product but is capable of 

dissolving the starting and intermediate compounds. The extraction results are presented in the 

following table (table 1). 

Таble 1. Solubility of reagents and reaction products in various solvents 

Solvents 
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Substances 

Furfural + + + + - - - - - - 

Vinylacetylene + + + - + - - - + - 

Sodium tripolyphosphate + + + + + + + + + - 

Product 

Polifos-1 + + + - + - - - - + 

 

When selecting a solvent for the extraction method, the solubility of the reagents and reaction 

products in various solvents was taken into account. Dimethylformamide proved to be the most 

suitable extractant for this reaction system due to its dipole moment and selective dissolving 

ability compared to other solvents. Moreover, the insolubility of the intermediate and starting 

compounds allowed the substance to be isolated in a pure form. 

In the first layer of the extraction mixture, unreacted substances and ether-soluble components 

(KOH + DMSO + furfural) were identified, while in the second layer, the ether-insoluble 

synthesis product was found, which was 1-(1-(tetrahydrofuran-2-yl)pent-4-en-2-yn-1-yl)thiourea. 

In dimethylformamide, the pure polymer was isolated using the extraction method, and its 

physical properties were studied. The viscosity of polydivinylfurfuryl sodium tripolyphosphate 

(before the addition of polysilicic acid) was measured using a HAAKE Viscotester 2 Plus 

viscometer and can be represented in the following graph. 

3. Conclusion 

The conducted studies confirm that the synthesis of ion-exchange polymeric materials based on 

furfural and its derivatives is both scientifically and practically justified and represents a 

promising direction. In the context of limited oil and gas resources, the use of furfural a product 

of the hydrolysis industry as a valuable monomer provides a resource-saving and economically 

efficient solution. The inorganic-organic ion exchangers obtained with the involvement of 

phosphate groups, thiourea, and polysilicic acid exhibit high reactivity. The presence of 

functional phosphate, thiocarbamide, and silicon-containing fragments in their structure 

enhances their sorption properties and complex-forming ability. It has been established that the 

intermediate compounds formed during the synthesis of divinylfurfuryl ether and its 

subsequent modification create an ordered structure during polymerization. The high efficiency 

of dimethylformamide as a selective solvent in the purification of the product by extraction has 

been demonstrated, allowing the isolation of a polymer with a high degree of purity. The 

obtained polymer, Polifos-1, exhibits favorable physicochemical characteristics, including 
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viscosity and stability. The incorporation of polysilicic acid contributes to increased mechanical 

strength and thermal resistance of the composite material. The results of the study indicate that 

the furfural-based phosphorus- and sulfur-containing ion-exchange polymers can be effectively 

used as sorbents for the treatment of wastewater from hydrometallurgical and chemical industry 

enterprises. They provide efficient removal of heavy metal ions through complexation and ion-

exchange mechanisms. 
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Strategies for desulfurization of heavy oil have been investigated through 

scrutinizing the practicality of differing heavy oil procedures along with 

reviewing literature regarding the topic. These methodologies include 

hydrodesulfurization, extractive desulfurization, oxidative desulfurization, and 

biodesulfurization. Each possesses its iterations along with modified versions 

through repeated performance for improved results. Nevertheless, these 

techniques do not function properly. They particularly strive to desulfurize 

viscous oil. This constraint exists mainly since heavy oil possesses intrinsic 

attributes like elevated sulfur concentration, viscosity, boiling point, and the 

elastic character of sulfur compounds. Since fuels must exhibit maximal 

environmental compatibility, ever more restrictive statutes now oversee the 

sulfur constituent of these fuels. Additionally, crude oil grade and its 

byproducts diminished and a need for remaining fuels persists, revealing the 

importance of sulfur removal, notably in viscous oils. The existence of detailed 

thiophenic compounds imparts important quantities of sulfur to these oils 

rendering elimination via typical high-pressure hydrodesulfurization methods 

arduous. 

Keywords: 
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1. INTRODUCTION  

Desulfurization constitutes an obligatory process during crude oil refinement to yield coveted 

end products (2,3). Rules concerning the levels of sulfur within transport fuels have 

progressively tightened over time, also a collection of petrochemical compounds get produced 

virtually sulfur-free currently. Thus, sulfur extraction out from oil is among the vital 

transformation necessities within many refineries (2). This extraction substantially influences the 

value and handling expenditures of unrefined petroleum. 

The global demand for cleaner fuels is augmenting because progressively strict environmental 

statutes superintend the sulfur content of transportation fuels, notably marine fuels. 

Additionally, crude oil along with its components diminishes in caliber because the requirement 

persists regarding leftover fuels, therefore eliminating sulfur turns important, notably within 

viscous oils. Considering these commodities include substantial quantities of sulfur predomi-
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nantly within detailed thiophenic configurations, established high-pressure desulfurization 

techniques battle for its extraction. 

Furthermore, unprocessed substances should be immaculate. This immaculateness is paramount 

for the petrochemical industry. The durability of equipment, the efficiency of processing, and the 

quality of products in this industry directly hinge on the purity of raw materials. 

Petrochemical products like plastics, polymers, fertilizers, together with other chemicals require 

raw materials. Superior raw materials are requisite to product quality. Absent pristine base 

components, the resultant item degrades, thus curtailing worth and utility. 

Refining progressions become more efficient when the petrochemical sector employs pure 

feedstocks. Elevated levels of sulfur, nitrogen, and additional pollutants may impair catalysts 

given their propensity for diminishing reaction velocity and efficacy (11). Conversely, pristine 

feedstock eases superior equipment performance while concurrently diminishing energy 

expenditure. 

Equipment safeguard is paramount: Raw materials occasionally harbor pollutants. Sulfur along 

with metal compounds, for instance, result in corrosion in addition to wear. This elevates repair 

expenditures and induces premature equipment failure. Conversely, should we utilize pure raw 

materials, this will lengthen equipment life coupled with diminished maintenance requirements. 

Conservation of the environment remains quite important. Employing purified raw material 

consequently aids in diminishing environmental repercussions. Sulfur along with noxious 

materials discharged copiously augment emissions to the ecosphere, which taints the 

atmosphere inducing diverse ecological predicaments. Clean feedstocks ease cleaner production 

processes as well as a decline in these emissions. 

Accordingly, feedstocks should exhibit high purity within the petrochemical sector since that 

remains important for economic efficiency plus product quality, together with environmental 

protection and regulatory compliance. 

Some scholars observed that hydrodesulfurization (HDS) coupled with carbon rejection 

methodologies are principal industrial techniques (3,11). Coking and fluid catalytic cracking 

(FCC) represent instances involving these carbon rejection techniques for desulfurization of 

heavy oil. Although efficacious regarding sulfur reduction, these methodologies possess a 

prominent carbon impact. 

Furthermore, high-temperature processes, which produce hydrogen for HDS, engender elevated 

processing costs financially along with environmentally, especially when they process heavier 

and sulfur-rich crude oils. Consequently, alternate desulfurization pathways are undergoing 

investigation amid growing consideration (5,12). 

Several reviews concerning this topic have been composed. Desulfurization publications 

typically have concentrated mainly on sulfur extraction from refining portions such as naphtha, 

distillate, and light vacuum gas oil. However, the aim of this review is to comprehensively 

survey the processes for converting heavy fractions. Here, we will scrutinize each desulfurization 

method. We shall ascertain its capability regarding viscous crude oil. The desulfurization 

methods documented in the literature are adapted for lighter fractions, also as we examine the 

discussions that have taken place, it becomes clear that they are unsuitable regarding heavy oil. 

Therefore, this evaluation shall rest upon the degree to which such processes can desulfurize 

heavy oil. 
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2. OBJECTIVE 

The main objective of this review is to provide a comprehensive and critical analysis of existing 

desulfurization methods applied to vacuum gas oil, with particular emphasis on the 

transformation and removal of sulfur-containing aromatic compounds such as 

dibenzothiophene, benzonaphthothiophene, and their alkylated derivatives. 

This study aims to evaluate the effectiveness of various desulfurization approaches, including 

oxidative, hydrodesulfurization, and emerging alternative techniques, in terms of sulfur removal 

efficiency, reaction mechanisms, and operational conditions. 

Furthermore, the review seeks to examine how different process parameters—such as oxidizing 

systems, temperature, reaction time, and reagent ratios—influence the reactivity, stability, and 

conversion pathways of sulfur compounds. Special attention is given to the structural changes in 

sulfur-containing aromatics during treatment processes and their impact on downstream 

thermal conversion, such as cracking. 

Within this framework, the review will: 

- summarize and compare different desulfurization technologies reported in the literature; 

- analyze the transformation behavior of sulfur-containing aromatic compounds under various 

treatment methods; 

- evaluate the influence of process conditions on desulfurization efficiency; 

- review reported kinetic studies related to sulfur compound decomposition and transfor-

mation; 

- identify current challenges, research gaps, and future directions in the field of deep 

desulfurization of heavy petroleum fractions. 

3. SULFUR IN CRUDE OIL 

Following carbon and hydrogen, sulfur constitutes petroleum's third most copious element (1,4). 

Unrefined petroleum commonly shows sulfur densities that extend in scope from 0.03 to 7.89% 

via mass (4) . Sulfur constituents within petroleum are generally categorized. The two categories 

include inorganic and organic (1). Inorganic sulfur including elemental sulfur, hydrogen sulfide 

(H2S), and pyrite may occur dissolved within as well as suspended. Concurrently, organic sulfur 

compounds represent the principal sulfur-containing components within crude oil. These 

include thiols, sulfides, and thiophenic constituents. 

 

Figure 1. Some prominent classes of organosulfur compounds 
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Fluctuations are obvious in the density and constitution of sulfurous elements across the 

distillation spectrum. Per Table 1, sulfur quantity within the distillation portion rises alongside 

greater boiling temperatures because the densest portion exhibits maximum sulfur quantity. Per 

Table 2, sulfur compounds gain stability as the boiling point elevates, including thiols, sulfides, 

also thiophene among naphtha to benzothiophene compounds displaced during distillation. In 

vacuum gasoil as well as vacuum residues, dibenzothiophene compounds represent the 

foremost route of sulfur presence. Sulfur's chemical makeup immediately impacts its removal 

process for aliphatic sulfur-bearing compounds like thiols and sulfides are simpler to desulfurize 

than aromatic sulfur compounds like thiophenes (3,11). 
 

Table 1. Distribution of sulfur compounds across the distillation range of crude oil with a total sulfur content of 1.2% 

Distillation range(oC) Sulfur content Distribution of sulfur compounds (%) 

Thiols Sulfides Thiophenes Othera 

70-180(naphta) 0.02 50 50 Trace - 

160-240(kerosene) 0.2 25 25 35 15 

230-350(distillate) 0.9 15 15 35 35 

350-550(vacuum gasoil) 1.8 5 5 30 60 

>550(vacuum residue) 2.9 Trace Trace 10 90 
aBenzothiophenes, dibenzothiophenes and heavy sulfides 

 
Table 2. Physical properties of selected sulfur-containing compounds 

Compounds Normal boiling  

point (oC) 

Melting 

temperature(oC) 

Density at 

20oC(kg/m3) 

1-Ethanethiol (ethyl mercaptan) 35 -144.4 839.1 

Dimethyl sulfide 37.3 -98.3 848.3 

1-Propanethiol (propyl mercaptan) 67 -113.3 841.1 

Thiophene 84.2 -38.2 1064.9 

Diethyl sulfide 92.1 -103.8 836.2 

1-Butanethiol (butyl mercaptan) 98.4 -115.7 833.7 

Dimethyl disulfide 109.7 -84.7 1062.5 

Tetrahydrothiophene(thiolane) 121.1 -96.2 998.7 

Dipropyl sulfide 142.4 -102.5 837.7 

Thiophenol 168.7 14.8 1076.6 

Dibutyl sulfide 185 -79.7 838.6 

Benzthiophene (thianaphthene) 221 32 1148.4 

Dibutyl disulfide 226 -a 938.3 

Dibenzthiophene 332 99 -a 
aNo information is provided in the reference. 

Detailed sulfur constituents typically exhibit elevated concentrations in unrefined oils displaying 

heightened viscosities and densities. Hydrodesulfurization procedures or thermal manipulation 

may eliminate unbranched aliphatic sulfides (thioethers). The identical procedures or remedy 

may readily eliminate cyclic sulfides (thiolanes). Conversely, sulfur integrates within aromatic 

cycles including thiophene and relevant analogs like benzothiophene, dibenzothiophene, also 

benzonaphthothiophene. Hydrodesulfurization or thermal conversion methods possess 

increased impediments regarding its removal. 

3.1 Sulfur in heavy oil cuts 

Sulfur is present within dense oil fractions while its effects form a petroleum industry concern. 

Petroleum refinement and refining operations engender elevated-ebullition viscous oil 
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constituents. Oil quality as well as refining processes, along with final products' properties, are 

considerably affected via the sulfur amount within these fractions. 

Detrimental ecological consequences from sulfur's existence within fuel commodities and 

petroleum derivatives are possible. Furthermore, sulfur may impair catalysts throughout oil 

refining and diminish their efficacy, and this degrades the procedure's efficiency and economics. 

Viscous oil constituents are subjected to differing processes for sulfur reduction. Every method 

contains intrinsic merits and deficiencies. The oil's composition in conjunction with the refining 

process requirements determine their choice. In this scientific work, various methods for 

removing sulfur as well as sulfur-containing compounds in heavy oil fractions will be studied 

also each's positive and negative aspects will be listed. Fundamentally, sulfur regulation of dense 

oil constituents affects sustainable advancement for the petroleum sector. Therefore, researchers 

must consistently cultivate applicable technologies. 

4. DESULPHURIZATION TECHNOLOGIES 

4.1 Hydrodesulfurization (HDS) 

Hydrodesulfurization represents the foremost technique toward decreasing crude oil's sulfur 

content within the petroleum sector (3,11). HDS commonly entails introducing oil as well as H2 

into a fixed bed reactor. The reactor embraces a fitting HDS catalyst, and the induction exists 

concurrently. NiMo/Al2O3 and CoMo/Al2O3 represent some of the most frequently utilized 

HDS catalysts (3). Nevertheless, further possibilities do exist. H2S arises when the sulfur of 

organic sulfur compounds is transformed throughout HDS. 

Selecting a specific catalyst variant hinges upon the present application. NiMo catalysts, 

according to, excel at hydrogenation while CoMo catalysts are better regarding hydrogenolysis. 

As a consequence, CoMo catalysts exist as the favored choice for HDS processes when such 

processes include unsaturated hydrocarbon streams, like streams derived from fluid catalytic 

cracking (FCC), while NiMo catalysts exist as the favored choice for fractions that do require 

intensive hydrogenation. Substances like NiMo have been observed to be more efficacious in the 

HDS of constituents like DMDBT. NiMo catalysts are favored where hydrogen flux is 

uninhibited yet exposure duration is constrained, characteristic of flow reactors, although CoMo 

catalysts can be more productive in batch reactors. Hydrotreating conditions commonly span 

from 200 to 425 °C and 1 to 18 MPa, and particular parameters are adjusted for the intended level 

of desulfurization and the proportion of sulfur compounds inside the feedstock. 

 

Figure 2. Desulfurization mechanisms 

 

Thiophene rings pose increased difficulties regarding sulfur removal. The π-electron constitution 

for the conjoined C=C framework features restricted skill. Sulfur's singular electron pair is the 
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entirety which it includes. Despite stabilization via resonance of roughly 120–130 kJ mol-1, less 

than benzene's stabilization of 160–170 kJ mol-1, it markedly impedes HDS. Two discrete 

pathways elicit desulfurization (Figure 2). Hydrogenolysis constitutes the mechanism with less 

hydrogen. Nonetheless, the resonance stabilization involving sulfur inside the thiophene ring 

impedes straightforward hydrogenolysis. This equilibration begets the primary HDS route 

where the ring saturates prior to desulfurization. Nonetheless, strong dehydrogenation to 

aromatize compels the hydrogenated product's equilibrium concentration to persist minimally. 

Due to thiophene's resonance stabilization, scission is likewise impeded, which elucidates why 

thiophene-bearing sulfur compounds predominantly generate coke during fluid catalytic 

cracking. Hydrocracking improves aromatic hydrogenation, which permits sulfur removal via 

cracking as well as hydrogenation. For improving distillate quality, achieving selective ring 

opening is the primary goal via hydrocracking heavy oil rather than increasing HDS. HDS is 

routinely employed for the enhancement of heavy oils. The efficacy of HDS is impeded by the 

attributes of viscous oils: 

(a) High metal content engenders catalyst deactivation as well as precipitate formation. 

(b) Coking as well as fouling stem from particular predispositions. Consequently, catalyst 

inactivation occurs. 

(c) Minute catalyst pores constrain approach toward molecular size. 

(d) HDS adsorption proves arduous because steric impedance impacts thiophene sulfur. 

4.2. Extractive desulfurization 

Extractive desulfurization skillfully eliminates organosulfur constituents from sulfur (6,7). 

Particular solvents will dissolve compounds, easing the process for removal. Within this process, 

liquid-liquid extraction requires that the two liquid phases remain immiscible. Elements for 

extractive desulfurization are represented in Figure 3. 

The raw material and the dissolving agent initially merge inside some blending reservoir easing 

assimilation of organosulfur constituents into the dissolving agent with their great solubility. A 

separator divides the hydrocarbon and solvent phases thereafter. Subsequently, the refined 

hydrocarbon exhibiting diminished sulfur content undergoes additional treatment. The 

organosulfur compounds are segregated from the solvent during distillation allowing solvent 

reclamation. Following retrieval, it is returned into the mixing tank. 

 

 

Figure 3. General process of extractive desulfurization, using low-boiling solvent extraction as an example 
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This method presents several benefits, including its facile application, the lack of hydrogen, and 

the capacity for performance below near-ambient conditions (6). The feedstock remains 

chemically unaltered, it should be noted, also extraction is physical. Nevertheless, by utilizing 

this procedure, diverse impediments exist that warrant resolution: 

(a) Desulfurization via extraction exhibits natural efficacy when the organic sulfur constituents 

are soluble in the specified solvent. Thus, solvent selection must be performed with large care. 

Maximum desulfurization efficacy can be attained thus. An abundance of solvents like acetone, 

ethanol, and polyethylene glycols were scrutinized, with scrutiny revealing desulfurization rates 

from 50% to 90%, contingent on extraction cycles employed during the process. 

(b) Physically isolating the solvent and oil phases efficiently is vital if the separation process 

triumphs. Furthermore, the solvent needs diminished stable solubility within the oil. This keeps 

the process solvent from undergoing depletion. 

(c) Augmenting mixing along with extraction efficiency requires diminishing oil viscosity. 

Diminishing solvent viscosity remains important too. Nevertheless, heavy oil confronts obstacles 

herein, generally requiring its fractionation amid heightened temperatures to diminish viscosity. 

This constraint might require operators extracting under duress, which additionally confounds 

the procedure. 

(d) It is imperative that the solvent possesses a disparate boiling point from the sulfur 

compounds extracted from the oil. While an individual favors selecting a dispersant possessing 

an elevated boiling point compared to the sulfur constituents since the dispersant's magnitude is 

generally greater with respect to what they derive from the sulfur constituents, heavy oil 

procurement commonly mandates utilizing a dispersant exhibiting a diminished boiling point. 

The expenditures linked to solvent retrieval escalate markedly as a result. 

(e) The resultant solvent from extraction could possibly still contain particular constituents. 

These constituents had been isolated out of the oil yet still cannot undergo efficacious separation 

via distillation. As routine sanitation diminishes such accumulation, the density of those 

constituents steadily accrues throughout solvent reclamation. 

The utilization of less dense solvents in extractive desulfurization processes regarding viscous oil 

introduces predicaments concerning the fiscal efficacy of those processes, notably the peril of 

solvent depletion and dissolution inside the viscous oil's detailed framework. 

Sulfur compounds like S-compounds, (as shown in Figure 1) in products like gasoline and diesel 

fuel, act as contributors regarding sulfur oxides (SOX) emission throughout combustion. These 

discharges diminish combustion efficacy, neutralize three-way converters, and escalate releases 

regarding carbon monoxide (CO) and particulates. Thus, desulfurization of feedstocks is of 

paramount importance in the oil refining process. 

Hydrodesulfurization (HDS) is at this moment prevalently employed within industry. It mainly 

includes the interaction of S compounds within petroleum via hydrogen utilizing Co-Mo/Al2O3 

and Ni-Mo/Al2O3 catalysts. HDS faces predicaments, though, particularly since certain nations 

aim for sulfur thresholds in petroleum to possess zero sulfur content with elevated rigor. 

Originally, the European directive concerning transport fuels constrained sulfur content to 150 

ppm for gasoline and 350 ppm for diesel in 1998, then diminished it to 50 ppm within five years, 

and currently promotes levels below 10 ppm. The United States along with Japan have likewise 

levied taxes on transport fuels. Those fuels' sulfur concentration exceeds 10 ppm. 
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HDS is efficacious because it mainly eliminates aliphatic S-compounds like thiols, thioethers, and 

disulfides, along with thiophene (TS), benzothiophene (BT), dibenzothiophene (DBT), and their 

derivatives, given that steric hindrance arises during adsorption onto the catalyst surface. 

Achieving lower sulfur content levels through HDS requires more stringent conditions, 

including high temperatures (approximately 400°C), high pressures (approximately 20 MPa) and 

more active noble catalysts, and that results in increased costs and potential oil losses, especially 

in the form of alkenes. 

Scientists explored alternate avenues for confronting these matters. They employed extraction, 

oxidation, adsorption, and biodesulfurization. Extractive desulfurization (EDS) materializes as a 

feasible procedure among these methodologies since it is able to function under amenable and 

plain circumstances without modifying the fuel oils' compounds' chemical constitution. 

Furthermore, extracted sulfur compounds also can become feedstock that is recycled. 

For use in EDS, dimethylsulfoxide, pyrimidinone, imidazolidinone as well as polyalkylene 

glycol, like several molecular solvents, have been assessed. Nevertheless, the capricious 

disposition of such molecular dissolvents coupled alongside the constraint that appropriate 

extractors exist scantily has deterred individuals from wide-ranging EDS utilization throughout 

industrial functions. Solvent differs, extractants reconstitute with complexity, also these 

processes considerably impede EDS's commercial implementation. 

4.3. Ionic-liquid extraction method 

Ionic liquids, when employed for sulfur extraction from fuels such as diesel, represent a 

compelling substitute to organic solvents because they have the potential to yield ultra-clean 

diesel fuels (5,12). Numerous investigations have underscored the efficacy of imidazolium, 

pyridinium, or quinolinium-based ionic liquids. They have depicted as well their propitious 

extraction attributes for anions like alkyl sulfates, alkyl phosphates, or halogen-containing 

anions. 

Ideally, ionic liquids would pull sulfur out of fuel, barely touch the hydrocarbons, flow easily 

through pipes, and snap back into two clean layers when the job was done. Yet in the messy 

reality of working plants, they usually fall short of that laundry list. 

They look promising in lab tests that mix pure dibenzothiophene with decane, but when the feed 

comes straight from the distillation column, the gain shrinks fast. It turns out that ionic liquids 

behave like many other solvents: they excel on model fluids yet falter with the dirty, complex 

blends found in everyday refining. The problem grows heavier still when dealing with vacuum 

gas oils or other high-viscosity cuts. 

One way to nudge the system in the right direction is to first oxidize the sulfur compounds into 

sulfoxides and sulfones. These by-products grab onto the ionic liquid much more tightly, so the 

same volume of solvent strips a bigger slice of sulfur from the feed. 

Despite the tuning, the high boiling points of most ionic liquids still make life harder during 

solvent regeneration. Pulling off the solvent to recover the sulfur is trickier than with many 

organic extractants, and any energy penalty cuts straight into the plants bottom line. Several 

investigators have suggested different strategies to address the difficulties encountered in the use 

of ionic liquids for desulfurization. 
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(a) One option is to extract sulfur species directly by vacuum distillation. While distillation works 

well in principle, the very high boiling points of heavier organo-sulfur compounds-such as 

alkylated dibenzothiophenes, which exceed 340 C-mandate the use of vacuum technology. 

Consequently, this pathway is usually limited to light petroleum cuts, where compound 

volatility is more manageable. 

(b) An alternative method employs a low-boiling solvent to re-extract sulfur after the ionic liquid 

has been loaded. In this process, the ionic liquid is first withdrawn for recycling, then purified 

with the auxiliary solvent. A second distillation step subsequently separates the sulfur from the 

solvent used in the earlier extraction. 

(c) A third separation route simply adds water to the sulfur-rich ionic liquid. When sufficient 

water is introduced, the partition coefficient of many sulfur compounds drops close to zero. As a 

result, sulfur either dissolves with light hydrocarbons, forms a separate aqueous phase, or, in 

some formulations, precipitates out entirely. This approach works best when the sulfur species 

are fully oxidized, allowing them to form stable, herbicidal ions that interact with the melt. 

Before the ionic liquids can be recovered and reused, however, nearly all the water must be 

stripped from the mixture. Water removal by simple boiling uses far more energy than most 

practical processes can afford, so a four-stage evaporative scheme, operating at gradually lower 

pressures and higher temperatures, has been proposed to trim heat overhead. When 

implemented carefully, this multi-stage strategy can bring the thermal burden down to levels 

comparable to those seen in standard hydrodesulfurization. 

In short, extractive desulfurization with ionic melts inherits the same strengths that solvent 

extraction offers: high selectivity, mild temperatures, and compatibility with fuel hydrocarbons. 

Yet technical route is still held back by the steep raw-material costs and pronounced humidity-

sensitivity of some ionic melts, which box plants into specially sealed, expensive infrastructure 

and prevent large-scale adoption. 

To the authors knowledge, extractive desulfurization has never yet been tried on heavy fuels, a 

finding that matches expectations; many researchers have struggled even to treat straight-run 

distillate with the same chemistry. Consequently, ionic-liquid extraction cannot now be viewed 

as a practical option for cleaning heavy oil. 

4.4. Adsorptıve desulfurızatıon  

Adsorptive desulfurization relies on stationary solids that selectively snag organic sulfur species 

when a fuel passes through their bed (3,17). The overall success of any adsorptive method rests 

on the design of the sorbent. Key characteristics include its ability to distinguish organic sulfur 

from hydrocarbons, the maximum amount of sulfur it can hold, its mechanical stability over 

multiple cycles, and how easily it can be refreshed for further use.   

Two broad strategies exist within adsorptive desulfurization:   

(a) Physical adsorption relies on weak van der Waals forces, so the sulfur compounds remain 

chemically intact as they cling to the material. The energy penalty for regeneration in this case 

scales mostly with how much sulfur is loaded, yet because the bond is weak physisorption itself 

can be regarded as almost energy-neutral.   

(b) Reactive adsorption proceeds via a genuine chemical interaction, usually converting the 

incoming sulfurs to metal sulfides fixed on the sorbent surface. Cleaning the material can then be 
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done either by heating or by flushing it with a suitable solvent. Depending on contaminants and 

operating conditions, released species may appear as H2S, SOx, or pure elemental sulphur.   

Many candidate materials, from metal-organic frameworks to tailored zeolites, have gone 

through testing to gauge their promise in real-life desulfurization. 

Extensive research has assessed the use of solid adsorbents such as activated carbon, zeolites, 

amorphous silica-alumina, and metal-organic frameworks (MOFs) for removing sulfur from 

model oils, fluid-catalytic-cracking (FCC) feed, coker naphtha, and distillate streams. Laboratory 

and pilot tests show that these materials can reach regulatory sulfur targets under relatively mild 

conditions, yet even the best candidate still falls short when scaled up to full refinery operations. 

Heavy feeds remain a particular challenge, because bulky sulfur species struggle to navigate 

narrow pore mouths and steric crowding further limits uptake. As a result, the accessibility 

limitations that plague catalytic hydrodesulfurization (HDS) are echoed in adsorptive 

desulfurization, since both techniques depend on molecules physisorbing or chemisorbing to a 

solid interface. 

4.5. Oxidative desulfurization (ODS) 

Oxidative desulfurization (ODS) graphically denotes a sequence where an external oxidant 

reacts with sulfur compounds, thereby making them easier to extract from liquid fuels. The 

method is frequently presented as a single unified route, yet it actually contains two separate, 

sequential operations that must occur for successful desulfurization. Oxidative desulfurization 

(ODS) begins with the oxidation of sulfur species, transforming their chemical profiles. Once 

oxidized, these species can be selectively separated from unoxidized compounds during a 

downstream removal stage that exploits the new redox properties (5-8,12). 

A series of recent reviews has compiled advances in ODS, revealing sustained scholarly and 

practical interest evidenced by a growing publication record. 

In industrial practice, ODS is routinely applied to convert low-volatility thiols into more easily 

handled disulfides. 

2R-SH + ½ O2 =R-S-S-R +H2O (1) 

Conversion occurs in weakly alkaline solution, where hydroxide enhances thiol oxidation 

kinetics. A moderate NaOH concentration, often supplied as aqueous caustic soda for cost-

efficiency, is paired with air as the oxidant. A soluble metal catalyst further accelerates the 

process, which discriminates strongly between thiols and other sulfur moieties. Heavy-oil 

fractions typically contain only trace thiols and therefore require no secondary desulfurization 

step (Table 1). 

In oxidative desulfurization, or ODS, the process converts sulfur in sulfide and thiophene bonds 

into sulfoxides (1) and sulfones (3) through mild oxidation (9,10). 

R-S-R’ + ½ O2 = R-(SO)-R’  (2) 

R-S-R’ + O2 = R-(SO2)-R’  (3) 
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Table 3.  Dependence of the breaking energy of C-S bonds in sulfur-containing compounds on classification 

Compound classificationsa Breaking energy of C-S bonds (kJ/mol) 

Unoxidized sulfur  

CH3S-CH3 320 

PhS-CH3 290 

Oxidized sulfur  

CH3(SO)-CH3 230 

CH3(SO2)-CH3 280 

Ph(SO2)-CH3 240 

Ph(SO2)-Ph 290 
  aPh =Phenyl group, -C6H5 

Oxidation transforms sulfur-containing species into sulfoxides and sulfones, and these products 

display two features that support desulfurization. First, the added polar bonds raise overall 

polarity, which improves selectivity during solvent extraction (18-23). While the redox route 

does not solve solvent evaporation or the energy burden of recycling, it sharpens the extraction 

window. Second, oxidation weakens the C-S bond, as summarized in Table 3 (10). Weaker bonds 

allow the oxidized fragments to be removed much more easily via thermal decomposition. 

Patent records on oxidative desulfurization (ODS) reveal schemes aimed specifically at 

upgrading heavy oils, and these schemes vary in their oxidants and reaction conditions. 

(a) One popular route relies on acidic oxidation with hydrogen peroxide activated by short-chain 

carboxylic acids such as formic or acetic acid. Under such conditions oxidation proceeds gently 

at approximately 50 °C for roughly 6 hours. Subsequent thermal treatment at 350–450 °C cleaves 

the now-fragile C–S linkages while limiting unwanted breakdown of the hydrocarbon matrix. 

(b) Sulfur removal begins with oxidation using an air stream at 80-180 °C. The reaction may be 

sped up by a non-acidic catalyst, typically a Group 5A metal such as vanadium and Group 8 

metals such as nickel, palladium, or platinum. Following this step, an elevated heat-treatment at 

200-400 °C, preferably near 300 °C, is applied to convert the sulfur mainly to SO2. Finally, the 

material undergoes catalytic hydrodesulfurization. 

(c) In a second method, the sample is immersed in an acidic aqueous solution and treated with 

an oxidant until sulfur species become sulfate. The C-S linkages are then cleaved by molten 

alkali-metal hydroxide, yielding water-soluble polysulfides. These soluble species are easily 

washed away from the hydrocarbon phase, leaving cleaner organic material. 

(d) The sulfur-bearing compounds are oxidized with an external oxidant, typically a hydrogen 

peroxide solution. The resulting oxidized materials are subsequently extracted with a light 

paraffinic solvent, which preferentially dissolves the lower-sulfur fraction. This final extraction 

resembles the classical asphaltene-depletion procedure: when the solvent is gently evaporated, 

the remaining asphaltenes trap most of the higher-sulfur oxidized species within their structure. 

(e) Oxidation of sulfur compounds can be effected with an oxidant such as hydrogen peroxide 

when the system is buffered by an acidic medium, typically acetic acid, and accelerated by a 

titanium-containing catalyst. Although optimal yields are reported at approximately 50 °C, the 

method remains practical over a broader window of 20 to 90 °C. Testing has been performed 

with model sulfur and nitrogen species as well as with selected cuts drawn from crude oil. 

Isolation of solvent and target products is then accomplished through standard distillation and 

solvent-extraction steps. 
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4.6. Biodesulfurization 

Biodesulfurization proceeds at mild temperature and pressure, exploiting the metabolic 

pathways of specially chosen microbes that can utilize organosulfur substrates as growth factors. 

With carefully curated microbial consortia, scientists have demonstrated the direct treatment of 

crude oil without prior fractionation. 

Relative to conventional processes, BDS holds promise for lower capital and operating 

expenditures. Documentation indicates that BDS lines can demand roughly half the initial 

investment and generate 15% lower ongoing costs when compared to hydrodesulfurization 

(HDS) units of equivalent capacity. 

Recent improvements in reactor design have extended microbial longevity in biodesulfurization-

processes from the former 1-2 days to a more viable 8-16 days, or roughly 200-400 hours. Better 

mass transport has eased resis-tance to flow, permitted higher volumetric rates, and 

consequently boosted overall process efficiency.   Such enhancements mean that conversions can 

now take place in much smaller reactors, saving space and resources. On the downside, 

concentrating and separating these more persistent microorganisms has proven difficult, 

obliging operators to invest in extra equipment for oil-water-emulsion treatment.  Even with 

these  advances, commercial biodesulfurization of crude oil remains elusive, chiefly because of 

logistics related to disinfect-ing, moving, storing, and introducing live cultures in field or refinery 

settings. 

5. RESULTS 

A variety of strategies has been proposed to desulfurize heavy-oil fractions, including 

hydrodesulfurization, extrac-tive desulfurization, oxidative desulfurization, and 

biodesulfurization (3,5,12). Yet, despite the large number of options recorded in the literature, 

only a handful prove genuinely workable for treating the high-sulfur content usually present in 

heavy oil.  These difficulties stem from intrinsic characteristics of heavy crude, particularly 

plentiful sulfur content, high viscosity, elevated boiling range, and the refractory stability of most 

sulfur species (18-23). 

After surveying recent studies and considering practical options for treating heavy oil, several 

noteworthy points become apparent: 

(a) Approaches using solid phases-catalysts or adsorbents-tend to underperform because heavy 

oil is dense, dirty, and features large, tangled molecules. 

(b) Separation routes such as selective extraction or high-temperature distillation struggle with 

heavy oil's steep viscosity profile and elevated boil-up, even when sulfur compounds are 

prereduced by alkylation, oxidation, or chlorinolysis. 

(c) Although biodesulfurization seems appealing, immutable sulfur bonds, extreme fluidity, and 

a heterogeneous feed still challenge microbial systems, underscoring the need for transport-

tailored organisms with narrow sulfur selectivity. 

(d) Finally, selective in-liquid methods that rely on stoichiometric reagents have yet to prove 

commercially viable for removing sulfur from heavy grades on a meaningful scale. Because 

heavy oils contain large amounts of sulfur, methods that depend on costly or hard-to-get 

reagents—most often hydrogen—tend to be uneconomic. As a result, techniques like alkylation, 
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chlorinolysis, and several oxidation-based routes are excluded from serious consideration for 

their desulfurization (13-16). 
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The crystal structures of a new tin complex with nitrosalisilic acid were synthesized and 

studied. Single crystals were obtained by X-ray diffraction analysis. Crystallochemical data 

were obtained on an Entrat=Nonius CAD automated diffractometer, the molecular and 

crystal structures were deciphered using several programs. It was found that in the crystal 

structure of the title compound [Sn(C7H4NO5)2·H2O], the coordination sphere around the 

Sn atom consises of four O atoms from two chelating carboxylate groups, one water O atom 

and two additional O atoms belonging to a carboxyl and a hydroxyi group of neibouring 

molecules. So, the coordination number of Sn complements to 7.  The Sn – O distances are 

in the range 2,419 – 3,084 Å, the shortest distance being to a water O atom. Two 

inframolecular and two intermolecular hydrogen bonds are also observed in the polymeric 

structure. A new complex compound of cobalt  with 5-nitro, 2-asetamido benzoic acid with 

the following composition C28H28CoN6O12 was synthesized. Single crystals of the new 

complex were obtained using an automatic diffractometr Bruker APEX CCD and 

crystallochemical parametrs were obtained. Crystal structures have been deciphered using 

special programs.  Two pyridine molecules are coordinated by the cobalt (II) atom via donor 

nitrogen atoms in an axial position. With the help of donor oxygen atoms, two water 

molecules are coordinated to the central cobalt atom and complement its coordination 

number to four. The distance of cobalt (II) atom and the oxygen of the carboxyl groups is Co 

(1) – O (1) = 2,157Å, Co – N = 2,301Å, Co – H2O=2,181Å.  

Keywords: 

tin complex with benzoic acid 

derivatives, coordination number 

is seven, boned oxygen atoms of 

carboxyl group coordinated by 

chelating type. Cobalt complex of 

5-nitro, 2- asetamidobenzoic acid, 

monodentate coordination, 

coordination number is four. 
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INTRODUCTION  

The presence of hydrophilic groups: OH, NH2, COOH, NO2 leads to the formation of complexes 

of trace elements as well as the heavy metal ions and chelate-structured complex compounds [ 6, 

7,8].  

In our early research work Ag (1) [9], Zn (II), Co (II) [10,11] metal complexes of p-nitrosalicylic 

acid which was used as ligands, were synthesized by us and their molecular structures were 

studied. As a continuation of the research work, single crystals of the complex compound with 
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the Sn(II) cation were synthesized and the molecular and crystal structures were studied by X-

ray structural analysis. 

In this research work another nitro derivative of benzoic acid, with Co (II) cation was 

synthesized and its molecular and crystal structures were studied.  

The substituents in the ortho position in both ligands (2-OH and 2-CH3CONH) create an “ortho 

effect”, that mobilizes the hydrogen cation of the carboxyl group and ensures easy substitution 

with metals.  

Early we have synthesized the complex compounds of 5-nitro, 2-acetamido benzoic acid with Ni 

(II), Cu (II), Mn (II), Cd (II) metals and studied their molecular and crystal structures [13, 14].  

As a continuation of the research work, the complex compound of this ligand with Co (II) cation 

was synthesized and single crystals of its pyridine adduct were obtained and their molecular and 

crystal structures were studied. 

Experimental 

Synthesis of bis-nitrosalicylate Sn (II) –hydrate –Sn(C7H4NO5)2·H2O (complex 1): 2.05 g (10 

mmol) Na 2-nitrosalicylate salt is dissolved in 50 ml of distilled water, heated to 50 –  

-60 0C. An aqueous solution of 1.4985 g (5 mmol) Sn(NO3)2 salt is added to the solution and 

stirred for 20 minutes at 80 0C on a magnetic stirrer. The boiling solution is filtered through filter 

paper and stored in the dark at room temperature. After a few days, prizmatic crystals 

precipitate. 

Synthesis of the adduct complex compound bis-(5-nitro, 2-acetamidobenzoato) – di-(pyridine) 

Co (II) – dihydrate (complex 2):  the sodium salt of the ligand, which is well soluble in water, is 

obtained according to the following reaction. 

OHCOCOONaHCCHNOCHNONaHCOCOOHHCCHNOCHNO 22363233632 55   

The obtained Na salt 2.41 (10 mmol) is dissolved in 50 ml of distilled water, 1.095 g (5 mmol) of 

CoCI2 · 4H2O and 10 mmol of pyridine are added to it and mixed with a magnetic stirrer at 80 

0C for 20 minutes. The solution is filtered and stored in the dark at room temperature. After a 

few days, transparent crystals precipitate.  

The crystals of both complexes are washed in water, ethyl alcohol and dried in a desiccator over 

anhydrous CaCI2. The yield of the reactions is 78% for complex 1 and 81.65% for complex 2.  

The obtained single crystals are selected under a microscope, and high-quality single crystals are 

sent to the Bruker APEX CCD automated diffractometer operating at Samsun University, 

Republic of Turkey, for X-ray structure analysis. Based on the collected crystallographic data, 

molecular and crystal structures are revealed with the help of special programs [14,15,16]. The 

crystallographic parameters of complex compounds are as follows. 

For complex 1. Formula: Sn(C7H4NO5)2·H2O, molecular weight: 581,43, Singoni Triclinic: space 

groupe P-1,  parametrs a=4,879Å, b=12,155Å, c=14,734Å, α=68,6340, β=86,4820, γ=78,7700, 

V=796,680, Ƶ=2, d=2,457 mq m-3.  

Data collection Enraf-Nonius CAD diffraktometr, measured reflex, 3610, independent reflex 

2822, MoKα – 0,71073Å, θ=9,92 – 18,120, crystal size: 0,35x0,20x0,10 mm, temperature -295K, 

R=0,027.  
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For complexs 2: Empirical formula - 1262828 OCoNHC , molecular weight– 695,42, temperature at 

the time of measurement – 100(2)K, wavelengt - 71073,00 KM , Singoni monoklinik - space 

group nP 12 , parameters – a=10,485Å, b=19,675Å, c=8,214Å, angles 
090  , 

0456,103 , 

𝑉 = 1512,5 𝐴
   0

3
, ,2 3543,1 smq , monocrystaline dimensions: 0,28x0,19x0,21 mm3, the 

number of all reflexes – 18589, the number of independent reflexes – 4698, Rfactor=0,032.  

Materials and measurements 

Sn(NO3)2·4H2O and CoSO4·6H2O was commerical product highest chemical grade (Aldrich). 

Solvents were purified according to standart procedures. IR spectra were recorded with a 

Perckin – Elmer 100 FT – IR spectrometer as KBr discs, in the range of   4000 – 400 cm-1. Thermal 

analysis was perfomed by NETZSCH STA – 409 PC/PG derivatograph. The DTA, TG and DTG 

curves were taken in a static air atmosphere at an increasing heating rate of 100C/min from 20 to 

8000C by using platinium Crucibles. 

IR spectral investigation of complexes (1) and (2) 

The IR – spectra of complexes (1) showed new absorption bonds in the specific regions related to 

the bond asymmetric   11635   smCOOS  and symetric   11 0145   smCOOS . The 

difference between the asymmetric  as  and symmetric  sim  carboxylate vibrations 

   COOCOO Sas    is often employed for the determination of models of coordination 

group (17-19) (Fig.1).  

 

Figure 1.  IR spectra of complex 2 

The value of 
1185  sm  is less than 

1200 sm  in the complex (1) and indicated that the 

carboxylate groups participate at chelate type and bidantate-bridge manner, which is supported 

by the molecular structure Sn (II). ,1225 1 smCPh  ,1365 1

2

 smNOPh  

  ,6451 1 smOSn  .825 1

2

 smOHSn  

 The IR-spectra of complexes (2) showed that bond of asymmetric -   11663   smCOOS  and 

symmetric   .1453 1  smCOOS The value of 
1210  sm  is more than 

1200 sm , 

indicates that the carboxylate groups participate in a monodentate manner. Which is supported 

by the molecular structure Co(II). 
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Figure 2. Termogravimetry of complex 2 

Thermal analysis data for (1) showed that in both complexes thermic analyses proceeds   in four 

stages.  

 In the first stage 148,8 to 2050C mass loss for complex (1) equals 3,09%, for complex (2)- 24,02% 

(Fig. 2).  

In the second stage at 220-3500C, after the relase coordinated moleculs of water and pyridine, 

dimeric moleculas are formed that are stable. In the third stage 350-4350C to the complexes the 

decomposition of carbon hydrate residues. In the fourth stage metal carbonates are formed 

(6800C), that decomposes to metal oxides (7500C).  

Discussion of the crystal structures of complex 1 and 2.  

Selected bond distances and 






 0

Ad and angles  0  for complex 1 have been shown in table 1.  

 

Table 1. Selected bond distances (Å) and angles (o) for (1). 

Distanses d, Å Distans d, Å 

Sn – O (1) 2,452 (4) Sn – O (11) 2,416 (4) 

Sn – O (2) 2,691 (3) O (1) – C (7) 1,269 (3) 

Sn – O (5) 3,084 (4) O (7) – C (7) 1,235 (4) 

Sn – O (6) 2,428 (5) O (6) – C (14) 1,284 (7) 

Sn – O (7) 2,727 (4) O (7) – C (14) 1,245 (8) 

Sn – O (8) 2,872 (4) C (II) – NO2 1,436 (7) 

O (1) – Sn – O (1) 50,1 O (2) – Sn – O (5) 60,7 

O (1) – Sn – O (6) 89,1 O (11) – Sn – O (5) 94,5 

O (1) – Sn – O (7) 75,9 O (6) – Sn – O (7) 81,3 

O (1) – Sn – O (11) 74,2 O (11) – Sn – O (7) 121,2 

O (2) – Sn – O (6) 133,9 Sn – O (1) – O (7) 99,2 

O (2) – Sn – O (7) 120,9 Sn – O (6) – O (14) 98,5 

O (2) – Sn – O (1) 74,6 O (1) – C (7) – O (2) 121,7 
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Figure 3. Molecular structure of Sn(C7H4NO5)2·H2O [complex 1] 

Is can be seen brow Fig. 4 the coordination of the Sn (II) atom involves three primary bonds:  

carboxyl O (1) – 2,452Å, carboxyl O (6) – 2,428Å, and aqua O (11) atoms – 2,419Å, while 

secondary interaction with carboxyl O (2) – 2,691Å and O (7) – 2,727Å on the same molecular  

complex the chelate rings (Fig. 1). Two additional weaker intermolecular contacts with carboxyl 

O (71) – 2,691Å and hydroxyl  O (51) – 3,084Å. All other O atoms are more than 3,35Å from the tin 

atom. The seven-coordinate geometry is highly irregular and leaves a substantial empty region 

on one side of the Sn atom, which can be attributed to a sterochemically-active ion pair of 

electrons, typical for Sn(II) [18, 19].  

The two hydroxyl groups in the molecule, O (5) and O (10), are involved in inframolecular 

hydrogen bonds to the carboxyl O (2) and O (6) atoms, respectively. The water molecule is 

involved in two intermolecular hydrogen bonds to the carboxyl O (1) and hydroxy O (10) atoms.  

Selected bond distances 






 0

Ad  and angles  0  for complex 2 have  been shown in table 2.  

Table 2. Selected bond distances (Å) and angles (0) for complex (2) 

Distance 
0

, Ad  Distance 
0

, Ad  

   11 OCo   2,157    24 NO   1,227 

   11 OCo   2157    81 CN   1,357 

   OHOCo 21   1,181    31 CN   1,395 

   11 NCo   2,301    62 CN   1,463 

   11 OC   1,279    21 CC   1,515 

   21 OC   1,240    43 CC   1,401 

   38 OC   1,221    72 CC   1,386 
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   21 OCoO   180,00      524 ONO   123,81 

   OHOCoO 21   84,14      624 CNO   118,11 

   11 NCoO   91,39      212 OCO   125,10 

   131 NCoN   90,08      127 CCC   117,12 

     111 CoOC   133,86      267 NCC   119,28 

     318 CNC   129,21      265 NCC   119,62 

 

Figure 4. Molecular structure of Co (II) [complex 2] 

As can be seen fig. 4, the central atom Co(II) coordinated with the oxygens atoms of the carboxyl 

group at  monodentate bond.  

The bond between the central atom and the oxygen of the carboxyl group 

    ,157;211
0

AOCo  it is compatible other Co(II) complexes.  

The pyridin molecules enter in  the structure and form the adduct  which is  coordinated by the 

donor nitrogen atoms and the central cobalt atom is coordinated throught donor-acceptor type. 

The length of this  bond -    
0

301,211 ANCo   and corresponds to the other cobalt-nitrogen 

bonds  [10]. 

Two molecules of water from a donor oxygen atoms and a donor-acceptor bond with the cobalt 

atom, completing its coordination number to six. The length of this bond is 

   
0

2 181,11 AOHOCo   and similar to other aqua complexes of Cobalt [11].  

The phenyl carbon bond       
0

6543,132 ACC   is similar to other derivatives benzoic acid . 

The phenyl ring and substituents are located on a plane, which  is due to the ionic structure.  

The bond length between the carbons forming both the benzene and pyridine 

 C – C=1,385Å, the same as the bond length in other benzoic acid derivativers. 

The length of the C – NO2 bond is 1,436 Å, which is the same as in other nitrobenzoate 

complexes. Molecules are linked together by strong hydrogen bonds 𝑂 ⋯ 𝐻𝑂 = 2,89𝐴
  0

. 
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Conclusion 

It has  been synthesized and deciphered the  molecular structure of  new complex  bis-(p-

nitrosalysilato) Sn · H2O. It was established that the central Sn atom is coordinated by the oxygen 

atoms of the carboxyl group and the oxygen atom of the hydroxyl group. The water molecule in 

the complex, via a donor oxygen atom, coordinates  with  the central atom and  increases its 

coordination number to seven. The carboxyl oxygens form chelate bonds.  It  has been 

synthesized and deciphered molecular structure of new complex bis-(5-nitro, 2-

asetamidobenzoata)-di-(pyridine) cobalt(II)-dihydrate. It was established that the central cobalt 

atom is coordinated by the oxygen atoms of the carboxylic group by monodentate type.  Two 

molecules forming the adduct are coordinated by donor nitrogen atoms of pyridine to the central 

atom via a donor-acceptor bond. The water molecule in the complexes, via a donor oxygen atom, 

coordinates the central atom and  increases its coordination number to four.  
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During the exploitation of oil fields, the fertile topsoil layer has undergone significant 

degradation. As a result, mechanical disturbance of the soil surface and the loss of 

vegetation cover on productive lands are widely observed. These soils have been 

contaminated to varying degrees by oil-derived wastes. 

A portion of the oil mass remains on the soil surface, forming a persistent coating, while 

another fraction infiltrates the soil profile to different depths. Addressing the stress imposed 

on the soil–plant system of the Absheron Peninsula requires, first and foremost, the 

identification and assessment of technogenically induced disturbances, as well as the 

determination of the genetic characteristics and the physical, physicochemical, and sanitary–

hygienic parameters of these soils. 

The morphogenetic characteristics of oil-contaminated soils in the peninsula have been 

investigated at different times. Based on studies conducted in the territories of Binagadi, 

Sabunchu, Surakhani, and Azizbayov districts, a soil fertility model has been developed for 

heavily, moderately, and slightly contaminated soils. The proportion of oil-derived 

pollutants causing contamination constitutes 26.0–20.0% in heavily contaminated areas, 

18.0–16.4% in moderately contaminated areas, and 13.0–10.6% in slightly contaminated 

soils. 

The Absheron Peninsula is one of the most industrially developed and highly urbanized 

regions of the Republic of Azerbaijan. Over many years, waste generated from the oil 

industry and related sectors has led to critical levels of contamination in several areas of the 

peninsula. The remediation and restoration of contaminated soils and water bodies are 

among the urgent priorities for the Republic of Azerbaijan. These measures are essential for 

reducing risks to public health, supporting the sustainable development of Baku and its 

surrounding settlements, and reintegrating rehabilitated lands into the national economic 

circulation. 
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INTRODUCTION 

The Absheron Peninsula is an oil-producing region with a history of nearly 200 years. The 

former lack of advanced oil extraction technologies and the failure to comply even with the most 

basic requirements of environmental protection led to the formation of land areas contaminated 

with oil and petroleum products across the peninsula. 
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As is well known, out of the 200 thousand hectares comprising the Absheron Peninsula, 21.3 

thousand hectares are lands requiring recultivation, of which 10.1 thousand hectares are soils 

contaminated with oil and oil-polluted wastewater. 

In the Republic of Azerbaijan, the total area of oil-contaminated lands subject to recultivation is 

24,156 hectares. Of this, 13,805 hectares are located on the Absheron Peninsula (including 6,788 

hectares under the jurisdiction of Azneft), while 10,351 hectares are situated in other regions. 

According to SOCAR regions, the distribution is as follows: Khazar district – 302 ha, Sabail 

district – 526 ha, Garadagh district – 1,277 ha, Surakhani district – 533 ha, Sabunchu district – 410 

ha, and Binagadi district – 183 ha [2, 11]. 

The areas of the Absheron Peninsula located under formation waters (saline, oil-contaminated, 

and radioactive lakes) amount to 1,190 hectares. Approximately 6–8% of the peninsula’s territory 

is extremely (deeply) contaminated. 

The history of soil contamination by crude oil in the Absheron Peninsula is relatively long. 

Industrial-scale oil contamination of soils began in the late 19 th century (around 1870). During 

that period, oil was extracted from hand-dug wells in low-relief and gently elevated areas where 

oil-bearing layers were close to the surface (in locations such as Balakhani, Fatmai, Binagadi, and 

Sulutepe). Starting from the first quarter of the 20th century, the mechanical drilling of oil wells 

accelerated oil extraction, transportation, processing, as well as environmental pollution [3,7]. 

It should be noted that soil contamination in the Absheron Peninsula is patchy, affecting areas 

ranging from 2–3 ares to several hectares (5–10 hectares or more). Crude oil spilled onto soil 

negatively affects its morphology, as well as its water-related, physical, physicochemical, 

chemical, and biological properties. It destroys and alters vegetation cover, soil fauna, 

microorganisms, enzymes, and bacteria. The light fractions of oil infiltrate into deeper soil layers 

in soils with lighter granulometric composition, reach groundwater, and partially evaporate 

upon release. In contrast, the heavy fractions accumulate on the soil surface, blocking aeration 

[9,11]. As a result, the soil completely loses its fertility and ceases to function as soil. Therefore, 

there is a need to restore the aforementioned properties of oil-contaminated soils and, 

accordingly, to determine permissible limits of oil content in soils for agricultural crops. 

The Absheron Peninsula is the area most exposed to environmental pollution in the Republic. 

Approximately 75–85% of the country’s industrial potential and about one-third of its population 

are concentrated in this economic region. Up to 30% of the peninsula’s territory has been 

allocated for oil fields and has been contaminated by their waste, as well as by domestic, 

construction, wastewater, and technical discharges. Oil and gas extraction, transportation, and 

processing have led to pollution and degradation of the environment, particularly soils; gas 

emissions have caused atmospheric contamination with various harmful substances; and water 

bodies and groundwater have been polluted with petroleum products, radionuclides, and heavy 

metals [8,9]. These factors have resulted in the formation of anthropogenic landscapes across the 

peninsula. 

It should be particularly noted that in Azerbaijan, although reclamation measures are included in 

project estimates for the extraction of mineral resources, construction materials, and oil, in 

practice such measures have often not been implemented. Formation waters, sludges, and oil 

gushers discharged onto the soil surface lead to salinization and contamination [1,6]. 
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Contamination of the soil cover, especially groundwater, by formation waters can pose serious 

threats not only locally but also at the regional level [4, 13]. Based on the assessment of the 

ecological condition of the Absheron Peninsula, the following four levels of landscape 

disturbance are observed: 

 Satisfactory – the soil–vegetation cover is not disturbed;  

 Moderate – the soil cover is slightly disturbed;  

 Critical – the soil cover is destroyed and the landscape has changed;  

 Catastrophic – all elements of the landscape are altered and all internal landscape 

relationships are disrupted.  

There is a pressing need for conducting research on landscape restoration, as well as for the 

remediation of contaminated lakes, the recultivation of polluted soils, the leaching of saline soils, 

and the development of collector–drainage systems to lower groundwater levels. 

The territory of the Binagadi Oil and Gas Production Department belongs to an old oil-field 

zone. It is located in the northwestern part of Baku city, at a distance of 8–10 km from the city 

center. The Binagadi Oil and Gas Production Department operates in the Binagadi, Sulutepe, 

Chakhnaglar, Kirmaki Shabandag, Silyanshor, Mahammadli, and Masazir fields. It has been 

functioning as an oil production zone since 1896. A total area of 2,759 hectares of the Absheron 

Peninsula is included within the company’s production zone. 

The primary objective of this research is to study, first of all, the impact of oil contamination on 

the morphogenetic indicators of gray-brown soils in the Absheron Peninsula, depending on the 

degree of contamination, and subsequently to develop reclamation methods for these soils under 

agricultural crops, taking into account their granulometric composition. In this regard, the 

following tasks have been set: 

1) Investigation of the natural and oil-contaminated soil cover in the territories of the Binagadi 

and Sabunchu Oil and Gas Production Departments.  

2) Assessment of the impact of oil on the morphogenetic properties of soils, depending on the 

degree of contamination and whether it is recent or aged.  

3) Study of the effects of oil on the physical, chemical, and biological properties of soils.  

4) Investigation of heavy metals and radioactivity in background and oil-contaminated soils. 

Experimental Section 

The 2nd oil field of the Binagadi Oil and Gas Production Department under SOCAR is located at 

the intersection of roads leading from Binagadi settlement to Mehtiabad settlement, on the right 

side of the highway, toward Balakhani settlement. From the central part of the field, a deep 

(more than 2 m) open drainage channel carrying wastewater flows toward the Binagadi-

Boyukshor Lake. The central part of the field is a micro-depression. The soils in this depression 

are highly salinized and saline-alkalized due to both natural conditions and formation waters 

seeping from the oil wells, as well as to some extent from domestic wastewater [5,10]. These soils 

remain moist throughout the year and are dark in color. During the summer, they dry out 

relatively. Since the surrounding terrain is relatively elevated, the groundwater level in this area 

(central part) is very close to the surface (1.0–0.60 m). 
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Our studies were carried out on relatively steep slopes. For comparison, four soil profiles were 

established: one in uncontaminated soil (Profile N1) and three at different depths in oil-

contaminated soils. These profiles were described in detail, and soil and groundwater samples 

were analyzed for total water extraction, granulometric composition, bulk density, exchangeable 

bases, pH in water suspension, carbonate content, humus, nutrient elements (NPK), heavy 

metals, absorption of radiation, and radioactive elements. The descriptions of these soils are 

presented below. 

Profile No. 1. Established on a south-facing slope in the oil field area in uncontaminated gray-

brown soil. Vegetation includes ephemeral plants, camel thorn, grassland species, sage, clover, 

etc.  

AUVCa – Depth 0–10 cm; granulometric composition: light loamy; color: light gray-brown; 

structureless granular; consistency: soft; roots and rootlets present; moisture: dry; boundary 

clear; reaction in 10% HCl: vigorous effervescence. 

AUVCa – Depth 10–35 cm; medium loamy; color: light gray-brown; structure: fine cloddy; 

consistency: firm; roots, rootlets, and new growth (small fishbone-like roots) present; moisture: 

dry; boundary clear; reaction in 10% HCl: vigorous. 

BCa – Depth 35–67 cm; loamy; color: light gray-brown; fine cloddy; consistency: firm; roots, 

rootlets, white nodules (salt, gypsum) present; slightly moist; boundary gradual; reaction in 10% 

HCl: vigorous. 

B/CCa – Depth 67–100 cm; loamy; color: light gray-brown; structure: fine cloddy; consistency: 

firm; very few weak roots and rootlets; numerous white nodules; compact, moist; boundary 

gradual; reaction in 10% HCl: vigorous. 

C1 – Depth 100–124 cm; light loamy; color: light gray-brown; structureless; consistency: firm; 

sparse weak rootlets; dry; boundary gradual; reaction in 10% HCl: vigorous. 

C2 – Depth 124–165 cm; light loamy; color: light gray; structureless; consistency: firm; very weak 

sparse rootlets; slightly moist; boundary gradual; reaction in 10% HCl: vigorous. 

C3 – Depth 165–200 cm; light loamy; color: light gray; structureless; consistency: firm; slightly 

moist; boundary gradual; reaction in 10% HCl: moderate. 

Profile No. 2 – Located 100 m to the southeast of Profile No. 1 along the right side of the 

Binagadi-Balakhani highway. Microrelief is smooth, south-facing slope; soil: gray-brown; 

granulometric composition: upper loamy; parent material: loess, fishbone gravel, small stones, 

sand, various marine sediments; vegetation: ephemeral plants, camel thorn, grass, clover, sage; 

groundwater: absent; waterlogging: absent; erosion: absent; reaction in 10% HCl: vigorous. 

X – Depth 0–25 cm; hardened oil residue (bitumen); color: black; structureless layer; consistency: 

firm; moisture: absent; boundary sharp; reaction in 10% HCl: none (due to oil effect). 

B – Depth 25–64 cm; loamy; color: light-dark gray (oil sediment observed); structure: cloddy; 

consistency: firm; slightly moist; boundary gradual; roots/rootlets absent; new formation: oil 

deposit; reaction in 10% HCl: none. 

C1 – Depth 64–100 cm; medium loamy; color: light gray-brown; structureless; consistency: firm; 

new formations absent; white nodules present; moisture: moist; boundary clear; reaction in 10% 

HCl: vigorous. 
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C2 – Depth 100–150 cm; granulometric composition: sandy; color: light gray; structureless; loose; 

new formations absent; rootlets absent; slightly moist; boundary gradual; reaction in 10% HCl: 

moderate. 

C3 – Depth 150–200 cm; sandy; color: light gray; structureless; loose; new formations absent; 

slightly moist; reaction in 10% HCl: none. 

Profile No. 3 – Located within the territory of the 2nd oil field of the Binagadi Oil and Gas 

Production Department, 80–100 m east of the highway, on a smooth micro-depression to the 

right of the drainage channel flowing toward Boyukshor Lake, near an oil well, on clayey, sandy, 

oil-contaminated, relatively shallow-hardened ground. 

X – Depth 0–60 cm; thick layer; color: black; clayey, sandy; relatively firm; oil residues present; 

lower part soft; boundary clear; reaction in 10% HCl: none. 

X/B – Depth 60–70 cm; sandy; color: dark ash; structureless; loose; new formation: oil-infiltrated; 

moisture: moist; boundary clear; reaction in 10% HCl: none. 

B – Depth 70–100 cm; medium sandy; color: dark ash; structureless, layered; consistency: firm-

loose; new formation: oil deposited; boundary gradual; reaction in 10% HCl: none. 

C – Depth 100–200 cm; granulometric composition: sandy; color: light ash; structureless; 

consistency: loose; new formation: light fraction of oil filtered through; reaction in 10% HCl: 

none; groundwater accumulation observed. On the following morning, the oil-contaminated 

water level was one meter below the surface. 

 
Table 1.  Some Physicochemical Characteristics of Oil-Contaminated Gray-Brown Soils in the                                        

Territory of the Binagadi Oil and Gas Production Department 

Profile 

No. 

Depth (cm) Hygroscop

ic 

Moisture, 

% 

Bulk 

Densit

y, 

g/cm³ 

Humu

s, % 

Total 

Nitroge

n, 

mg/kg 

Phosphor

us, mg/kg 

Potassium, 

mg/kg 

pH 

(water 

suspen

sion) 

CaCO

₃, % 

1 0–10 4.021 1.34 3.02 12.07 21.11 126.52 7.69 5.75 

 10–35 4.019 1.56 2.38 6.04 17.78 117.47 8.25 4.61 

 35–67 5.066 1.63 0.52 9.48 18.89 84.35 8.94 8.63 

 67–100 3.947 1.66 0.41 5.17 32.50 78.32 9.05 7.90 

 100–124 4.165 1.72 – – – – 9.00 10.06 

 124–165 5.905 1.73 – – – – 8.59 11.49 

 165–200 3.643 1.64 – – – – 8.68 12.95 

 0–25 Oil-

contaminat

ed 

1.77 – – – – – – – 

2 25–64 3.786 1.75 7.71 6.90 26.67 24.10 8.12 – 

 64–100 4.632 1.48 0.90 5.17 27.78 102.42 8.23 0.72 

 100–150 2.179 1.44 – – – – 8.10 2.88 

 150–200 – 1.49 – – – – 8.04 1.43 

 0–40 Oil-

contaminat

ed 

1.80 – – – – – – – 

3 40–59 2.296 1.73 2.38 6.04 32.50 90.37 8.20 0.43 

 59–80 3.081 1.70 0.77 12.07 24.44 108.45 8.44 0.27 

 80–103 3.474 1.72 – – – – 8.73 4.89 

 103–130 1.638 1.63 – – – – 8.90 8.63 
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 0–60 Oil-

contaminat

ed 

1.70 – – – – – – – 

4 60–70 0.902 1.65 2.15 – – – 9.61 3.60 

 70–100 2.451 1.62 0.96 – – – 9.74 4.74 

 100–200 1.439 1.61 – – – – 9.91 2.87 

Binaga

di 

Loamy 

Experiment

al soil 

1.763 1.40 1.74 9.48 35.00 12.05 7.52 4.75 

 

 

Table 2.  Results of Heavy Metals in Oil-Contaminated Gray-Brown Soils in the Territory of the                                       

Binagadi Oil and Gas Production Department, 
%

𝑚𝑔/𝑘𝑔
 

Profile No. Depth, cm Cu Pb Zn V Sr Ba 

1 
Background 0–10 

12

0012,0
 

0,0008

8
 

0,0094

94
 

0,0126

126
 

0,160

1600
 

0,0024

24
 

3 
0–40 Bitumen 40–

59 

0,0017

17
 

0,0021

21
 

0,0084

84
 

0,0117

117
 

0,084

840
 

0,0054

54
 

4 
0–60 Bitumen 0,0024

24
 

0,0011

11
 

0,0118

118
 

0,0096

96
 

0,192

1920
 

0,0086

86
 

 60–70 0,0011

11
 

0,0016

16
 

0,0112

112
 

0,0142

142
 

0,096

960
 

0,0042

42
 

Clark values  

(mg/kg) 

 20 mg/kg 10 

mg/kg 

50 

mg/kg 

100 

mg/kg 

300 

mg/kg 

500 

mg/kg. 

 

The operational area of the Balakhani Oil and Gas Production Department (OGPD) encompasses 

the mining zones of oil and gas fields around the settlements of Balakhani, Zabrat, Sabunchu, 

and Ramana. Throughout the entire operational period of the Balakhani OGPD, primary 

attention was focused on oil extraction; as a result, reclamation measures were not implemented 

during the drilling of oil wells. Consequently, the ecological balance of the area was completely 

disrupted due to the discharge of formation waters into the territory and contamination of the 

soil with crude oil. The OGPD occupies an area of 1,510.9 hectares. The volume of formation 

water produced daily exceeds the oil production by 2.5 times. As a result, “Ramanagolu” Lake 

(with an area of 110 ha) has formed in the area. This lake was created from formation waters and 

the accumulation of rain and domestic waters in a micro-depression. It is oil-contaminated, 

saline, and radioactive. 

The fifth oil field investigated in this study is located in the northern and northwestern parts of 

the Balakhani settlement. Topographically, it is slightly inclined to the west and east, i.e., it is 

situated on a gentle slope. The eastern end of the area connects to the Zabrat main road, and as a 

result of the discharge of formation waters along the slope, the groundwater (oil-contaminated) 

level is observed at approximately 1 meter. 

Soil contamination with oil exerts irreversible effects on its morphological, physical, chemical, 

biological properties, and fertility. The direct impact of crude oil on soil morphology is evident in 

the genetic horizons of the soil profiles established in the oil-contaminated soils of Balakhani. 

Contamination of soils with oil and its products can induce significant changes in soil 

composition, properties, and structure. Oil contamination affects soil morphology, causing 

changes in the color of natural genetic horizons throughout the profile—from gray and dark 

shades to light brown—and also leads to deterioration of soil structure. Ultimately, this results in 
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the formation of a soil type modified by technogenic impact, derived from the original zonal soils 

[2,12].The lack of oxygen in the soil is caused by liquid oil compressing the air and covering the 

surface with a bituminized layer, which also prevents water infiltration and causes soil particles 

to adhere to each other. As a result, anaerobic conditions develop, the oxidation–reduction 

potential slows down, and soil alkalinity increases. Oil forms a coating around soil particles, 

which prevents water penetration and reduces moisture retention. The amounts of hygroscopic 

moisture, water infiltration, water-holding capacity, and evaporation from the upper soil layer 

decrease. During oil contamination, the humus content in the soil increases, but its quality 

changes: humic and fulvic acids decrease, and hydrolyzed residues increase Table 1 and 3. The 

soil’s absorption capacity decreases because the oil film envelops the soil particles [14]. 

In addition to the strong effect of oil on the soil, saline oil formation waters cause chlorinated-

sodium salinization and sodification. As a result, the soil horizon is completely altered. This type 

of contamination is even more hazardous than oil contamination alone [5,8]. 

Soil contamination with oil and its products significantly affects the number and composition of 

microorganisms. Bacteria that fix ammonia and nitrogen increase, whereas denitrifying bacteria, 

sulfate-fixing bacteria, mycromycetes, nitrifying bacteria, cellulose-degrading bacteria, and 

actinomycetes are completely altered. However, when the oil content in the soil is low—within 

permissible limits—all types of soil microorganisms remain active, positively influencing soil 

biota [2, 6, 13]. 

Profile No. 5. This profile was established on the northern side of Balakhani settlement, in the 

second section of Balakhani Oil Company No. 5, on a gently sloped smooth area contaminated 

with oil, along the roadside. 

X. Depth 0–116 cm: Bitumen-contaminated sandy-loam mixture, recent oil contamination, color 

black with intermediate sand layers. Structure – layered, surface dry, lower part loose, moist, 

soft, bituminous, sandy-loam, slightly moist, transition sharp, boiling test – none .  

X1. Depth 116–124 cm: Sandy, dark brown, structureless, dense, light fraction of oil, sandy, moist, 

clear transition, weak to moderate boiling.  

X/C. Depth 124–143 cm: Sand, sandy, whitish-gray, relatively dull, structureless, rust-colored 

spots, slightly moist, clear transition, moderate to high boiling.  

CCa. Depth 143–200 cm: Sand, sandy, light brown, structureless, dense, rust spots, slightly moist, 

gradual transition, intense boiling.  

Profile No. 6. Uncontaminated clean soil (background). This profile was established in the 

northwestern part of Balakhani settlement, on undulating gentle terrain, 25–30 m from the 

roadside within the area of Oil Field No. 5, on a raw, relatively elevated site. The vegetation is 

ephemeral, including Qanqal, camel thorn, willow in garden areas, and fig, which are 

characteristic for the entire area. 

AУVCa. Depth 0–10 cm: Granulometric composition sandy, color light gray-brown, structureless, 

density loose, new formations – roots, rootlets, small stones, occasional snail shells, moisture 

very dry, transition gradual, boiling test intense.  

AУCa. Depth 10–17 cm: Sandy, light gray-brown, weakly topsoil-like, loose, roots and rootlets 

present, occasional snail shells, very small stones, moisture dry, transition gradual, boiling test 

moderate.  
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AУCa. Depth 17–48 cm: Granulometric composition sandy, light gray-brown, structureless, loose, 

smooth with occasional small stones, white snail shells, dry, occasional white rootlets, transition 

gradual, boiling test moderate.  

B/CCa. Depth 48–70 cm: Sand-sandy, light gray-brown, small black-bitumen lumps, dense, clay 

lumps, sparse thin rootlets, sparse white nodules, transition gradual, boiling test moderate.  

CCa. Depth 70–111 cm: Sand, whitish-gray to yellowish-brown, structureless, loose, weak rust 

spots, nodules present, dry, transition gradual, boiling test intense.  

Depth 111–200 cm: Sand, whitish-gray, structureless, loose, no new formations, dry, transition 

gradual, boiling test weak. 
 

Table 3.  Selected physico-chemical properties of oil-contaminated gray-brown soils in the Balakhani section of 

Sabunchu Oil-Gas Production Department (OGPD) 

Profile No. Depth 

(cm) 

Hygro

scopic 

moistu

re, % 

Bulk 

density, 

g/cm³ 

Humus, 

% 

Total 

nitro

gen, 

mg/k

g 

Phosphor

us, mg/kg 

Potassiu

m, 

mg/kg 

pH in 

water 

suspensi

on 

CaCO

₃, % 

5 0–116 Oil-

conta

minate

d 

– – – – – – – 

 116–124 1.006 1.63 – – – – 7.00 2.02 

 124–143 1.010 1.51 – – – – 9.60 1.59 

 143–200 1.014 1.48 – – – – 9.64 6.48 

6 

(background) 

0–10 1.010 1.32 2.17 6.04 24.44 24.10 8.00 9.05 

 10–17 1.010 1.41 2.09 5.17 15.56 24.10 8.07 4.59 

 17–48 1.017 1.49 0.85 4.31 15.56 24.10 7.95 6.48 

 48–70 1.013 1.43 0.72 – – – 7.90 5.75 

 70–111 1.012 1.41 Not 

determin

ed 

– – – 8.05 6.61 

 111–200 1.012 1.49 – – – – 8.05 2.16 

7 (old 

contamination

) 

0–10 1.015 1.32 5.82 6.90 17.78 72.30 7.48 6.32 

 10–40 1.031 1.30 4.96 7.76 12.22 219.31 9.39 1.60 

 40–85 1.0009 1.59 2.71 3.45 23.33 24.10 9.38 5.75 

 85–145 1.012 1.66 – – – – 9.69 7.48 

 145–210 1.012 1.63 – – – – 9.50 10.80 

8 0–52 – 1.71 Oil-

contamin

ated 

– – – – – 

 52–70 1.018 1.53 0.62 3.45 15.56 24.10 8.50 8.33 

 70–100 1.016 1.56 0.41 2.59 13.33 24.10 8.55 8.63 

 100–140 1.017 1.47 – – – – 8.56 8.47 

 140–200 1.025 1.48 – – – – 8.57 7.91 

Rataxani 

sandy clean 

soil 

0–25 1.018 1.03 46.56 17.78 48.20 7.73 4.75 – 
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Table 4. Heavy metal content in oil-contaminated soils in the Balakhani area of                                                                         

Sabunchu Oil-Gas Production Department (OGPD) 

Profile No. Depth (cm) Cu Pb Zn V Sr Ba 

5 0–116 Oil-contaminated 0,0018 

18 

0,0009 

9 

0,0136 

136 

0,0112 

112 

0,0136 

136 

0,0114 

114 

 116–124 0,026 

26 

0,0008 

8 

0,0174 

174 

0,0136 

136 

0,0112 

112 

0,0081 

81 

8 Lower contamination layer 0,0014 

14 

0,0019 

19 

0,0092 

92 

0,0120 

120 

0,078 

780 

0,0036 

36 

 Clarke values, mg/kg  

------ 
20 10 50 100 300 500 

 

In the northeastern part of the Absheron Peninsula (30 km east of Sumqayit city), the content of 

heavy metals in the topsoil is as follows: Ni – 75; Co – 26; Pb – 46; Mn – 3266; Cr – 127; Zn – 42; 

Cu – 49; Se – 36; Mo – 7.1; Ca – 4.2; V – 120; F – 31 mg/kg [9,11]. 

In the Sabunchu oil area, Balakhani section (near Zabrat settlement), the content of heavy metals 

in the oil-contaminated soils at a depth of 0–153 cm, from the upper layer downward, is as 

follows: Ti – 600–105; Cr – 420–160; Mn – 1200–1680–600; Ni – 3.2–3.0; Pb – 3.0–4.8–0.6; Cu – 3.4–

1.0; Zn – 16.0–4.5; Co – 4.0–2.6; Sr – 200–48 mg/kg. 

 

CONCLUSION 

1. Based on the conducted comparative-geographical studies, the morphogenetic 

characteristics of sandy and loamy gray-brown soils in the Absheron Peninsula, in their 

natural-raw and oil-contaminated variants, have been determined.  

2. The depth of soil contamination by oil, the physical and chemical properties of the soils, the 

composition of the oil, and the nutrient elements (NPK) have been studied; it was 

established that in contamination, the color of the morphogenetic layers’ changes (deeper in 

sandy soils), and the water, physical, and physicochemical properties deteriorate.  

3. The study shows that in soils contaminated with crude oil, the content of heavy metals and 

radioactive elements does not exceed the permissible limits compared to raw soil. At the 

same time, in natural gray-brown soils and in vegetation experiments with clover, 

accumulation of heavy metals and toxic elements is not observed. 
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Oil refining and petrochemical industries are considered to be one of the most strategic 

sectors of the modern economy, but also one of the main sources of environmental 

pollution. During the processing of raw materials and the production of various 

products in these enterprises, large volumes of harmful gases are released into the 

atmosphere. Problems related to the utilization and purification of oil refining gases are 

very relevant in modern times. In this regard, thermal and catalytic methods are the 

most widely used and promising technologies for the decomposition and neutralization 

of harmful gases emitted into the atmosphere. 

The article examines the methods of thermal and catalytic purification of gases resulting 

from technological processes in the oil refining and petrochemical industries. The 

ecological impacts of sulfur compounds, carbon oxides and nitrogen oxides contained in 

these gases are analyzed, and the main thermal and catalytic technologies used to 

minimize them are comparatively evaluated. The advantages and disadvantages of 

integrated purification schemes used in modern industrial practice are discussed. Based 

on the analysis, it was concluded that catalytic methods are relatively energy-efficient, 

while thermal methods are also a suitable technological solution for the purification of 

high-concentration gas streams. 

 

Keywords: gases; thermal; catalytic 

purification; Claus process; sulfur 

compounds 
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1. INTRODUCTION 

The oil refining and petrochemical industry is economically very important, but it is considered 

one of the industries that creates major problems from an ecological point of view. Gases of 

various compositions are formed in the primary and secondary oil refining processes, and their 

release into the atmosphere without purification leads to the emergence of ecological problems 

and imbalances [1]. The main polluting components of these gases are hydrogen sulfide, sulfur 

dioxide, carbon monoxide, carbon dioxide and nitrogen oxides. These substances accumulate in 

the atmosphere and thus lead to the formation of dangerous conditions for human health, the 

formation of acid rain, and climate change [2]. It is for this reason that the main priority in the 

entire world industry is currently the purification of gases to be released into the atmosphere and 

the creation of environmentally friendly processes. 



Sadagat Mustafayeva¹, Alakbar Hasanov² 

118 

The main purpose of the article is to analyze these methods in terms of scientific basis, 

application possibilities and efficiency. The object of the article is the process of refining sulfuric 

acid gases generated in the oil industry using a thermal gas burner, a Claus sulfur recovery unit, 

and a waste gas cleaning unit. The scheme of the experimental setup is given in Fig.1. 

2. EXPERIMENTAL PART 

Gas in oil refining processes are mainly generated in atmospheric-vacuum, catalytic cracking, 

hydrocracking and hydrotreating units. Their composition varies depending on the sulfur 

content of the feedstock and the process conditions [4]. H2S, which is formed in the processes, is 

the main hazardous substance. Sulfur oxides formed from its oxidation react with water vapor in 

the atmosphere and cause the formation of acid rain [5]. 

As a result of the Claus process, H2S is utilized in the form of harmless elemental sulfur [6]. 

The experimental part was carried out on the basis of modeling the operating mode of industrial 

facilities and technological analysis based on literature data. For calculations, a stationary 

operating mode and a constant raw material composition accepted in industrial practice were 

assumed. The main devices of the technological scheme adopted for the study are: 

1. Thermal gas incinerator-partial oxidation of H2S 

2. Claus catalytic reactors-catalytic recovery of sulfur 

3. Condensers-separation of the resulting sulfur in liquid form 

4. Waste gas cleaning unit-capture of SO2, COS, CS2 and H2S by reduction and absorption 

The parameters affecting the course of the process are temperature and pressure, H2S/O2 

stoichiometric ratio, type of catalyst, its activity, and the effectiveness of the reduction medium at 

the waste gas cleaning stage. If the necessary ratio between the parameters is maintained, along 

with high sulfur yield, less damage to the environment will be caused. 

In the thermal stage, the temperature is assumed to be in the range of 1000-1300 ℃. As a result of 

burning gases at 900–1200 °C, the effect of harmful components is reduced [7]. As in all chemical 

processes, the application of a catalyst in this process also creates conditions for reducing the 

operating temperature. In the catalytic stage, the temperature is assumed to be in the range of 

200-350 ℃. The operating pressure of the process is 0,1-0,25 MPa. The amount of H2S in 1m3 sour 

gas is 60-75%. The stoichiometric ratio of oxygen is assumed to be 1:3 mol O2:H2S. 

Thermal treatment methods are based on the oxidation of gases at high temperatures. These 

processes are usually carried out with thermal oxidizers or thermal reactors. The main advantage 

of these methods is that they do not require a catalyst and are suitable for the treatment of high-

concentration gas streams, but the lack of energy savings and the formation of nitrogen oxides 

limit their use [8]. Catalytic purification methods are based on the oxidation of gases at low 

temperatures in the presence of catalysts. 

The experimental study was conducted on the basis of modeling the processes of thermal and 

catalytic purification of petroleum refinery gases. The study was based on typical technological 

regimes adopted at industrial enterprises. In the model experiment, attention was paid to the 

processes of first thermal conversion of H2S and then sulfur recovery at the catalytic stage [3]. 
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Thermal stage: 

 

Catalytic stage: 

 

Side reactions:  

After the sulfur removal process, small amounts of H2S and SO2 remain in the residual gases. 

These gases are fed to the catalytic residual gas treatment process for further purification. The 

main reaction at this stage is:  

After that, the H2S is sent back to the Claus unit [9]. This stage allows to increase the total sulfur 

recovery efficiency to 99.9%. 

Catalytic treatment is usually carried out in the temperature range of 200-350 °C, which creates 

the basis for reducing energy consumption [10]. Platinum, palladium and vanadium-based 

catalysts provide very good oxidation of sour gases [6]. Although the advantages of catalytic 

methods are their high selectivity, energy saving and impact on improving environmental 

performance, the loss of catalyst activity and the possibility of poisoning should be taken into 

account when applying these methods [9]. Literature studies prove that thermal methods are 

more suitable for gases with high concentrations and variable composition. Catalytic methods 

are distinguished by their high conversion rate and energy efficiency at low temperatures [11]. 

The advantages of both methods lead to their application in a combined version, and their 

integrated use in the modern oil refining industry gives optimal results from an ecological and 

economic point of view [12]. 

According to the results of the modeling, the oxidation rate of H2S in the thermal reactor at a 

temperature range of 1100–1300 °C is 65–70%. At this stage, part of the hydrogen sulfide reacts 

with oxygen and turns into sulfur dioxide, while the rest forms the stoichiometric ratio required 

for the Claus reaction. Although the high temperature ensures the effective decomposition of 

H2S, at the same time, the formation of by-products such as COS and CS2 has been observed. 

Experiments show that increasing the temperature above 1300 °C in the thermal stage increases 

the intensity of side reactions, which creates the need for additional purification in subsequent 

stages. Therefore, the selection of the optimal temperature regime directly affects the efficiency of 

the process. In the catalytic stage, a decrease in temperature below normal weakens the kinetics 

of the Claus reaction, while high temperatures lead to sulfur re-evaporation and catalyst 

deactivation. This is considered undesirable in terms of process sustainability. 

(1) 

(2) 

(3) 

(4) 
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Fig. 1 Technological scheme of the plant 

The modeling results of the residual gas purification unit showed that the SO2, COS and CS2 

compounds present in the gases leaving the Claus unit are reduced with hydrogen and 

converted back to the H2S form. At this stage, the converted H2S is directed to the absorption 

system and returned to the process. 

According to the modeling results of the catalytic stage, the intensity of the Claus reaction has 

significantly increased with the participation of aluminum-oxide and titanium-oxide-based 

catalysts. As a result of the process carried out in the temperature range of 220–340 °C, an 

additional 25–30% sulfur recovery was ensured. 

In general, as a result of the joint action of the thermal and catalytic stages, the elemental sulfur 

recovery efficiency varied in the range of 92–96%. This indicator corresponds to the normative 

limits adopted for modern industrial Claus units. As a result of the application of the residual 

gas purification stage, the total sulfur recovery efficiency was increased to 99,8–99,9%. The 

amount of sulfur compounds in the gases released into the atmosphere was below 10 ppm, 

which fully complies with environmental standards. Without a residual gas cleaning stage, it is 

impossible for the Claus unit to meet modern environmental requirements. As a result of the 

research conducted in the article, it was determined that the treatment of petroleum refinery 

gases by thermal and catalytic methods plays an important role in protecting the atmosphere. 

Thermal treatment provides a reliable technological solution for highly concentrated gas streams, 

while catalytic methods are considered more energy-efficient and environmentally superior. The 

application of thermal-catalytic integrated systems allows minimizing harmful emissions in the 

petroleum refining industry and ensuring compliance with international environmental 

standards. The application of integrated thermal-catalytic treatment technologies allows 

reducing atmospheric emissions in the petroleum refining and petrochemical industries and 

ensuring compliance with international environmental standards. 
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3. Conclusion 

 The processes of thermal and catalytic purification of petroleum refinery gases were 

investigated based on a model experimental approach. 

 The calculations and modeling results showed that in the thermal gas combustion stage, the 

degree of oxidation of hydrogen sulfide in the temperature range of 1150–1300 °C varies 

between 66,4–70,2%, and this stage ensures the formation of the stoichiometric ratio 

necessary for the Claus reaction. 

 As a result of the application of aluminum oxide and titanium oxide-based catalysts in the 

catalytic stage, additional sulfur recovery was 28,6-30,4%. As a result of the combined action 

of the thermal and catalytic stages, the total recovery efficiency of elemental sulfur was 

determined at the level of 94,7%. 

 As a result of the application of the residual gas purification unit, the conversion rates of 

SO2, COS and CS2 compounds were 99,1%, 98,6% and 97,9%, respectively. After this stage, 

the concentration of sulfur-containing compounds in the gases released into the atmosphere 

was reduced to 8–9 ppm. 

 Overall, the total sulfur recovery efficiency was increased to 99,85% due to the integration of 

the residual gas cleaning stage. The results obtained show that without this stage, the 

emission level is 180-220 ppm and does not meet modern environmental standards. 
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Electrophilic addition of cyclohexane- and chloro-substituted cyclohexanecarboxylic 

acid chlorides to 3-chloro-1-propene and 2-methyl-3-chloro-1-propenes in the 

presence of an AlCl3 catalyst at –15 ÷ –20°C yielded 1-

cyclohexyl(chlorocyclohexyl)-3-H(CH3)-3,4-dichloro-1-butanones. These were then 

dehydrochlorinated in a superbasic medium (DMFA + Na2CO3) to form 1-

cyclohexyl (chlorocyclohexyl)-3-H(CH3)-4-chloro-2-buten-1-ones. Mono- and 

dipyrrole compounds were synthesized by reacting cycloalkyl-substituted saturated 

dichloroketones and unsaturated chloroketones with ethylenediamine in an aqueous 

alkaline medium, depending on the ratio of the starting materials. The structures of 

the resulting mono- and dipyrroles were confirmed by IR and 1H NMR 

spectroscopy. 
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INTRODUCTION 

A pyrrole fragment is found in the composition of many natural and synthetic biologically active 

compounds, catalysts, drugs, etc. compounds [1–9]. Examples of these include vitamin B12, bile 

pigments bilirubin and biliverdin, blood pigments heme, chlorophyll, etc. [3, 4]. Alkoxy 

derivatives of pyrroles have a wide range of applications as optically active compounds [10, 11]. 

Polymers such as polypyrrole exhibit unique electrophysical and optical properties [1, 12]. 

Polypyrroles are also widely used in the preparation of conventional and solar cells [13]. 

The wide range of applications of pyrroles has given a strong impetus to research on their 

synthesis by new methods. 

Saturated and unsaturated chloroketones belong to a class of promising starting compounds for 

the synthesis of heterocyclic compounds with one or two heteroatoms [14-24]. Electrophilic 

addition reactions of carboxylic acid chloranhydrides to unsaturated hydrocarbons, their 

chlorine-substituted derivatives, and allyl chlorides are among the most favorable reactions for 

the synthesis of saturated and unsaturated chloroketones [15, 17–19, 21, 23–27]. 



Reactions of Cyclohexyl-Substituted Unsaturated Mono- and Saturated Dichloroketones with Ethylenediamine 

123 

It is known that pyrrole compounds are formed when the products of electrophilic addition of 

alkanecarboxylic acid chlorhydrides to allyl halides are reacted with monoamines [28–30]. The 

advantage of this new synthesis method, called the Kost-Ibrahimov-Mammadov method [31], is 

that, depending on the structure of the starting mono-amines, various functional groups can be 

introduced into the pyrrole ring, as well as one or more pyrrole rings can be formed in the 

molecule according to the basicity of the carbon atom taken [27–30, 32, 33]. 

The aim of the presented work is to synthesize compounds containing one or two pyrrole rings 

by reacting the products of electrophilic addition of monobasic cycloalkanocarboxylic acid 

chloranhydrides (CACAChA) to 3-chloropropene and 2-methyl-3-chloropropene with 

ethylenediamine (EDA). 

EXPERIMENTAL 

IR spectra were recorded on a Thermo Scientific Nicolet IS10FT-IR spectrophotometer, and NMR 
1H spectra were recorded on a Bruker AM-360 Spectrometer (internal standard TMS or HMDC). 

Commercially available reagents such as 3-chloro-1-propene, 2-methyl-3-chloro-1-propene, and 

EDA were used as starting materials, and CACAChA were obtained by the reaction of the 

corresponding acids with PCl3 or SOCl2 . 

1. Synthesis of 1,2-di[2-cycloalkyl-4-H(CH3)pyrrolyl-1]ethanes (5a-c, 6a-c). To a solution of 0.05 

mol (3g) EDA and 0.2 mol (8g) NaOH in water, 0.1 mol of dichloroketones 1a-c (2a-c) is added at 

–5℃. The reaction mixture is heated at +60 ÷ +70℃ for 4 hours, cooled and extracted with ether 

(3x100ml). The ether extract is washed with water, 10% Na2CO3 and again with water and dried 

over anhydrous Na2SO4. The solvent is removed with a water pump, and the residue is distilled 

under vacuum in a nitrogen atmosphere to obtain dipyrroles 5a-c (6a-c) (scheme 2). The obtained 

dipyrroles crystallize upon storage and are recrystallized from methanol or ethanol. 

1.1. 1,2-Di(2-cyclohexylpyrrolyl-1]ethane (5a). Tm (melting temperature): 90–920C (C2H5OH), 

yield 58%. IR spectrum (cm-1): 3114 (=СH, pyrrole), 1514, 1601 (𝜈C=С,C=C pyrrole). NMR 1H 

spectrum (δ, m.h.): 1.0 – 2.1 m (22 H, cyclohexane), 4.07 s (4H, NCH2-CH2), 5.81-5.86 m (2H, C3–H 

pyrrole), 6.02–6.07 m (2H, C4–H pyrrole), 6.34–6.37 m (2H, C5-H pyrrole). Found., %: C 81.56, H 

9.80 8.59. C22H32N2. Calc.,%: C 81.48, H 9.88, N 8.64. 

1.2. 1,2-Di[2-(1-chlorocyclohexyl)pyrrolyl-1]ethane (5b). Tm: 101–1030C (C2H5OH), yield 52%. IR 

spectrum (cm-1): 3030 (=СH, pyrrole), 1504, 1605 (𝜈C=С,C=C pyrrole). Found., %: C 67.09, H 7.58, 

Cl 18.19, N 7.06. C22H30Cl2N2. Calc., %: C 67.18, H 7.63, Cl 18.07, N 7.12. 

1.3. 1,2-Di[2-(4-chlorocyclohexyl) pyrrolyl-1]ethane (5c). Tm: 108–1090C (C2H5OH), yield 54%. IR 

spectrum (cm-1): 3025 (𝜈=СH, pyrrole), 1500, 1575 (𝜈C=С,C=C pyrrole). Found., %: C 67.26, H 7.68, 

Cl 17.98, N 7.08. C22H30Cl2N2. Calc., %: C 67.18, H 7.63, Cl 18.07, N 7.12. 

1.4. 1,2-Di(2-cyclohexyl-4-methylpyrrolyl-1)ethane (6a). Tm: 152–1540C (C2H5OH), yield 61%. IR 

spectrum (cm-1): 3092 (𝜈=СH, pyrrole), 1505, 1585 (𝜈C=С,C=C pyrrole). NMR 1H spectrum (δ, 

m.h.): 0.8–2.0 m (22 H, cyclohexane), 1.86 s (6H, 2CH3), 4.0 s (4H, NCH2-CH2), 5.76–5.81 m (2H, 

C3-H pyrrole), 6.41–6.52 m (2H, C5–H pyrrole). Found., %: C 81.71, H 10.16, N 8.08. C24H36N2. 

Calc., %: C 81.82, H 10.23, N 7.95.  

1.5. 1,2-Di[2-(1-chlorocyclohexyl)-4-methylpyrrolyl-1]ethane (6b). Tm: 142–1440C (CH3OH), 

yield 54%. IR spectrum (cm-1): 3120 (𝜈=СH, pyrrole), 1516, 1600 (𝜈C=С,C=C pyrrole). Found, %: 
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C 68.32, H 8.17, Cl 16.98. N 6.53. C24H34Cl2N2. Calc., %: C 68.41, H 8.08, Cl 16.86, N 6.65. 

1.6. 1,2-Di[2-(4-chlorocyclohexyl)-4-methylpyrrolyl-1]ethane (6c). Tm: 146–1480C (CH3OH), yield 

56%. IR spectrum (cm-1): 3020 (𝜈=СH, pyrrole), 1510, 1596 (𝜈C=С,C=C pyrrole). Found, %: C 

68.32, H 8.17, Cl 16.98. N 6.53. C24H34Cl2N2. Calc., %: C 68.41, H 8.08, Cl 16.86, N 6.65. 

2. Preparation of 1-(2-aminoethyl)-2-cycloalkyl-4-H(CH3)pyrroles (7a-c, 8a-c). Monopyrroles 7a-

c (8a-c) were obtained by the reaction of 0.05 mol (3g) EDA and 0.1 mol (4g) NaOH in water with 

0.1 mol of saturated dichloroketones 1a-c (2a-c) using method 1 above (scheme 2). 

2.1. 1-(2-aminoethyl)-2-cyclohexylpyrrole (7a). Tb (boiling temperature): 125–1260C (5), 

𝑛𝐷
20 1.5295, 𝑑4

20 1.0181, yield 58%. IR spectrum (cm-1): 3310, 3446 (𝜈NH2), 3112 (𝜈=СH, pyrrole), 

1514, 1592 (𝜈C=С,C=C pyrrole). NMR 1H spectrum (δ, m.h.): 1.0-2.2 m (11H, cyclohexane), 1.75 s 

(2H, NH2), 2.55 t (2H, CH2N, J=7), 3.42 t (2H, NCH2 J=7), 5.51–5.59 m (1H, C3-H pyrrole), 5.7-5.9 m 

(1H, C4–H pyrrole), 6.22–6.31 m (1H, C5–H pyrrole). Found., %: C 75.08, H 10.37, N 14.52. 

C12H20N2. Calc., %: C 75.00, H 10.42, N 14.58. 

2.2. 1-(2-aminoethyl)-2-(1-chlorocyclohexyl)pyrrole (7b). Tb: 148–1500C (3), 𝑛𝐷
20 1.5430, 𝑑4

20 

1.1162, yield 49%. IR spectrum (cm-1): 3350, 3450 (𝜈NH2), 3140 (𝜈=СH, pyrrole), 1510, 1605 

(𝜈C=С,C=C pyrrole). Found, %: C 63.42, H 8.27, Cl 15.81. N 12.24. C12H19ClN2. Calc., %: C 63.58, H 

8.39, Cl 15.67. N 12.36. 

2.3. 1-(2-aminoethyl)-2-(4-chlorocyclohexyl)pyrrole (7c). Tb: 146–1470C (4), 𝑛𝐷
20 1.5425, 𝑑4

20 

1.1158, yield 51%. IR spectrum (cm-1): 3330, 3442 (𝜈NH2), 3114 (𝜈=СH, pyrrole), 1505, 1597 

(𝜈C=С,C=C pyrrole). Found., %: C 63.71, H 8.46, Cl 15.43. N 12.41. C12H19ClN2. Calc., %: C 63.58, 

H 8.39, Cl 15.67. N 12.36.  

2.4. 1-(2-aminoethyl)-2-cyclohexyl-4-methylpyrrole (8a). Tm: 141–1430C (3), 𝑛𝐷
20 1.5260, 𝑑4

20  

0.9936, yield 56%. IR spectrum (cm-1): 3305, 3440 (𝜈NH2), 3045 (𝜈=СH, pyrrole), 1500, 1568 

(𝜈C=С,C=C pyrrole). NMR 1H spectrum (δ, m.h.): 1.1-2.3 m (11H, cyclohexane), 1.74 s (2H, NH2), 

1.94 s (3H, CH3), 2.54 t (2H, CH2N, J=7), 3.44 t (2H, NCH2, J=7), 5.60–5.65 m (1H, C3-H pyrrole), 

6.34–6.41 m (1H, C5-H). Found., %: C 75.82, H 10.59, N 13.47. C13H22N2. Calc., %: C 75.73, H 10.68, 

N 13.59.  

2.5. 1-(2-aminoethyl)-2-(1-chlorocyclohexyl)-4-methylpyrrole (8b). Tb: 154–1560C (2), 𝑛𝐷
20 1.5422, 

𝑑4
20 1.1141. IR spectrum (cm-1): 3340, 3448 (𝜈NH2), 3120 (𝜈=СH, pyrrole), 1520, 1601 (𝜈C=С,C=C 

pyrrole). Found., %: C 64.73, H 8.62, Cl 14.91, N 11.54. C12H19ClN2. Calc., %: C 64.87, H 8.73, Cl 

14.76, N 11.64.  

2.6. 1-(2-aminoethyl)-2-(4-chlorocyclohexyl)-4-methylpyrrole (8c). Tb: 158–1600C (4), 𝑛𝐷
20 1.5410, 

𝑑4
20 1.1126. IR spectrum (cm-1): 3326, 3440 (𝜈NH2), 3095 (𝜈=СH, pyrrole), 1505, 1594 (𝜈C=С,C=C 

pyrrole). Found., %: C 64.98, H 8.86, Cl 14.58, N 11.51. C12H19ClN2. Calc., %: C 64.87, H 8.73, Cl 

14.76, N 11.64. 

RESULTS AND DISCUSSION 

Compounds containing one or two heteroatom-containing five-membered heterocyclic rings are 

widely found in nature [34, 35], therefore, the synthesis of these compounds by new methods 

and the study of their structures are one of the most important theoretical and applied problems 

of modern organic chemistry. 

For the synthesis of cycloalkyl-substituted mono- and dipyrroles, the reactions of the 
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electrophilic addition products of CACAChA to 3-chloro-1-propene and 2-methyl-3-chloro-1-

propene with EDA were studied. 

As a result of electrophilic coupling reactions, the corresponding 1-cycloalkyl-3-H(CH3)-3,4-

dichloro-1-butanones (1a-c, 2a-c) were obtained, and their dehydrochlorination in a super 

alkaline medium (DMFA+Na2CO3) at a temperature of +80 ÷ +85% gave 1-cycloalkyl-3-H(CH3)-4-

chloro-2-buten-1-ones (3a-c, 4a-c) (scheme 1) [15, 17, 23, 27]. 

Scheme 1. 

 

Here, R = ts-C6H11 (a), 1-Cl-ts-C6H10 (b), 4-Cl-ts-C6H10 (c); R1 = H (1a-c, 3a-c), CH3 (2a-c, 4a-c). 

During the reaction of cycloalkyl-substituted saturated dichloroketones (1a-c, 2a-c) and 

unsaturated chloroketones (3a-c, 4a-c) with EDA in an aqueous-alkaline medium, it was 

determined that, for example, dichloroketones 1a-c, 2a-c, in an aqueous solution of starting 

materials in a 2:1 ratio (1a-c or 2a-c : EDA - 2:1) and 4 equivalents of NaOH, mainly 1,2-di[2-

cycloalkyl-4-H(CH3)pyrrolyl-1]ethane dipyrroles (5a-c, 6a-c) are obtained, and in an aqueous 

solution of 1:1 ratio (1a-c or 2a-c : EDA - 1:1) and 2 equivalents of NaOH, 1-(2-aminoethyl)-2-

cycloalkyl-4-H(CH3)pyrroles (7a-c, 8a-c) are obtained (scheme 2). 

Scheme 2. 

 

Here, R - as shown in scheme 1; R1 = H (5a-c,7a-c), CH3 (6a-c, 8a-c). 

Unsaturated chloroketones 3a-c, 4a-c also react with EDA in aqueous medium in a 2:1 ratio of 

starting materials (3a-c or 4a-c : EDA - 2:1) and in the presence of 2 equivalents of NaOH, 

dipyrrole compounds 5a-c, 6a-c are formed, and monopyrroles 7a-c, 8a-c are formed in 

equimolar amounts of all reagents. 

The structure of the synthesized dipyrroles and monopyrroles was confirmed by IR and NMR 
1H spectra. 

In the IR spectra of pyrroles 5a-c – 8a-c, characteristic absorption bands for the pyrrole ring were 

determined (cm-1): 3030–3140(𝜈=СH), 1500–1520 (𝜈C=С), 1550–1605 (𝜈C=С). In addition, in 
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monopyrroles 7a-c, 8a-c, the absorption band of the valence vibration of the amine group 

appears in the regions 3305–3350 and 3440–3450 cm-1. 

In the NMR 1H spectra of dipyrroles (5a-c, 6a-c) and monopyrroles (7a-c, 8a-c), the protons of the 

pyrrole ring appear in the form of a characteristic multiplet (m) in the regions 5.50–6.52 m.h. 

Also, in dipyrroles 5a-c, 6a-c the protons of the substituted ethane fragment are observed as 

singlets (s) in the 4.0-4.07 m.h. regions, and in monopyrroles 7a-c, 8a-c these protons are observed 

as two triplets (t) in the 2.54–2.55 and 3.42–3.44 m.h. absorption regions. 

It should be noted that the dichloroketones 1a-c, 2a-c used in the synthesis of pyrroles do not 

require special separation from the reaction products and additional purification, they were used 

as crude products. Since they are easily heterocyclized to furan compounds during distillation 

under vacuum [15, 36]. 

CONCLUSION 

Cycloalkyl-substituted saturated dichloroketones 1a-c, 2a-c were obtained from electrophilic 

coupling reactions of CACAChA to 3-chloro-1-propene and 2-methyl-3-chloro-1-propene in the 

presence of AlCl3 catalyst at a temperature of -15 ÷ -20℃ in dichloroethane medium, and 

unsaturated chloroketones 3a-c, 4a-c were synthesized from their dehydrochlorination in a 

super-alkaline medium (DMFA+Na2CO3) (scheme 1). During the reaction of saturated 

dichloroketones 1a-c, 2a-c and unsaturated chloroketones 3a-c, 4a-c with EDA in an aqueous-

alkaline (H2O+NaOH) medium, depending on the ratio of the starting materials, 5a-c, 6a-c 

dipyrroles and 7a-c, 8a-c monopyrroles (scheme 2) were obtained. 

The obtained experimental results contributed to the introduction of new information into the 

theoretical issues of organic chemistry. It was established that in the DMFA+Na2CO3 super 

alkaline medium (scheme 1), under the influence of DEA and an aqueous solution of alkali 

(H2O+NaOH) (scheme 2), the chlorine atoms in the cyclohexyl ring do not undergo any chemical 

transformations, that is, they do not enter into nucleophilic (SN) or dehydrochlorination reactions. 

Thus, a simple and convenient method for the preparation of monopyrrole and dipyrrole 

compounds from the interaction of the electrophilic addition products of CACAChA to 3-chloro-

1-propene and 2-methyl-3-chloro-1-propene with EDA has been proposed. 
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Room-temperature ionic liquids (RTILs) are innovative salts characterized by 

low volatility, high thermal stability, and strong surface activity, making them 

highly effective corrosion inhibitors. Imidazolium-, ammonium-, and Brönsted 

acid–based RTILs provide excellent protection for metals like mild and carbon 

steel through mixed-type inhibition mechanisms and Langmuir-type adsorption. 

Their efficiency is influenced by factors such as alkyl chain length, type of anion, 

concentration, and operating temperature. At suitable concentrations, RTILs 

form dense protective layers that limit the penetration of corrosive species. 

Recent developments include smart inhibitor systems using chitosan 

microspheres and polymeric ionic liquids for controlled release and enhanced 

protection. Compared to conventional inhibitors, RTILs offer superior 

environmental compatibility, tunability, and thermal resistance. Their 

anticorrosive behavior is commonly analyzed by electrochemical impedance 

spectroscopy and potentiodynamic polarization. These liquids are emerging as 

sustainable and efficient solutions for corrosion mitigation in challenging 

environments like acidic media and CO₂ capture systems. 
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1. Introduction to Ionic Liquids and Their Role in Corrosion Inhibition 

Room-temperature ionic liquids (RTILs) are salts that remain in the liquid state at ambient 

temperatures and are composed of organic cations paired with various anions. Owing to their 

distinctive characteristics and broad applicability, RTILs have garnered considerable interest, 

especially for their potential to act as corrosion inhibitors (1). 

Research has shown that RTILs can effectively tackle corrosion problems in industrial 

environments, particularly in systems designed for CO₂ capture. Notably, imidazolium-based 

RTILs with ethyl groups have been examined for their corrosion-inhibiting performance in 

aqueous monoethanolamine solutions. Among those evaluated, [emim][acetate] emerged as the 

most effective in reducing corrosion within alkanolamine-based CO₂ capture processes (1). This 

underscores the value of RTILs as viable corrosion inhibitors in industrial contexts. 

Beyond corrosion inhibition, RTILs are also employed in electrodeposition applications. For 

instance, RTILs derived from aluminium trichloride and benzyltrimethyl ammonium chloride 

enable the deposition of aluminium and aluminium/platinum alloys. These specific ionic liquids 

present several benefits, including reduced sensitivity to moisture, simpler purification methods, 
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and greater cost efficiency when compared to earlier solutions (2). This multifaceted utility of 

RTILs underlines their importance in materials science and engineering. 

RTILs represent a promising class of corrosion inhibitors, especially for use in industrial 

operations like CO₂ capture. Their distinct characteristics—such as low volatility and high 

thermal stability—position them as strong contenders to replace traditional corrosion inhibitors. 

As studies in this area progress, RTILs are expected to assume a more significant role in 

overcoming corrosion challenges across a wide range of industries. 

2. Synthesis and characterization of ionic liquids for corrosion inhibition 

   - Imidazolium-based ionic liquids 

Imidazolium-based ionic liquids (ILs) have been widely researched as corrosion inhibitors for 

metals like mild steel and carbon steel, especially in acidic environments. These ILs are 

synthesized by combining imidazolium cations featuring various alkyl chain lengths with 

different anions (3)(4). Their properties are typically assessed through a combination of 

physicochemical and spectral analyses, along with computational studies using techniques such 

as B3LYP to evaluate optimized molecular structures, HOMO-LUMO distributions, and 

quantum chemical descriptors (4). 

The inhibition performance of imidazolium-based ILs is notably affected by parameters such as 

the length of the alkyl chain, the nature of the anion, and the IL concentration. For example, one 

study reported the inhibition efficiency in the order: [PDMIM][NTf₂] > [HMIM][NTf₂] > 

[BMIM][NTf₂] > [PMIM][NTf₂], suggesting that longer chains and additional methyl groups on 

the imidazolium ring improve performance (3). Another investigation supported this trend, 

finding that longer alkyl chains enhanced the inhibitory effect of the ILs studied (5). 

In summary, the synthesis and evaluation of imidazolium-based ILs for corrosion inhibition 

require strategic selection of both cation and anion components. These ILs typically demonstrate 

mixed-type inhibition, with their performance improving as concentration increases (5)(6). Their 

adsorption behavior on metal surfaces often aligns with the Langmuir adsorption isotherm, and 

they function primarily by forming protective layers on the substrate (7)(4). Innovative 

developments such as polymer-based ILs or ILs integrated into advanced delivery systems like 

chitosan microspheres offer promising pathways for advancing corrosion resistance (8). 

  - Ammonium-based ionic liquids 

Ammonium-based ionic liquids (ILs) have been developed and examined in numerous studies 

for their effectiveness as corrosion inhibitors. In one such investigation, Cornejo Robles (9) 

synthesized 15 ILs derived from quaternary ammonium and carboxylate ions and tested them 

on API X52 steel in 0.5 M HCl. The inhibition efficiency (IE) varied based on the specific chemical 

structures of the anions and cations, with ILs such as [THDA⁺][−AA], [THDA⁺][−AI], and 

[THDA⁺][−AD] achieving IE values between 56% and 84% (9). 

In a related study, Olivares-Xometl et al. (2017) reported the synthesis of four novel halide-free 

ammonium-based ILs, which displayed inhibition efficiencies ranging from 51% to 89% when 

applied to API 5L X60 steel in 1 M sulfuric acid. Both investigations concluded that the ILs 

functioned as mixed-type inhibitors and adhered to the Langmuir adsorption isotherm model 

(10)(9). 
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Further exploration by Gabler et al. (11) focused on two ammonium-based ILs with potential 

lubricating properties, particularly assessing their corrosion resistance. The study evaluated (2-

hydroxyethyl)-trimethyl-ammonium (choline) and butyl-trimethyl-ammonium cations, 

identifying the choline-based IL as exhibiting more favorable performance. Notably, the 

incorporation of additional corrosion inhibitors markedly enhanced the protective properties of 

these ILs (11). 

The design and testing of ammonium-based ILs have yielded encouraging outcomes in corrosion 

prevention. These ILs display substantial inhibition efficiency, conform to recognized adsorption 

models, and can be further optimized through the addition of specialized corrosion inhibitors. 

Collectively, the findings affirm the promise of ammonium-based ILs as effective and 

environmentally responsible solutions for protecting metal surfaces in acidic environments. 

  - Brönsted acid ionic liquids  

Brönsted acid ionic liquids (BAILs) have been developed and investigated for their effectiveness 

as corrosion inhibitors for carbon steel in acidic conditions. These innovative ILs, which contain 

multiple Brönsted acid functional groups, were synthesized with high efficiency (≥98%) and 

evaluated through a combination of electrochemical techniques and surface characterization 

methods (12). The tailored cation structure—featuring one phenyl ring and two imidazolium 

units—enables BAILs to act as mixed-type inhibitors by adhering to steel surfaces and mitigating 

both anodic and cathodic reactions (12). 

Notably, BAILs exhibit excellent corrosion inhibition performance in acidic media regardless of 

their Brönsted acidity. This challenges the conventional expectation that acidity would hinder 

inhibitor performance, thereby broadening the scope of BAILs in industrial use (12). In parallel, 

other ILs such as protic ionic liquids (PILs) and imidazolium-based variants have also shown 

significant corrosion-inhibiting capabilities in environments like neutral chloride and 

hydrochloric acid solutions (3, 13). 

The synthesis and analysis of BAILs have confirmed their effectiveness as corrosion inhibitors for 

carbon steel. Their distinctive structure and adsorption behavior promote the formation of 

protective layers on metal surfaces, consistent with the Langmuir adsorption isotherm (12). 

These advancements in ionic liquid design present valuable opportunities for improving 

corrosion resistance in harsh acidic settings, with potential benefits for industrial durability and 

material longevity. 

3. Mechanisms of corrosion inhibition by ionic liquids 

 - Adsorption Behavior: Physisorption and Chemisorption 

Room-temperature ionic liquids (RTILs) have proven effective in mitigating corrosion through a 

range of mechanisms, with adsorption onto metal surfaces being particularly significant. This 

adsorption can occur via both physisorption and chemisorption, depending on the nature of the 

ionic liquid and the metal involved. Physisorption involves relatively weak interactions, such as 

electrostatic forces and van der Waals attractions. For example, imidazolium-based RTILs with 

ethyl side chains have been shown to adsorb onto carbon steel surfaces, thereby lowering 

corrosion rates in aqueous monoethanolamine environments used for CO₂ capture (1). The 

adsorption of RTIL cations and anions forms a barrier layer on the metal, preventing contact 

with corrosive agents. 
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In contrast, chemisorption entails the formation of stronger, more stable chemical bonds between 

the RTIL and the metal surface. This results in more robust and enduring corrosion inhibition. A 

notable instance is the hydrogen evolution reaction (HER) on platinum electrodes, where the 

addition of [Emim]-based RTILs to alkaline media led to their pre-adsorption on the electrode. 

This stabilized intermediate hydrogen species and influenced both adsorption and charge 

transfer dynamics at the metal-electrolyte boundary (14). 

The corrosion-inhibiting efficiency of RTILs is influenced by several parameters, such as the 

nature and concentration of the constituent ions. Among the studied options, [emim][acetate] 

demonstrated superior performance in reducing corrosion rates in CO₂ capture systems that 

utilize alkanolamines (1). Additionally, factors like alkyl chain length on the cation can affect 

adsorption behavior, as shown in chromatographic analyses where longer chains increased 

hydrophobic interactions with stationary phases (15). 

   - Mixed-type inhibition 

Ionic liquids (ILs) have shown considerable potential as corrosion inhibitors for a range of metals 

exposed to different corrosive environments. Numerous studies have indicated that ILs 

generally function as mixed-type inhibitors, simultaneously affecting both anodic and cathodic 

processes on the metal surface (3). 

The primary mechanism behind their corrosion inhibition is the adsorption of IL molecules onto 

the metal surface, leading to the formation of a protective film that blocks the penetration of 

corrosive agents. This adsorption can involve a combination of physical and chemical 

interactions between the ILs and the substrate (8). Often, this process adheres to the Langmuir 

adsorption isotherm model, suggesting a monolayer adsorption of ILs across the metal surface 

(16). 

A range of factors influences the inhibition efficiency of ILs, including their molecular 

configuration, concentration, and the specific properties of the corrosive medium. For example, 

elongating the alkyl chain in imidazolium-based ILs has been found to enhance their inhibitory 

performance (5). Furthermore, innovative approaches—such as the use of polymeric ILs and IL-

loaded microspheres—have been developed to provide advanced corrosion protection through 

synergistic actions and pH-sensitive release systems (8; 17). 

ILs inhibit corrosion through a mixed-type mechanism involving their adsorption onto metal 

surfaces, which disrupts both anodic and cathodic reactions. Their overall efficiency is governed 

by structural and environmental factors, and continued research is focused on designing new ILs 

and delivery systems to optimize their protective capabilities across varied conditions. 

   - Protective layer formation 

Ionic liquids (ILs) effectively inhibit corrosion by forming protective films on metal surfaces. The 

adsorption of IL species establishes a barrier that shields the metal from aggressive environments 

(18). This protective layer arises from several mechanisms, including electrostatic attraction, 

proton transfer, and electron donor-acceptor interactions (8). 

The morphology and composition of these protective layers can differ based on the IL used. For 

example, certain ILs generate a stratified structure with a compact layer adjacent to the metal 

surface, a porous intermediary layer, and a flake-like outer region (19). Additionally, the creation 

of surface-bound metal-IL complexes contributes to enhanced corrosion resistance (20). The 
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adsorption behavior of both IL cations and anions is central to this process—bromide and 

imidazolate anions, along with vinylimidazolium cations, have been particularly effective in 

promoting strong surface interactions (20). 

ILs offer corrosion protection primarily through film formation via adsorption and the 

development of complex surface compounds. Their performance is influenced by variables such 

as IL concentration, temperature, and the specific pairing of metal and IL. The ability to tailor ILs 

for specific functions by modifying anion or cation structures enables the customization of 

interfacial properties, making them highly adaptable and promising for corrosion control across 

a wide range of industrial applications (21). 

4. Factors affecting inhibition efficiency 

   - Concentration dependence  

The corrosion inhibition efficiency of ionic liquids (ILs) typically improves with increasing 

concentration, as evidenced by numerous studies: At elevated concentrations, ILs are more likely 

to form compact and uniform protective layers on metal surfaces, enhancing corrosion 

resistance. For instance, the performance of Quaternium-32 increased with concentration, 

achieving up to 94% efficiency at 20 μmol/L (22). Similarly, the polymeric IL PDBA-IL-NH₂ 

demonstrated a steady rise in inhibition efficiency with concentration, reaching a maximum of 

94.67% at 100 ppm (8). However, this concentration-efficiency relationship is not strictly linear. In 

the case of imidazolium-based ILs, a notable rise in efficiency occurred below the critical micelle 

concentration (CMC), but further increases beyond the CMC did not yield additional 

improvements. This is attributed to the saturation of adsorption sites on the metal surface (23). 

Such behavior indicates that each IL has an optimal concentration range for peak performance. 

Although increasing IL concentration generally enhances corrosion protection, phenomena like 

micelle formation and adsorption saturation must be considered. Identifying the optimal 

concentration for each IL through experimental evaluation is essential for maximizing efficiency 

while maintaining cost-effectiveness. This understanding plays a critical role in designing 

practical corrosion inhibition systems using ILs. 

   - Temperature effects  

Temperature has a significant influence on the corrosion inhibition efficiency of ionic liquids 

(ILs), with most studies indicating a decline in performance as temperature increases. For 

example, Quaternium-32 (Q-32) showed reduced inhibition efficiency at elevated temperatures 

(23). Likewise, imidazolium-based ILs with varying alkyl chain lengths (R8, R10, R12) exhibited 

increased corrosion rates and diminished effectiveness when the temperature rose from 20°C to 

50°C (5). Similar findings were reported for vinylimidazolium-based poly(ionic liquid)s, which 

reached their peak inhibition efficiency (75%) at 308 K, beyond which performance decreased 

(20). However, not all ILs follow this trend. In some cases, higher temperatures led to enhanced 

inhibition. For instance, 1-butyl-3-methylimidazolium trifluoromethyl sulfonate ([BMIm]TfO) 

displayed a progressive increase in efficiency as the temperature increased from 303 K to 333 K 

(24). Conversely, 1-methyl-1-propyl-piperidinium bromide (MPPB) experienced a drop in 

performance at elevated temperatures, with a maximum efficiency of 60% observed at 308 K (25). 

Overall, temperature is a key parameter affecting the performance of IL-based corrosion 

inhibitors. While many ILs demonstrate decreased efficiency at higher temperatures due to 

desorption or accelerated corrosion kinetics, others may benefit from improved mobility or 
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enhanced adsorption. Careful evaluation of temperature effects is essential for selecting and 

optimizing ILs for use in temperature-variable environments. 

   - Molecular structure influence  

The corrosion inhibition efficiency of ionic liquids (ILs) is heavily influenced by their molecular 

architecture, particularly the structure of their cationic and anionic components. One of the most 

critical factors is the alkyl chain length on the cation. Studies have shown that increasing the 

alkyl chain length in 1-alkyl-3-methylimidazolium bromide ILs enhances inhibition efficiency, 

likely due to stronger surface interactions and the formation of more compact adsorption layers 

on the metal substrate (23). Additionally, the nature of the cation plays a key role, with 

imidazolium-based ILs frequently outperforming other cation types in corrosion inhibition 

(8)(26). The identity of the anion also affects performance. For example, a comparison between 1-

butyl-3-methylimidazolium chloride and bromide revealed differences in inhibition efficacy, 

underscoring the influence of anion chemistry on surface interactions (18). Moreover, functional 

groups attached to the cationic side chain can increase electron-donating capacity, enhancing 

adsorption onto metal surfaces (27). IL concentration is another important factor—efficiency 

generally improves with increasing concentration up to a threshold often associated with the 

critical micelle concentration (23). 

In summary, the inhibition efficiency of ILs is governed by the structural characteristics of both 

their cations and anions, including alkyl chain length, type of functionalization, and ionic 

composition. Understanding these molecular-level relationships is essential for the rational 

design of high-performance, sustainable corrosion inhibitors based on ionic liquids. 

5. Advanced applications of ionic liquids in corrosion inhibition 

   -Smart Corrosion Inhibitors Using Chitosan Microspheres 

Ionic liquids (ILs) have opened new avenues in corrosion protection, particularly through the 

development of smart corrosion inhibitors. A notable example involves chitosan microspheres 

loaded with synthesized Gemini imidazolium-based ILs—specifically [C2(Bim)2]Cl2@CSM and 

[C6(Bim)2]Br2@CSM—designed for protecting N80 steel in hydrochloric acid. These systems 

achieved high inhibition efficiencies of 94.68% and 95.96%, respectively, at a concentration of 300 

mg L⁻¹ (17). What sets these microspheres apart is their pH-responsive behavior, enabled by 

Schiff-base C=N bonds. This feature allows the ILs to be rapidly released in acidic environments, 

such as corrosion sites, where they synergize with decomposed microspheres to enhance 

protective action (17). In comparison, room-temperature ionic liquids (RTILs) like 

[emim][acetate] have also shown corrosion mitigation capabilities, particularly in 

monoethanolamine-based CO₂ capture systems (1). 

Incorporating ILs into smart delivery systems like chitosan microspheres represents a significant 

advancement in targeted corrosion inhibition. These responsive systems enable precise delivery 

and improved efficiency, highlighting the adaptability of ILs for diverse industrial applications. 

-Polymeric Ionic Liquids 

Polymeric ionic liquids (PILs) are gaining traction as high-performance corrosion inhibitors, 

offering distinct advantages over traditional and monomeric ILs. One such PIL, PDBA-IL-NH2—

synthesized using short-chain imidazolium IL monomers—demonstrated excellent inhibition 

efficiency, reaching 94.67% at 100 ppm for mild steel (8). Notably, PDBA-IL-NH2 outperformed 
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its counterparts, including PDBA-IL-OH, PIL-NH2, and IL-NH2, under identical conditions (8). 

The corrosion protection efficiency of PILs is closely tied to their composition. For example, PILs 

developed from chitosan and various fatty acids exhibited differing performance, with the 

inhibition order being CSPTA-lauric > CSPTA-myristic > CSPTA-palmitic > CSPTA-stearic (28). 

This suggests that tailoring the fatty acid component can significantly influence the overall 

inhibition behavior. 

PILs present a promising direction for developing sustainable and effective corrosion inhibitors. 

Their customizable structure, superior performance, and potential for smart functionality make 

them ideal candidates for future corrosion protection technologies. Continued research into their 

structural optimization and mechanism of action is likely to yield even more effective solutions. 

6. Comparative studies of ionic liquids with other inhibitors 

   -Surfactants 

Ionic liquids (ILs) share notable similarities with surfactants in their physicochemical behaviors, 

including self-assembly and micelle formation. However, ILs often exhibit a higher degree of 

self-organization, especially in long-range ordering, due to their ionic nature and tunable 

structures (29). Studies on the critical micelle concentration (CMC) of surfactant-IL systems 

highlight the crucial role of interfacial energy in surfactant aggregation, with the extent of this 

effect largely dependent on the structure of the IL used (30). 

Some ILs, such as those based on pyrrolidinium cations, resemble surfactants in structure and 

behavior, forming local aggregates that can influence ion mobility and conductivity—properties 

important for electrochemical applications (31). In recent developments, surface-active ionic 

liquids (SAILs) have emerged, integrating the advantages of ILs and surfactants. These SAILs 

offer enhanced performance across a variety of applications, including chromatography, 

extraction processes, and wood protection (32)(33). 

While ILs and surfactants share overlapping characteristics, ILs provide greater structural 

tunability. This versatility is especially evident in SAILs, which outperform conventional 

surfactants in several domains. Their adaptability makes them promising candidates for future 

applications in enhanced oil recovery, CO₂ capture, and other environmentally demanding 

processes (34). 

- Traditional corrosion inhibitors  

Comparative studies between ionic liquids (ILs) and traditional corrosion inhibitors often focus 

on their environmental impact, physical properties, and inhibition performance. While specific 

inhibition efficiencies can vary greatly depending on the metal, corrosive medium, 

concentration, and temperature, a general comparison of their characteristics and performance is 

possible. The following table summarizes the key comparative features. 
 

Table 1. Comparative Studies of Ionic Liquids and Traditional Corrosion Inhibitors 

Feature Ionic Liquids (ILs) Traditional Organic/Inorganic 

Inhibitors 

Environmental Impact & 

Toxicity 

Generally 

considered "greener" alternatives. Lower 

toxicity (especially new 

generations). Negligible vapor 

pressure (non-volatile), minimizing air 

pollution. 

Many organic inhibitors (e.g., 

those containing heavy metals, 

volatile amines) can be highly 

toxic or environmentally 

damaging. Often possess high 

volatility. 
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Corrosion Inhibition 

Efficiency 

Often exhibit high and comparable, or 

even superior, inhibition 

efficiencies (frequently \gt 90\%) at 

relatively low concentrations. 

Efficiency is highly variable, but 

many conventional inhibitors also 

show high efficiency. Performance 

can degrade faster in harsh 

conditions. 

Tunability and Versatility Highly tunable and "task-specific." The 

cation and anion can be modified 

independently to optimize for a specific 

metal, medium, or temperature. 

Limited tunability. Chemical 

structure is more rigid, offering 

less scope for fine-tuning 

properties for specific 

applications. 

Physical and Chemical 

Stability 

Exhibit excellent thermal and chemical 

stability over a wide range of temperatures 

and pressures, which is advantageous for 

high-temperature and high-pressure 

industrial processes. 

Thermal stability is often lower, 

which can limit their application 

in harsh industrial environments. 

Mechanism of Action Typically function as mixed-type 

inhibitors (affecting both anodic and 

cathodic reactions). Adsorption 

involves both the organic cation and the 

anion on the metal surface. 

Primarily form a protective barrier 

via adsorption of the organic 

molecule (often involving 

heteroatoms like N, S, O). Many 

are either anodic or cathodic-

specific. 

Volatility Non-volatile (negligible vapor pressure). Many are volatile, contributing to 

potential environmental and 

health hazards. 

Cost and Availability Currently, their high synthesis cost is a 

major drawback, though this is decreasing 

as production scales up. 

Generally less expensive and 

widely commercially available. 

Solubility High solubility and compatibility with 

many organic and inorganic substances. 

Can be designed to be miscible or 

immiscible with specific solvents. 

Solubility can be limited, 

especially for organic inhibitors in 

aqueous or highly polar media. 

The primary motivation for using ionic liquids over traditional inhibitors stems from their 

superior environmental profile (non-volatility and lower toxicity) and their structural tunability, 

which allows for the creation of "designer" inhibitors with high thermal stability and 

performance tailored to specific corrosive conditions.(33)34)(35) 

7. Plant Extracts and Pharmaceutical Drugs 

Ionic liquids (ILs) are increasingly recognized alongside plant extracts and pharmaceutical drugs 

as effective organic green corrosion inhibitors (OGCIs). These inhibitors are appreciated for their 

eco-friendliness, biodegradability, and cost-effectiveness (35). Comparative studies indicate that 

ILs perform effectively in various corrosive environments, such as hydrochloric acid and 

brackish water (36)(37). Unlike plant extracts and pharmaceuticals, ILs exhibit multifunctional 

properties. Beyond corrosion inhibition, ILs have been applied in drug solubilization, targeted 

delivery, and even as active pharmaceutical ingredients (API-ILs) (38)(39)(40). This broader 

utility provides ILs with a unique advantage in multidisciplinary applications. 

Nonetheless, it is important to consider the potential environmental toxicity of ILs when 

evaluating them against other OGCIs (41). The selection of an appropriate inhibitor should 

balance efficiency, cost, environmental impact, and application-specific requirements. 

 



Ionic Liquids as a Corrosion Inhibitor 

137 

8. Electrochemical Techniques for Evaluating Ionic Liquids 

- Electrochemical Impedance Spectroscopy (EIS) 

EIS is a widely used technique to assess the corrosion inhibition performance of ionic liquids. It 

provides insights into the electrochemical processes at the metal-electrolyte interface and 

evaluates the formation and stability of protective films (12)(42). Key parameters such as charge 

transfer resistance (Rct) and double-layer capacitance (Cdl) are measured—an increase in Rct 

and decrease in Cdl typically signify improved corrosion resistance (43). 

In more complex systems like concrete, EIS interpretation can be challenging due to overlapping 

signals from multiple phenomena. Innovative methods, such as analyzing characteristic 

relaxation angular frequencies and employing odd random phase EIS (ORP-EIS), have been 

proposed to overcome these limitations and study time-dependent behavior (44)(45). EIS offers 

detailed insights into inhibition mechanisms and complements other electrochemical and surface 

techniques for a holistic evaluation of IL-based inhibitors (28)(46)(47). 

- Potentiodynamic Polarization 

Potentiodynamic polarization is another essential technique for evaluating ILs as corrosion 

inhibitors. It helps elucidate corrosion behavior and inhibition mechanisms across various metal 

surfaces. For example, pyrrolidinium ILs demonstrated inhibition efficiencies up to 85% for 

copper in 1 M HNO₃ at a concentration of 0.05 mM (42). Imidazolium and pyridinium ILs 

similarly showed high efficiency in inhibiting steel corrosion in 1 M HCl, with performance 

increasing alongside concentration (6). Many ILs function as mixed-type inhibitors, reducing 

both anodic and cathodic reactions, as seen with Brönsted acid ILs on carbon steel and other 

imidazolium-based ILs (12)(6). However, some chloride-containing ILs failed to develop a 

passive region on 1018 carbon steel, as evident in anodic polarization curves (48), indicating that 

IL composition critically affects inhibition behavior. 

- Weight Loss Method 

The weight loss method remains a foundational technique for quantifying corrosion rates and 

evaluating inhibitor efficiency. It involves comparing the mass of a metal sample before and after 

exposure to a corrosive environment with and without the IL. Numerous studies have confirmed 

its effectiveness. Pyrrolidinium ILs provided up to 85% inhibition for copper in 1 M HNO₃, and 

similar results were observed for imidazolium and pyridinium ILs in acidic environments 

(6)(42). In carbon steel immersed in 3.5% NaCl, 1-butylpyrrolidinium chloride also demonstrated 

significant inhibition based on weight loss measurements (49). The weight loss method is 

frequently corroborated by results from polarization studies, reinforcing its reliability in 

assessing IL performance (6). 

9. Surface Analysis Techniques for Studying Inhibition Mechanisms 

- Scanning Electron Microscopy (SEM) 

SEM is instrumental in analyzing the morphology and topography of metal surfaces before and 

after corrosion. It delivers nanometer-scale resolution, making it ideal for visualizing the physical 

effects of corrosion and the presence of protective inhibitor films (50)(51). Advanced SEM setups, 

including environmental SEM, allow imaging under moist or high-pressure conditions with 

minimal resolution loss (52). Coupling SEM with complementary techniques such as Auger 

electron spectroscopy and NMR relaxometry enables multidimensional material characteriza-

tion, as seen in studies of hydrated cement and corrosion-affected metals (53). 
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- X-ray Photoelectron Spectroscopy (XPS) 

XPS provides chemical state and compositional data for the top few nanometers of a surface. It is 

particularly valuable for identifying adsorbed inhibitor species, quantifying elemental content, 

and analyzing surface interactions relevant to inhibition (54)(55). 

The technique is highly sensitive, detecting as low as 0.1 atomic % and all elements except 

hydrogen and helium (54). XPS can reveal the formation of new chemical bonds or interaction 

sites indicative of successful inhibitor adsorption (56)(57). Although traditional XPS requires 

ultra-high vacuum conditions, modern near-ambient pressure XPS (NAP-XPS) enables surface 

analysis under more realistic environmental conditions (58). Despite the challenges in sample 

preparation and data interpretation, XPS remains indispensable in corrosion science and surface 

chemistry (59)(60)(61). 

10. Industrial applications and future prospects 

    - Electroplating 

Ionic liquids (ILs) have emerged as promising alternatives to conventional electrolytes in 

industrial electroplating processes due to their unique physicochemical properties. Composed 

entirely of ions, ILs offer several advantages over aqueous electrolytes, including lower toxicity, 

wider electrochemical windows, higher thermal stability, and improved current efficiencies (62). 

These features make ILs particularly attractive for sustainable electroplating applications and 

corrosion protection strategies. 

In electroplating, ILs have been successfully employed for the electrodeposition of metals and 

alloys such as zinc and zinc–nickel, which are extensively used in the automotive and aerospace 

sectors to protect steel components from corrosion (63). Notably, deep eutectic solvents—a 

subclass of ILs—have been used to deposit nanocrystalline nickel coatings with superior 

mechanical properties, enhanced corrosion resistance, and improved electrolyte stability (64). 

Moreover, the electrodeposition of aluminum and aluminum–platinum alloys from room-

temperature ILs has been demonstrated, showcasing reduced water sensitivity and simplified 

purification, thereby enhancing process efficiency and reducing costs (2). 

Looking forward, the design of task-specific ionic liquids—where the anion or cation chemistry 

is tailored for specific electrochemical applications—offers exciting opportunities. Such precision 

engineering enables better control of metal deposition, surface morphology, and interfacial 

interactions, which are crucial for advanced material applications (21). The inherently wide 

electrochemical windows of many ILs (often exceeding 5 V) further extend their usability in 

high-voltage electrochemical systems (65). However, despite their advantages, the industrial-

scale adoption of IL-based electroplating processes remains limited due to unresolved challenges 

in cost, stability, and scalability (62)(63). 

Challenges and Opportunities in Large-Scale Applications 

In addition to electroplating, ionic liquids have garnered attention as effective corrosion 

inhibitors across various industries. Numerous studies have highlighted the ability of ILs to 

reduce corrosion rates on metals such as carbon steel and stainless steel, especially in aggressive 

environments like acidic or saline media (6)(10)(66). Their inhibition efficiency is strongly 

influenced by molecular structure and concentration, with higher concentrations often resulting 

in greater surface coverage and protection (8)(10). 
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ILs inhibit corrosion primarily through adsorption mechanisms, forming protective films on 

metal surfaces. This behavior often conforms to the Langmuir adsorption isotherm model, 

indicating monolayer adsorption with uniform energy sites (6)(10)(37). Such protective behavior 

is advantageous for dynamic and corrosive industrial settings. However, scaling up the 

application of ILs for real-world corrosion protection presents several challenges. Laboratory 

results may not directly translate to complex industrial environments—such as high-

temperature, high-pressure, and high-salinity conditions found in oil and gas reservoirs—where 

inhibitor stability and persistence become critical concerns (67). Additionally, the synthesis of 

ILs, which often involves multi-step processes and expensive precursors, can hinder their 

commercial feasibility. 

On the positive side, advances in green chemistry and materials science are paving the way for 

the development of cost-effective, biodegradable, and task-specific ILs. These innovations aim to 

reduce toxicity, improve environmental compatibility, and tailor properties for specific corrosion 

systems (68). Continued research into the structure–activity relationships and environmental 

behavior of ILs will be key to unlocking their full industrial potential (11)(8). 

Conclusion 

Ionic liquids offer transformative possibilities in both electroplating and corrosion inhibition, 

combining versatility with environmental and performance benefits. While challenges remain—

particularly regarding scalability, cost, and complex operating conditions—ongoing research in 

green synthesis, tailored IL design, and hybrid applications provides a path forward. As the field 

of ionometallurgy matures, ILs are expected to play a central role in next-generation surface 

engineering technologies, especially where traditional methods fall short. 
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The obtained results are presented in graphical form. The DMA HPM Density Meter 

registers the oscillation period and temperature, transmitting these data to the IBM 

PC–based computing system, where the parameters can be monitored continuously. 

Simultaneously, the signals from the P-10 pressure gauge are transferred to the 

mPDS2000V3 control system and subsequently forwarded to the IBM PC computing 

unit. During the experiments, the temperature in the measuring cell was maintained 

with an accuracy of 0.01 K using an F32-ME thermostat (Julabo, Germany). 

Temperature measurements were performed using calibrated Pt100 platinum 

resistance thermometers (ITS-90) with an uncertainty of ±3 mK. 
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INTRODUCTION  

The depletion of traditional energy sources, global climate change, and environmental pollution 

are among the main environmental problems of today. Various measures are being taken to 

address these problems, the most significant of which is the utilization of renewable and 

alternative energy sources. Taking these into account, environmentally friendly alternative 

energy sources (solar and wind energy, small hydroelectric power plants, thermal waters, 

biomass energy) are widely used in developed countries of the world. 

Azerbaijan, due to its geographical location and climatic conditions, is among the countries with 

highly favorable potential for utilizing alternative energy sources. Across the territory of the 
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Republic of Azerbaijan, there are more than 200 underground thermal, mineral, and potable 

spring water resources enriched with various mineral substances, with a total daily productivity 

exceeding 100 million liters. These waters have more than 1,000 natural outlets [1]. According to 

their chemical composition, the mineral waters of Azerbaijan are classified into ten groups: 

hydrocarbonate, hydrocarbonate–chloride, hydrocarbonate–chloride–sulfate, chloride–

hydrocarbonate, chloride, chloride–sulfate, sulfate–chloride, sulfate–hydrocarbonate, and 

bluestone. 

Following the Decree of the President of the Republic of Azerbaijan dated October 21, 2004, on 

the approval of the “State Program on the Use of Alternative and Renewable Energy Sources in 

the Republic of Azerbaijan”, large-scale initiatives have been implemented in this field across the 

country [2]. In the present study, the density of the “Palchig-oba” geothermal water, located in 

the northern part of Azerbaijan (Khachmaz region), was investigated under high temperature 

and pressure conditions. The primary objective of this research is to assess the potential of 

alternative energy resources in the northern regions of Azerbaijan. The waters in this area 

contain gaseous compounds such as H₂S and sulfate ions and are characterized by a high degree 

of mineralization. The geothermal waters discharge at surface temperatures that are relatively 

close to each other. The outlet temperature of the “Palchig-oba” geothermal water is T=317.15 K. 

These geothermal waters in the Khachmaz region are mainly utilized for therapeutic purposes 

and as a source of hot water [3]. 

The DMA HPM Density Meter measuring system determines the oscillation period and 

temperature and transmits these data to the IBM PC computer-based computing system, where 

the parameters are continuously monitored. Simultaneously, the signals from the P-10 pressure 

gauge are transmitted to the mPDS2000V3 control system and subsequently to the IBM PC 

computing unit. During the experiment, the temperature in the measuring chamber is 

maintained with an accuracy of 0.01 K using an F32-ME thermostat (Julabo, Germany). 

Temperature measurements are performed using calibrated Pt100 platinum thermometers, with 

an error of ±3 mK (ITS-90) [4]. 

The sample was collected directly from the source, filtered, and degassed, as the presence of air 

and gas bubbles in geothermal water negatively affects density measurements. First, a chemical 

analysis of the “Palchig-oba” geothermal water was performed using an IRIS II optical emission 

spectrometer with a dual argon plasma source [5]. Subsequently, the density was experimentally 

analyzed over a wide range of temperatures and pressures. The obtained results are presented in 

Table 1 and Figures 2–3. 

Table 1. Experimental pressure p, density ρ, temperature T, isothermal compressibility kT, 

isobaric thermal expansion coefficient p, and the difference between isobaric and isochoric heat 

capacities cp-cv. of the “Palchig-oba” geothermal water. 
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0.786 278.21 500.3 41.3 0.9 0.0825  22.2 

5.073 278.22 489.6 57.8 1.9 0.1181 27.8 

9.995 278.23 478.8 75.1 3.2 0.1568 33.6 

15.101 278.22 467.0 94.3 5.2 0.2019 41.1 

20.015 278.22 456.7 111.5 7.4 0.2441 47.9 
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25.229 278.22 446.4 129.2 10.2 0.2895 55.3 

30.097 278.21 436.9 145.9 13.3 0.3338 62.8 

34.985 278.21 428.1 161.8 16.6 0.3778 70.1 

40.100 278.20 418.8 179.0 20.7 0.4273 78.8 

0.958 288.24 470.2 169.9 17.6 0.3612 103.2 

5.188 288.25 459.1 181.1 20.4 0.3944 108.5 

10.057 288.24 448.9 191.5 23.3 0.4267 112.9 

15.089 288.23 438.8 202.1 26.5 0.4606 117.7 

19.951 288.21 429.5 212.0 29.7 0.4937 122.3 

24.990 288.20 419.7 222.7 33.5 0.5306 127.9 

30.037 288.18 410.5 233.0 37.4 0.5676 133.5 

35.041 288.17 402.1 242.5 41.3 0.6031 138.8 

40.010 288.15 393.6 252.4 45.6 0.6413 144.8 

1.035 298.24 452.5 271.7 48.4 0.6005 178.0 

5.147 298.24 442.9 277.0 51.4 0.6255 181.4 

10.054 298.23 433.2 282.5 54.5 0.6520 184.4 

14.991 298.23 423.3 288.3 57.9 0.6810 188.1 

20.021 298.22 413.6 293.9 61.5 0.7105 191.9 

25.061 298.21 404.9 299.1 64.9 0.7387 195.2 

30.128 298.21 396.4 304.2 68.4 0.7673 198.7 

35.104 298.20 388.2 309.2 72.1 0.7966 202.4 

40.035 298.17 380.1 314.1 75.8 0.8263 206.3 

0.845 313.15 442.5 397.6 111.9 0.8986 280.6 

5.021 313.16 433.8 398.1 114.2 0.9177 282.4 

10.002 313.14 423.9 398.3 116.8 0.9396 284.2 

15.203 313.15 413.9 398.7 119.5 0.9631 286.4 

19.996 313.15 405.3 398.9 122.0 0.9842 288.2 

25.025 313.16 396.5 399.1 124.6 1.0064 290.1 

29.994 313.14 388.3 399.0 126.9 1.0275 291.8 

35.024 313.15 380.4 399.1 129.4 1.0493 293.6 

39.995 313.15 372.9 399.0 131.7 1.0702 295.1 

0.870 327.11 446.4 500.3 184.6 1.1207 365.7 

5.123 327.12 437.5 497.7 186.1 1.1377 367.1 

10.042 327.13 428.2 494.9 187.7 1.1560 368.1 

15.187 327.14 418.3 491.8 189.2 1.1755 369.4 

19.978 327.15 410.2 489.0 190.5 1.1922 370.0 

25.227 327.16 401.0 485.7 191.8 1.2111 371.0 

30.096 327.16 392.8 482.5 192.8 1.2282 371.7 

35.090 327.17 385.1 479.4 193.8 1.2449 372.2 

40.068 327.18 378.1 476.4 194.6 1.2600 372.2 

0.924 343.14 459.8 602.4 275.1 1.3102 448.7 

5.001 343.15 451.5 598.5 276.0 1.3256 449.9 

10.005 343.16 441.9 593.7 276.9 1.3435 451.0 

15.203 343.15 432.4 588.4 277.4 1.3610 451.8 

19.997 343.15 424.0 583.6 277.7 1.3765 452.4 

25.004 343.15 415.6 578.5 277.8 1.3920 452.7 

29.989 343.16 407.6 573.4 277.7 1.4066 452.7 

35.207 343.15 399.7 568.0 277.2 1.4209 452.4 

39.992 343.15 392.8 563.0 276.7 1.4333 451.9 

1.012 358.15 473.2 672.1 350.7 1.4206 507.8 

5.065 358.16 465.4 668.7 352.2 1.4369 509.6 

10.025 358.15 456.4 664.3 353.7 1.4556 511.3 
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15.047 358.14 447.5 659.6 354.7 1.4738 512.8 

20.035 358.15 439.1 654.7 355.4 1.4909 513.9 

25.621 358.15 430.2 649.1 355.7 1.5089 514.8 

30.058 358.16 423.3 644.4 355.7 1.5225 515.2 

35.106 358.15 415.8 639.0 355.2 1.5367 515.2 

39.985 358.15 408.9 633.6 354.4 1.5496 515.0 

1.326 373.12 481.7 701.4 394.8 1.4561 542.0 

5.108 373.12 474.7 700.1 398.4 1.4750 545.2 

10.166 373.15 466.5 698.3 402.4 1.4968 548.4 

15.004 373.18 459.0 696.2 405.6 1.5167 551.0 

20.071 373.18 451.3 693.6 408.5 1.5368 553.4 

25.167 373.18 443.8 690.6 411.0 1.5560 555.5 

30.106 373.16 436.7 687.4 412.7 1.5738 557.2 

35.011 373.17 430.3 684.1 414.0 1.5896 558.2 

40.022 373.16 423.8 680.2 414.8 1.6052 559.0 

 

The obtained results were analyzed using the equation of state [6]: 

1282 )()()( ρTCρTBρTAp  ,      (1) 

here: the coefficients A(T), B(T) and C(T) of equation (1) depend on temperature: 
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The values of the coefficients ai, bi and ci are presented in Table 2. 
 

Table 2: Coefficients ai, bi and ci of the equation of state of the “Palchig-oba” geothermal water. 

ai        bi ci 

         a1= -5.96906137647 

         a2= 0.03060188658 

         a3= -0.4800227471·10-4 

b0= 7660.5225241 

b1= -49.491673 

b2= 0.0829263 

c0= -5397.473667514 

c1= 35.409651677 

c2= -0.0575229913 

 

Equation of state (1) allows the experimental density values to be expressed with an average 

relative error of Δρ/ρ = 0.010 %, and this error for each experimental value is shown in Figure 3. 

Using the equation of state, various thermodynamic parameters were determined: the isothermal 

compressibility, kT/MPa-1 which describes the relative volume change under a pressure change at 

constant temperature, is computed as follows: 

1

T )/)(/1(  Tpk  ,        (3) 

Equation of state (1) can be expressed in the following form using Equation (3): 

)1282(/1 1282

T  CBAk  .      (4) 

The calculated values of the isothermal compressibility, kT/MPa-1 are presented in Table 1 and 

illustrated in Figure 4. 
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Figure 1. Dependence of the pressure ρ of the “Palchig-

oba”geothermal water on density ρ : , 278.15 K; ■, 288.12 

K; ▲, 298.15 K; ●, 312.95 K; , 328.15 K; □, 343.16 K; Δ, 

358.15 K; ○, 373.09 K; ___ result calculated using the 

equation of state. 

Figure 2. Dependence of the density ρ of the “Palchig-

oba”geothermal water on temperature (T) : , 0.101 MPa; 

■, 5 MPa; ▲, 10 MPa; ●, 15 MPa; , 20 MPa; □, 25 MPa; Δ, 

30 MPa; ○, 35 MPa; *, 40 MPa. 

 
 

Figure 3. Percent difference between the experimental 

density (ρ_exp) and the density calculated using the 

equation of state (ρ_calc). 

Figure 4. Dependence of the isothermal compressibility 

kT106/MPa-1 of the “Palchig-oba” geotermal water on 

temperature T , 0.101 MPa; ■, 5 MPa; ▲, 10 MPa; , 15 

MPa; , 20 MPa; □, 25 MPa; Δ, 30 MPa; ○, 35 MPa; *, 40 

MPa. 
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The isobaric thermal expansion coefficient p/K-1  for the “Palchig-oba” geothermal water was 

determined using the following relation. 

    (5) 

])(12)(8)(2]/[)()()([ 106106

p  TCTBTAT'CT'BT'A  , (6) 

here: A′(T), B′(T), and C′(T) denote the temperature derivatives of the coefficients A(T), B(T), and 

C(T), respectively, and are determined as follows: 
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Calculated values of the isobaric thermal expansion coefficient p/K-1   are given in Table 1. 

The difference in specific heat capacities at constant pressure and constant volume (cp-cv ) / Jkq-1K-

1 is calculated as follows: 

T

2

2

)(

)(










/p

T/p
Tcc vp ,        (8) 

here: cp and cv are the specific heat capacities at constant pressure and constant volume. Using 

equations (3) and (5), the following dependence can be obtained: 

T

p

vp
k

T
cc



 2

 ,          (9) 

Calculated values of (cp-cv )/Jkq-1K-1 the difference in specific heat capacities at constant pressure 

and volume, are presented in Table 1. 

As a result of the experimental analysis, anomalies were observed in the dependence of density 

and the calculated thermal properties of the “Palchig-oba” geothermal water. Specifically, the 

isothermal compressibility initially decreases with increasing temperature, as is typical for water, 

but begins to increase again at approximately T = (313.15–318.15) K. These anomalies are 

primarily attributed to the high water content of the geothermal fluid, which constitutes (96–

97%) of its composition. Thus, at low temperatures, the molecular network of water adopts an 

expanded, open structure, which facilitates higher compressibility. As the temperature increases, 

the molecular structure becomes more compact, resulting in reduced compressibility. 
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1. INTRODUCTION 

The age of fast digitalization and diminishing resources oversees the rapid development of 

computational models and simulation techniques in chemistry and chemical engineering. 

Computational methods are being utilized successfully for prediction of structures and 

properties of various chemical and biological systems and processes [1]. Simulation of molecular 

systems in virtual environment using computational tools helps to minimize the usage of 

resources such as material, energy and time while evaluating various alternatives during 

chemical product development process. It is predicted that with the future progress of 

computational methods in chemistry, automated generation of reaction paths will be possible [2]. 

In addition, application of machine learning to molecular simulations and computational 

chemistry is another promising idea that can unlock the potential of this field for future product 

development [3]. 

However, development of various computational tools depends on their successful benchmar-

king against experimental data. Several works have been dedicated to linking experimental 

findings with computer simulations of various molecular systems and processes [4]-[7].  
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Surface and interfacial science is one of the most important fields in need of progressive 

computational modelling work for its future development. Combining computational input with 

novel experimental findings in surface and interfacial science can lead to revolutionary 

inventions with great application potential. Considering this, our work reports the computer 

modelling of self-assembly and micellization behavior of a novel surface-active complex. The 

suggested coarse graining and parametrization scheme can be successfully extrapolated to 

similar molecular structures. 

 

2. EXPERIMENTAL WORKS 

2.1 Synthesis 

Synthesis of the surface-active complexes was done as described in Fig. 1 below. In the first step 

of reaction sequence ethyl piperazine reacted with propylene oxide to produce alkanolamine. In 

the next step the alkanolamine was protonated with hydrogen chloride to obtain di-ammonium 

dichloride salt. The third step was the total quaternization of the diammonium salt by reacting it 

with propylene oxide in 1:2 molar ratio. In the final step surface-active complexes were obtained 

by mixing the quaternized product with long chain carboxylic acids or their sodium salts. 

For the purposes of this study, the surface-active complex with stearic acid fragments (named as 

[C18-EPPO3-C18 + 2 NaCl]) has been chosen and both experimental and computational evaluation 

of the product has been performed. 

 

 

Fig. 1 Synthesis of the surface-active complexes from ethyl piperazine 

 

2.2 Self-assembly Properties 

Critical Micelle Concentration (CMC) of the obtained surface-active complex [C18-EPPO3-C18 + 2 

NaCl] has been measured via conductometric method and was recorded as ? mM. Its high 

surface activity and self-assembly properties were also verified by tensiometric measurements. 

Fig. 2 and Fig. 3 below present the conductivity and surface tension of aqueous [C18-EPPO3-C18 + 

2 NaCl] solutions as a function of their concentration. 

The conductometry and tensiometry analyzes indicate that [C18-EPPO3-C18 + 2 NaCl] possess 

surface activity and is able to form molecule clusters called “micelles” in aqueous solution. The 

characteristic break point on Fig. 2 corresponds to the minimum concentration that allows 

formation of micellar clusters and is denoted as CMC point. 
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Fig. 2 Conductivity vs concentration graph of [C18-EPPO3-C18 + 2 NaCl] 

 

 

 

Fig. 3 Surface tension vs ln of concentration graph of [C18-EPPO3-C18 + 2 NaCl] 

 

3. DPD METHODOLOGY 

Dissipative Particle Dynamics (DPD) technique is a computational scheme designed to simulate 

the mesoscopic particles’ motion in fluid environment by utilizing Newton’s classical motion 

theory [7]. This method is regarded as one of the most useful molecular simulation tools to 

model and study the behavior of self-assembling systems such as surfactant solutions.  

The basis of DPD methodology is computation of two types of forces acting on the particles of 

interest in the finite simulation volume. The two types of forces are categorized as bonded and 

non-bonded forces, whereas the particles of interest are generally named as “beads”. 
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3.1 Non-bonded Forces 

The non-bonded DPD forces consist of the following: 

 The conservative force FijC 

 The dissipative force FijD  

 The random force FijR  

 The electrostatic force FijE 

The conservative force FijC accounts for the repulsive interactions between bead particles and the 

soft harmonic form of conservative force (1) is utilized for the simulation: 

Fij
C= {

aij (1-
rij

rC
)   rij<rC

0               rij≥rC

  (1) 

Where aij is called the repulsive interaction parameter between beads i and j, rC is called the cut-

off radius and rij is the distance separating beads i and j. The repulsive interactions take effect 

only within the cut-off radius rC. 

The frictional forces between the beads in the fluid medium is represented by the dissipative 

force FijD (2): 

Fij
D=-γ

ij
ωD(rij)(vij)  (2) 

Where γij is the friction coefficient and γij= γji>0. vij=vi-vj is the velocity difference between the bead 

particles. ωD is called the distance dependent weight function is calculated by (3): 

ωD= {
(1-

rij

rC
)

2
  rij<rC

0            rij≥rC

  (3) 

The random motion of the particles in the fluid medium is represented by the random force FijR (4): 

Fij
R=σijω

R(rij)ξij
1

√∆t
   (4) 

Where σij is the noise amplitude (σij= σji>0). ξij= ξji>0 is a randomly fluctuating Gaussian variable 

with a zero mean and a unit variance, Δt represents the time step utilized in DPD simulations. ωR 

is the distance dependent weight function (5): 

ωR= {
 1-

rij

rC
    rij<rC

0           rij≥rC

  (5) 

The noise amplitude σij and the friction coefficient γij are related: 

σij
2=2γ

ij
kBT  (6) 

In (6) above kB is the Boltzmann constant (kB=1.380649×10−23 J⋅K−1) and T is the absolute 

temperature in K (Kelvin). 

Finally, the  electrostatic force FijE is represented by the Coulomb’s Law (7): 

Fij
E=ke

q
i
q

j

εrrij
2   (7) 
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Where ke is the Coulomb’s constant (ke=8.99 × 109 N ⋅ m2 ⋅ C-2), qi and qj are the electrostatic charges 

of the beads i and j, and εr is the relative permittivity. 

3.2 Bonded Forces 

The spring force FijS and the angle force FijkA are the bonded forces taking effect when two or more 

bead particles are sharing a bond in a manner similar to covalent bonds in chemistry.  

The strength of bonds connecting the bead particles is simulated by the spring force FijS. The 

spring force FijS (8) and its potential US (9) are: 

Fij
S=-

δUS

δrij
   (8) 

US= ∑
1

2j Cb (rij-r0)
2
  (9) 

Where Cb is the spring constant and r0 is the equilibrium length of the bond connecting beads i 

and j.  

The stiffness of the angle between two bonds is simulated by the angle force FijkA. The cosine 

harmonic functional form the angle force FijkA is used as expressed by (10) and (11): 

Fijk
A =-

δUA

δrij
  (10) 

UA= ∑
1

2j Ca (cosθijk-cosθ0)
2
 (11) 

Where Ca is the angle constant, θijk is the actual bond angle, θ0 is the equilibrium bond angle 

between i-j and j-k bonds. 

 

4. SIMULATION SET-UP 

The simulation was performed using Materials Studio v23 molecular modelling software. The 

simulation was performed in a box with dimensions of 200 Å × 200 Å × 200 Å with NVT 

ensemble for 100000 time steps. 

4.1 Coarse Graining 

Coarse graining in molecular simulation is the process of modelling the actual molecular 

structure for computational process via the specified scheme. Water molecules and molecules of 

surface-active complex [C18-EPPO3-C18 + 2 NaCl] have been coarse grained in accordance with the 

schematic described in Fig. 4 below. 

4.2 Parametrization 

The repulsive interaction parameters aij used in Materials Studio v23 are presented in Table 1 

below. 

In addition, all other DPD parameters from (1) to (11) that are required by the software to 

converge are defined below:  

 The cut-off radius rC=6.46 Å 

 The friction coefficient γij=4.5 
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 Time step Δt=0.05 

 The bond spring constant Cb=150  

 The bond angle constant Ca=5 

 The equilibrium bond angle θ0=180° 

For electrostatic effects the charges of +1, +1 and -1 were assigned to NH, eNH and CO beads, 

respectively. The relative permittivity εr of water at 25°C (εr=78.2) was selected to simulate 

aqueous environment. 

 

Fig. 4 Coarse graining schematic of [C18-EPPO3-C18 + 2 NaCl] 

 

Table 1. DPD repulsive interaction parameters 

Bead type C CO iOH NH eNH W Na Cl 

C 78.33        

CO 134.22 78.33       

iOH 89.25 93.35 78.33      

NH 82.32 80.68 73.97 78.33     

eNH 79.38 77.98 74.75 78.18 78.33    

W 118.79 80.77 75.50 74.24 72.69 78.33   

Na 118.79 80.77 75.50 74.24 72.69 78.33 78.33  

Cl 118.79 80.77 75.50 74.24 72.69 78.33 78.33 78.33 

 

4.3 Simulation Outcomes 

The molecular simulation converged successfully, and the equilibrated simulation trajectories 

were obtained (see Fig. 5). Water molecules have been hidden in the final simulation box frames 

to clearly indicate the structure of surface-active molecules. The final state of the simulation box 

shows distinctive clustering of the surfactant molecules. The ionic moieties, on the other hand, 

are randomly distributed within solution phase. These findings agree with the experimental 
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findings, indicating self-assembly and micellization tendencies of [C18-EPPO3-C18 + 2 NaCl]. 

Therefore, it is established that DPD simulation performed in Materials Studio could successfully 

predict system behavior provided that correct parametrization is done. 

 

 

Fig. 5 Equilibrated simulation box depicting micelle formation 

 

5. CONCLUSION 

The synthesis of a completely new surface-active complex and its successful computer modelling 

have been done. The simulation results agree with the experimental findings. The methodology 

utilized for computational modelling of the novel surface-active complexes can be further 

applied to similarly constructed molecular systems for deeper and more rigorous study of self-

assembly and micellization behavior. 

 
  



Elgun E. Hasanov, Gulnara A. Ahmadova 

156 

REFERENCES 

[1] Leszczynski, J., & Shukla, M. K. (2022) Practical Aspects of Computational Chemistry V. Springer International 

Publishing, https://doi.org/10.1007/978-3-030-83244-5   

[2] Grimme, S., & Schreiner, P. R. (2018). Computational Chemistry: The Fate of Current Methods and Future 

Challenges. Angewandte Chemie - International Edition, 57(16), 4170–4176. https://doi.org/10.1002/anie.201709943  

[3] Ciccotti, G., Dellago, C., Ferrario, M., Hernández, E. R., & Tuckerman, M. E. (2022). Molecular simulations: past, 

present, and future (a Topical Issue in EPJB). European Physical Journal B, 95(1). https://doi.org/10.1140/epjb/s10051-

021-00249-x  

[4]  Shah, D., & Mjalli, F. S. (2014). Effect of water on the thermo-physical properties of Reline: An experimental and 

molecular simulation based approach. Physical Chemistry Chemical Physics, 16(43), 23900–23907. 

https://doi.org/10.1039/c4cp02600d  

[5] Firouzi, M., Rupp, E. C., Liu, C. W., & Wilcox, J. (2014). Molecular simulation and experimental characterization of 

the nanoporous structures of coal and gas shale. International Journal of Coal Geology, 121, 123–128. 

https://doi.org/10.1016/j.coal.2013.11.003  

[6] Cao, P., Short, M. P., & Yip, S. (2017). Understanding the mechanisms of amorphous creep through molecular 

simulation. Proceedings of the National Academy of Sciences of the United States of America, 114(52), 13631–13636. 

https://doi.org/10.1073/pnas.1708618114  

[7] Hu, C., You, G., Liu, J., Du, S., Zhao, X., & Wu, S. (2021). Study on the mechanisms of the lubricating oil 

antioxidants: Experimental and molecular simulation. Journal of Molecular Liquids, 324, 115099. 

https://doi.org/10.1016/j.molliq.2020.115099  

[8] Español, P., & Warren, P. B. (2017). Perspective: Dissipative particle dynamics. Journal of Chemical Physics, 146(15). 

https://doi.org/10.1063/1.4979514 

 

 



JOURNAL OF BAKU ENGINEERING UNIVERSITY-ADVANCES IN CHEMISTRY AND CHEMICAL ENGINEERING 

2025. Volume 9, Number 2   Pages 157-160 

157 

 
UDC: 614.842.61:674.048 

DOI:  https://doi.org/10.30546/2521-6317.2025.02.534 

SYNTHESIS OF A FIRE-RETARDANT EUF MODIFIER FOR WOODEN 

STRUCTURAL CONSTRUCTIONS AND INVESTIGATION OF THE 

PROPERTIES OF A LIQUID GLASS-BASED COMPOSITION 

KAMOLOVA Zaynura M 

Bukhara State Technical University, 

 Bukhara, Uzbekistan 

 
ARTICLE INFO ABSTRACT 

Article history: 

Received: 2025-06-13  

Received in revised form:2025-06-21  

Accepted: 2025-07-19 

Available online:2025-12-25 

This article presents the analytical results of a scientific study devoted to one of 

the most relevant current problems, namely the fire protection of wooden 

building structures and the synthesis of compositions based on organic 

modifiers for this purpose. The modification of liquid glass, which makes it 

possible to significantly change its main properties, was studied in accordance 

with the SST standard, based on the modifier extraction method and the results 

of testing its thermal properties, which demonstrated a decrease in mass. 
Keywords: 

organic modifier, liquid glass, extraction, 

composition, oligo(poly)mer, DMSO, 

modification, diurethane, formaldehyde. 

3134-6081/© 2025 The Author(s). Published by Baku Engineering University.  

This is an open access article under the CC BY 4.0 license (http://creativecommons.org/licenses/by/4.0/) 

 

1. INTRODUCTION 

The global construction industry is developing rapidly, primarily due to the growing demand 

for modern building and structural systems, which stimulates the improvement of their fire 

protection efficiency. Fire statistics clearly show that fires on a global scale have a negative 

impact not only on the economy but also on human life. Therefore, preventing the ignition of 

building structures, especially wooden materials, is of great importance. The use of local raw 

materials in the development of thermal insulation compositions leads to the creation of new 

products capable of replacing imported materials. The selection of liquid glass as a base material 

and the utilization of its properties as a coating make it possible to obtain coatings with localized 

thermal insulation properties. 

To regulate the properties of liquid glass, it is modified using specific additives employed in the 

synthesis of its components. The modification of liquid glass, that is, the introduction of new 

organic bonds and changes in the composition of Na2SiO3, makes it possible to significantly 

expand its field of application. All additives used for the modification of liquid glass are divided 

into six types: acidic, precipitating, saline, hydrophilic, binding, and organic modifiers. Acidic 

additives reduce the alkalinity of the system and promote the formation of polysilicate ions, 

which increases the elastic modulus of liquid glass. Their advantage lies in the fact that, in 

addition to binding alkali, they release silicic acid during decomposition, which significantly 

densifies the hardening system [2]. 

The selection of an organic modifier in the system primarily leads to a significant increase in the 

adhesion of liquid glass to various surfaces, which is considerably higher than that achieved with 

inorganic modifiers, thereby expanding its range of applications. In general, without compromi-

sing the operational characteristics of the material, this makes it possible to improve not only 
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thermal properties but also adhesion, elasticity, plasticity, and viscosity. However, organic 

modifiers are not without disadvantages, namely their tendency toward coagulation, and this 

problem is resolved through the use of an emulsifier. 

2. EXPERIMENTAL PART 

During the synthesis process, appropriate reagents were selected, and the resulting product was 

synthesized under specified temperature and time conditions. The correct selection of reaction 

conditions is essential for the formation of an oligo(poly)mer with the desired thermal properties. 

 

 

The formed diurethane reacts with formaldehyde to produce an oligo(poly)mer in accordance 

with the following reaction equation. Depending on the amount of formaldehyde, mono-, di-, or 

highly methylolated derivatives are formed. The ratio of the components is selected based on the 

intended application of the resulting derivative. 

 

 

At the end of the process, a ready-to-use EUF modifier with a white–brown color and viscous 

consistency was obtained. The isolation of the synthesized compounds was carried out using the 

conventional extraction method. The resulting oligo(poly)mer was purified by extraction using 

various solvents. In particular, when dissolving the reagent and the synthesis product in alcohol, 

ethylene glycol and formaldehyde were dissolved, urea dissolved in small amounts, while the 

EUF modifier remained insoluble. A similar procedure was performed using other solvents. The 

extraction results are presented in the following table (Table 1). 
 

Table  1. Solubility of Reagents and Products in Solvents 

Solvents Reagents and Products 

Ethylene glycol  Urea Formaldehyde EUF 

Water dissolved dissolved dissolved dissolved at 70-80 0С 

Ethanol (Alcohol) dissolved partially dissolved dissolved partially dissolved 

Benzene insoluble insoluble insoluble insoluble 

Hexane dissolved insoluble dissolved partially dissolved 

Dimethylformamide (DMF) dissolved insoluble dissolved partially dissolved 

Decane dissolved insoluble dissolved dissolved 

Octane dissolved insoluble dissolved insoluble 

Acetone dissolved dissolved dissolved partially dissolved 

Diethyl ether dissolved dissolved dissolved dissolved 
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DMSO dissolved dissolved dissolved insoluble 

Isopropyl alcohol dissolved insoluble dissolved partially dissolved 

Tetrahydrofuran (THF) dissolved dissolved dissolved dissolved 

Benzene + DMSO insoluble insoluble insoluble partially dissolved 

4 ml acetic acid + 4 ml 

ethanol + 2 ml butanol 

dissolved dissolved dissolved dissolved 

Based on the obtained data, it can be concluded that the insolubility of the EUF substance in 

DMSO makes it possible to use this solvent in the extraction process to isolate the required 

synthesized compound. Particular attention should be paid to the purity of DMSO. Based on the 

determination of the solubility of the substance in various solvents and the results of the 

conducted experiments, it can be confidently stated that DMSO is used as the solvent after the 

extraction process. 

It was established that one layer of the extraction mixture contains unreacted substances and 

compounds dissolved in the solvent (ethylene glycol, urea, and formaldehyde), while the second 

layer contains the synthesized reaction product, EUF, which is insoluble in the solvent. By 

applying the solvent replacement method, the oligo(poly)mer was isolated in a pure form, after 

which its structure, morphology, and composition were investigated using modern analytical 

methods. 

3. Results and Discussion 

To investigate the thermal properties of the oligo(poly)mer synthesized from the selected 

reagents, samples were prepared in a modified form using liquid glass solutions of varying 

concentrations. Wooden samples were treated by impregnation with the prepared liquid glass-

based composition. According to fire safety regulations, the critical temperature for metallic 

structures, at which they lose strength, is 500 0C. 

Aqueous solutions of the synthesized compounds with concentrations ranging from 1 to 10 % 

were prepared, and pine wood samples were impregnated in a specialized bath at 40–50 0C for 

1–1.5 hours. As a result, it was established that the fire resistance of the treated wooden materials 

increased significantly. These findings were analyzed in accordance with SST 16363-98 (Table 2) 
 

Table 2. Test results obtained for evaluating the thermal performance                                                                                                     

of liquid glass-based coatings (6 % modified composition). 

№ 
Sample Mass, g Temperature, 0С mass loss, g 

Note 
Before Before T Start T End g % 

1% Na2SiO3 solution 155,2 153,8 220 380 1,4 0,9 
no complete destruction 

observed 

2% Na2SiO3 solution 155,4 153,9 220 380 1.5 0,96 
no complete destruction 

observed 

3% Na2SiO3 solution 157,3 155.6 220 380 1,7 1,08 
no complete destruction 

observed. 

4% Na2SiO3solution 156,2 155.8 220 380 0,4 0,26 
no complete destruction 

observed. 

5% Na2SiO3solution 155,2 154,4 220 380 0,8 0,52 charring 

6% Na2SiO3solution 155,5 154,5 220 380 1 0,64 charring 

7% Na2SiO3solution 157,7 156,5 220 380 1,2 0,76 charring 

8% Na2SiO3 solution 157,9 156,4 220 380 1,5 0,95 charring 

9% Na2SiO3solution 157,9 156 220 380 1,9 1,2 charring 

10% 

Na2SiO3solution 
156,7 154,5 220 380 2,2 1,4 

charring 
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Based on the results presented in Table 2, it can be concluded that, according to the requirements 

of SST 16363-98, as the concentration of the modified liquid glass increases, its degree of 

penetration into the wood decreases. Consequently, the thermal stability initially increases and 

then decreases, with the maximum value observed for the 4 % solution. 

4. CONCLUSION 

In conclusion, it can be noted that an EUF modifier with the desired properties was successfully 

synthesized using the selected reagents. To isolate this compound in a pure and individual form, 

a suitable solvent for extraction was selected, ensuring the purity of the obtained modifier. 

The next key step in achieving the study objectives involved preparing solutions of modified 

liquid glass, testing them on wood samples, and conducting experiments in accordance with SST 

standards to evaluate the significant improvement in the fire resistance of the treated wooden 

materials. According to Table 2, the best performance for the selected 6 % modified composition 

and its corresponding Na2SiO3 was observed at a concentration of 4 %. This is primarily due to 

the low mass loss of 0.4 % and the absence of complete destruction, which supports the 

conclusion that the study’s objectives have been successfully achieved.   
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