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Annotation. The molecular structure of coal is estimated by 13 parameters of infrared spectra, electron 
paramagnetic resonance, volatile yield and ash content. A new criterion of hydrophobicity is applied, which has shown its 
informativeness in analyzing the molecular structure of coals of various ranks. It is more sensitive to changes in coal 
rank than the standard index of volatile yield. The coalification process leads to a significant increase in this index due to 
hydroxyl-containing compounds from the substance of coal. Two-way analysis of variance showed that the influence of 
the metamorphism factor is significant for 9 molecular parameters. The research of Donbas coal samples confirmed the 
general tendency of the influence of the metamorphism factors on the reduction of molecular diversity of oxygen-
containing compounds and the shortening of aliphatic chains under the simultaneous increase in the number of 
paramagnetic centers and conjugated aromatic carbon structures. The factor analysis by the method of the main 
components of the molecular structure parameters in coal showed that the most significant independent component is 
metamorphism, which is a combination of temperature gradients, pressures and various tectonic influences. The 
remaining subordinate components can be attributed to the conditions of sedimentation, which include independent 
processes: accumulation of mineral components, decomposition of biomass and geochemical environment in the 
sedimentation period. The beds of sub-bituminous coals of early-, middle- and late carboniferous age occurring at 
shallow depths have insignificant differences in the molecular structure, at the same time, a deep immersion of 
bituminous coals leads to strong changes in their molecular structure. The introduced hydrophobicity criterion showed its 
informativeness in the analysis of the molecular structure of coals. It is more sensitive to changes in the coal rank than 
the standard index of volatile yield. The coalification process leads to a significant increase in this index due to the water 
release and other hydroxyl-containing compounds from the substance of coal. 

Keywords: Donbas coals, molecular structure, Fourier-transform infrared spectroscopy, electron paramagnetic 
resonance, coalification factors. 

 

Introduction. The complexity of the current economic situation in Ukraine, to a 

large extent, is due to a shortage of energy resources, although there is about 56.7 

billion tons of coal in the depths of the main coal-bearing basins; and methane 

resources in the coal-bearing stratum, according to assessments of various 

researchers, are 12-25 trillion m3. But most of the coals upon their qualities cannot be 

used neither in energy nor coke chemistry. The method of artificially transferring 

coals to a higher degree of metamophism is absent, which is due to both the 

complexity of the object of research and the ambiguity of ideas about the processes  
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that occur in the molecular structure of coals under the influence of natural factors. 

Indeed, during the accumulation of sediments, which are about 300 million years, 

thermodynamic, tectonic, chemical, biochemical and many other factors changed 

significantly, each of which made its own contribution to the formation of the coal 

structure. 

Currently, there are a fairly large number of theoretical and experimental studies 

on the structure and state of coal by various physical, physicochemical and chemical 

methods [1]. However, in recent years, the discrepancy between the results of 

geological and geochemical studies of coalification processes with theoretical 

calculations and with the results of simulation of these processes in the laboratory has 

been very often observed. Given the complexity and multifactorial nature of external 

processes, researchers, as a rule, analyze in detail the change in one of the factors. 

Therefore, the study of the cumulative effect in a number of external factors and the 

selection of the main one, formed the modern structure of coal, is relevant and is a 

necessary link in the research of the formation of coal-gas deposits. 

Methods. The molecular structure of coal was estimated on the basis of three 

measurement methods, the results of which were used to determine groups of 

indicators. 

Technical analysis of coal is ash content and volatile yield. 

Electron Paramagnetic Resonance (EPR) spectroscopy makes it possible to 

determine the number of paramagnetic centers (PMC), the width of the EPR signal, 

the coefficient of aromatization, Sorption capacity and conjugacy coefficient. 

Diffuse Reflection Infrared Fourier Transformation (DRIFT) allows us to find the 

length of aliphatic chains (the ratio of the number of methylene and methyl groups), 

the vibrational mode of CH groups (the ratio of asymmetric and symmetric valence 

vibrations), the band width of the valence vibrations in the aliphatic groups (the ratio 

of the total height and width of the model Gaussian peaks). This method also 

determined the ratio of the number of protons attached to aromatic rings and aliphatic 

chains, the criterion of hydrophobicity (the ratio of different CH to various OH 

groups) and the content of carbonyl groups in organic compounds. 

Most of these indexes are often used to characterize the substance of coal [2-4]. In 

addition, a new criterion for the hydrophobicity of undisturbed coals is introduced 

here. In this case, the coals are not subjected to acid leaching, [5]. In the short-wave 

part of the average standard range of DRIFT (2000 – 3800 cm
-1

) of organic coal 

substance, the valence vibrations of protons relative to heavier atoms (O, C, N, S, P, 

etc.) lie. These bands have different frequencies and characteristic peaks shape, 

which allows us to identify and separate the vibrations of CH and OH of the 

functional groups. The series of sharp peaks shaded with a black background (Fig. 1) 

corresponds to aliphatic and aromatic CH groups. A wide diffuse asymmetric peak 

with a gray background belongs to the valence vibrations of hydroxyls. Free 

vibrations are the left steeply dipping wing and involved in numerous hydrogen 

bonds – the right smoothly dipping wing. The stronger the intermolecular interaction 

the lower the frequency of hydroxyl. 
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The criterion of hydrophobicity is calculated as the ratio of the areas of black and 

gray figures. Its chemical meaning lies in the fact that CH groups of organic 

compounds have hydrophobic properties, and OH groups of organic and mineral 

substances are hydrophilic ones. A wide hydroxyl band includes not only vibrations 

of hydroxides, alcohols, acids and other compounds containing hydroxogroups, but 

also vibrations of crystallization or constitutional water set in the molecular structure 

of coal. 

The advantages of this index include a good recognition of the used groups of 

bands in coals of varying degrees of metamorphism. This allows conducting a 

reliable assessment of the hydrophobicity criterion for all grades of coal. 

Coals were selected for the research: lower (beds c1 - c10), medium (k, l, m3) and 

upper carbon (n1), differing in sedimentation conditions, the degree of metamorphism 

of precipitation accumulation time, which made it possible to research the influence 

of these factors on the coal material. 
 

 

Figure 1 – Fragment of typical DRIFT for sub-bituminous coal with marked areas of vibrational 

bands, specific CH (dark background), OH (gray background) functional groups (R – reflectivity) 

Results and discussion. Conducted two-factor analysis of variance of the entire 

massif of molecular parameters of coal showed that the five- level (coal beds c, k, l, 

m, n) stratigraphic factor (Bed) did not significantly affect any of the responses 

(Table 1). The three -level: Sub-bituminous (SB), High volatile bituminous (HVB) 

and Low volatile bituminous (LVB) metamorphism factor (Rank) reliably affects 

most of the researched coal parameters. 

The strongest effects were recorded for: sorption capacity – 24.76; hydrophobicity 

criterion –18.59; the number of PMC – 16.05; the aromatization coefficients – 15.26 

and conjugacy one – 14.47; volatile yield – 11.4, etc. The analysis of the 

simultaneous influence of these two factors with a reduced number of beds for the 

full plan of the experiment showed the absence of accurate effects for all dependent 

variables. 
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Table 1 – Descriptive statistics and Fisher criteria for molecular parameters of coal with influence 

effects of metamorphism and stratigraphy factors 
 

Responces  Rank factor levels Factors 

SB HVB LVB Rank Bed 

Ash content 5,77±6,04 10,33±7,09 10,5±5,97 0,31 2,87 

Volatile yield 40,07±4,07 28,91±4,25 16,47±5,62 11,84 0,04 

PMC quantity 2±0,53 2,91±0,45 3,94±0,46 16,05 0,41 

ESR signal 

width 
6,32±0,59 6,31±0,9 6,35±0,36 0,38 1,01 

Aromatization 

coefficient 
0,37±0,09 0,51±0,13 0,75±0,07 15,26 1,22 

Sorption 

capacity 
9,26±3,89 18,5±6,94 35,68±3,02 24,76 0,02 

Contingency 

coefficient 
0,62±0,24 1,34±0,77 3,28±1,02 14,47 0,89 

Aliphatic chain 

leng th 
0,38±0,25 0,24±0,08 0,19±0,12 10,33 0,22 

Oscillation 

mode of CH 

groups 

2,4±0,56 1,9±0,46 1,78±0,22 0,1 0,58 

Peak width of 

CH groups 
0,31±0,06 0,28±0,06 0,22±0,06 1,3 1,11 

Aromatic of 

protons 
0,14±0,09 0,49±0,22 0,79±0,1 9,99 2,52 

Criterion of 

hydrophobicity 
0,06±0,02 0,1±0,03 0,17±0,03 18,59 1,8 

Carbonyl 

groups 
2,95±2,08 0,65±1,01 0,11±0,05 8,16 1,17 

 

Note: Fisher's criteria for accurate effects at a significance level of p < 0.05 are marked in bold type. 

 

Thus, of the two factors considered, the metamorphism of coals in the process of 

their immersion is the most significant and accurate factor. The total Fisher criterion 

for all responses (F = 3.99) is more than 2.5 times greater than that of the 

stratigraphic factor. 

The factor analysis by the principal component method (Principal Components 

Analysis (PCA)) allows one to identify and rank upon importance the independent 

latent factors affecting all the indicators under research. On the basis of the Kaiser 

criterion, a model of 4 main components (PCA) was chosen, which explains 85 % of 

the total variance of standardized features (Table 2). 

56.8 % of dispersion accounts at the first most significant factor. It strongly 

affects most of the features and is caused by the process of coal metamorphism. The 

obtained result is closely correlated with the results of dispersion analysis. The 

second (11.4 %), third (8.9 %) and fourth (7.8 %) factors affect the variability of the 

ash content, the length of aliphatic chains and the width of the EPR signal, 

respectively. It is obvious that these factors are independent of each other, and their 

action is maximal during the period of sedimentation. 
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Table 2 – Factor loads on the features of the molecular structure of coal 
 

Features PCA1 PCA2 PCA3 PCA4 

Ash content 0,05 0,91 -0,04 0,03 

Volatile yield -0,92 -0,22 0,03 0,10 

PMC quantity 0,92 0,10 0,02 -0,14 

ESR signal width -0,10 0,06 0,12 -0,93 

Aromatization 

coefficient 
0,95 0,17 0,13 0,12 

Sorption capacity 0,96 0,14 0,10 0,03 

Contingency 

coefficient 
0,89 0,13 0,23 0,17 

Aliphatic chain 

length 
-0,30 -0,22 -0,78 0,21 

Oscillation mode of 

CH groups 
-0,58 -0,32 0,56 0,11 

Peak width of CH 

groups 
-0,29 -0,69 -0,17 0,14 

Aromatic of protons 0,85 0,46 -0,10 0,01 

Criterion of 

hydrophobicity 
0,87 0,04 0,09 0,30 

Carbonyl groups -0,74 -0,16 0,32 0,34 

Eigenvalues 7,39 1,49 1,16 1,02 

Total dispersion 

proportion, % 
56,83 11,43 8,92 7,84 

 

Note: significant loads of less than -0.7 and more than 0.7 are marked in bold type. 

 

The accumulation of mineral components in coal is mainly determined by the 

river runoff, groundwater or sea tides. The ash components of coal molecular 

structure are in the form of inorganic ions of soluble salts, organic -mineral 

coordination complexes as well as colloidal particles of amorphous and crystalline 

structure. 

The length of aliphatic chains in the molecular structures of coal can be 

determined by the diversity of the decomposition processes of the paleomoor 

mortmass. Anaerobic processes of decay and fermentation can occur in various 

biochemical ways, depending on temperature, acidity, redox potential, water flow 

rate and other parameters of the water basin. For example, different types of bacteria 

as a result of metabolic decomposition of complex organic nutrients produce alcohol, 

acetic acid, propionic acid, butyrate, lactic acid, butyl-alcohol-acetone fermentation 

and other fermentations. The resulting products of incomplete decomposition are 

accumulated in the environment and have in their aliphatic radicals a different ratio of 

methyl and methylene groups. 

The width of the EPR signal is determined by the quality or diversity of the nature 

of the PMC. In addition to the free radicals of the organic matrix, paramagnetism in 

coal can be associated with the presence of transition metals in the molecular 

structure of paramagnetic ions, primarily iron and the presence of heteroatoms in 

organic compounds (O, N, S and P). The accumulation of these atoms in the coal 
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structure is due to the geochemical situation of the sedimentation period and the 

characteristics of the cycle of the corresponding elements. Obviously, this factor does 

not depend on the decomposition of plant biomass and the introduction of mineral 

particles. 

Summarizing the results obtained, the four identified factors can be reduced to 

two global phenomena affecting the molecular structure of coal. The main factor, 

which is two times more significant in terms of its effect on the parameters under 

study, is a single factor of metamorphism and a subordinate multi-faceted factor of 

sedimentation conditions. 

Since it is not possible to comprehensively characterize the whole diversity of the 

molecular structure of coal with several parameters, we briefly examine DRIFT of 

several particular cases of variations in the molecular structure of coal, which are 

comparable in the degree of metamorphism depending on the formation depth. 

The slight changes observed in the DRIFT samples of subbituminous carbon from 

the bore holes, the field of the mine “West-Donbas” (Fig. 2) do not occur 

symbatically with increasing depth (beds c1 - c10). The sample from the c6 formation 

is separated by the peak of asymmetric valence vibrations of the bridge Si – O – Si 

group reflecting increased silicate content due to the accumulation of clay minerals 

during the sedimentation period. In general, the molecular structure of these coals is 

identical, which indicates similar conditions of sedimentation and subsequent 

coalification. 
 

 

Figure 2 – DRIFT of coal from various beds of lower carbon from holes, mine “Zakhidnyi Donbas” 
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The spectra of two samples of subbituminous coal from the n1 seam from different 

depths of the Butivska mine are also similar in the form (Fig. 3). However, coals 

from a depth of 1060 m (CH / OH = 5.15 %) can be considered more metamorphic 

than from the level of 400 m (CH/OH = 4.2 %) due to a decrease in the content of 

bound hydroxyl groups and a small increase in the concentration of hydrophobic CH 

groups. 

 

 
 

Figure 3 – DRIFT of sub-bituminous coal, bed n1 (depth 400 and 1060 m) and bed с1 
 

Immersion at 660 m of the bed leads to defluidization by leaving water molecules 

out of the coal substance. In comparison, coals from the bore hole of the mine 

“Zakhidnyi Donbas” of bed c1, which at the volatile yield formally belong to the 

same rank on the basis of DRIFT (CH/OH = 10.28%) approach the HVB type. 

The strongest differences were recorded in samples from the super -deep bore 

hole of the Zasyadko mine. The shape of an DRIFT sample of coal from a depth of 

1986 m is characteristic of Medium volatile bituminous and is very different from 

coal from depths of more than 3 km (Fig. 4). At the same time coal spectra shapes 

from depths of 3027, 3116 and 3195 m are typical of Low volatile bituminous. This is 

confirmed by the change in the hydrophobicity criterion (Table 3). Within this group 

of coal the change in the DRIFT is not proportional to their formation depth. The 

shape of the spectrum of the average sample is slightly more metamorphosed 

compared to the upper and lower beds. Such a distribution can be influenced by 

mineral components introduced during formation of the bed during sedimentation. 
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Figure 4 – DRIFT samples of bituminous coals at the different depths of the super-deep bore hole of 

the Zasyadko mine 

 
Table 3 – The parameters of the molecular structure of coal from the bore hole of the Zasyadka mine 
 

Depth, m CH2/CH3 CHas/sym CHh/w Har/Hal CH/OH C=C-O OHfree 

1986 0.50 2.20 0.0033 0.38 0.42 1.84 1.62 

3027-3030 0.35 2.37 0.0002 1.26 0.20 0.57 3.42 

3116-3118 0.30 2.18 0.0005 1.21 0.27 1.16 3.11 

3195-3196 – 2.14 – 1.01 0.13 0.10 4.06 

 

The difference in depth of more than 1 km leads to the elongation of averaged 

aliphatic chains, a significant increase in the proportion of aromatic protons, a 

reduction in the number of oxygen bridges in the conjugated condensed aromatic 

structures and a strong increase in the content of free hydroxyls. It can be assumed 

that the growth of free OH groups in the process of metamorphism occurs due to the 

release from the weak H-bond of other hydroxyls of 3544 cm
-1

 (Fig. 4) and in general 

the role of the hydrogen bond as one of the mechanisms of intermolecular interaction 

is leveled. 

In total the presence and location of characteristic peaks in the 4-coal samples 

under study, the change in their ratios corresponds to the influence of the 

metamorphism factor on mature coals. With high probability one can assume that 

coal from a depth of 1986 m with time in the process of immersion can be 
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transformed into one of the coal from depths of more than 3 km, despite permissible 

differences in sedimentation conditions. 

Conclusions. The research of Donbas coal samples confirmed the general 

tendency of the influence of the metamorphism factors on the reduction of molecular 

diversity of oxygen-containing compounds and the shortening of aliphatic chains 

under the simultaneous increase in the number of paramagnetic centers and 

conjugated aromatic carbon structures. 

The factor analysis by the method of the main components of the molecular 

structure parameters in coal showed that the most significant independent component 

is metamorphism, which is a combination of temperature gradients, pressures and 

various tectonic influences. The remaining subordinate components can be attributed 

to the conditions of sedimentation, which include independent processes: 

accumulation of mineral components, decomposition of biomass and geochemical 

environment in the sedimentation period. 

The beds of sub-bituminous coals of early-, middle- and late carboniferous age 

occurring at shallow depths have insignificant differences in the molecular structure, 

at the same time, a deep immersion of bituminous coals leads to strong changes in 

their molecular structure. 

The introduced hydrophobicity criterion showed its informativeness in the 

analysis of the molecular structure of coals. It is more sensitive to changes in the coal 

rank than the standard index of volatile yield. The coalification process leads to a 

significant increase in this index due to the water release and other hydroxyl-

containing compounds from the substance of coal. 
_________________________________ 
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Анотація. Молекулярна структура кам’яного вугілля оцінюється 13 параметрами інфрачервоних спектрів, 

електронного парамагнітного резонансу, виходом летких речовин та вмістом золи. В роботі застосовується новий 
критерій гідрофобності, який показав свою інформативність при аналізі молекулярної структури вугілля різних 
рангів. Він більш чутливий до зміни ступеня метаморфізму вугілля, ніж стандартний показник виходу летючих. 
Процес вуглефікації призводить до достовірного зростання цього показника за рахунок виходу води та інших 
гідроксил містких сполук з речовини вугілля. Проведений двофакторний дисперсійний аналіз показав, що вплив 
фактора метаморфізму достовірний для 9 молекулярних параметрів. Дослідження зразків кам'яного вугілля 
Донбасу підтвердили загальну тенденцію впливу чинників метаморфізму на зниження молекулярного 
різноманітності кісневомістких з'єднань і скорочення довжини аліфатичних ланцюгів при одночасному зростанні 
кількості парамагнітних центрів і спряжених ароматичних вуглецевих структур. Факторний аналіз методом 
головних компонент параметрів молекулярної структури кам’яного вугілля показав, що найбільш значущими 
незалежними компонентом є метаморфізм, який являє собою комбінацію впливів градієнтів температур, тисків і 
різного роду тектонічних процесів. Решту підлеглих компонентів можна віднести до умов накопичення осадів, які 
включають незалежні процеси: накопичення мінеральних компонентів, розкладання біомаси та геохімічні 
обставини в седиментаційний період. Пласти суббітумінозного вугілля ранне-, середньо- і пізднекарбонового віку 
залягають на невеликих глибинах мають незначні відмінності молекулярної структури, в той же час, глибоке 
занурення бітумінозного вугілля призводить до сильних змін їх молекулярної будови. Введений критерій 
гідрофобності показав свою інформативність при аналізі будови вугілля, як більш чутливий ніж стандартний 
показник виходу летючих. Процес вуглефікації призводить до достовірного зростання цього показника за рахунок 
виходу води та інших гідроксил містких сполук вугільної речовини. 

Ключові слова: вугілля Донбасу, молекулярна структура, ІК-Фур'є спектроскопія, електронний 
парамагнітний резонанс, фактори метаморфізму. 

 

Аннотация. Молекулярная структура каменных углей оценивается 13 параметрами инфракрасных 
спектров, электронного парамагнитного резонанса, по выходу летучих и содержанию золи. В работе 
применяется новый критерий гидрофобности, который показал свою информативность при анализе 
молекулярной структуры каменных углей разных рангов. Он более чувствителен к изменению степени 
метаморфизма угля, чем стандартный показатель выхода летучих. Процесс углефикации приводит к росту этого 
показателя за счет выхода гидроксил содержащих соединений из вещества углей. Проведенный двухфакторный 
дисперсионный анализ показал, что влияние фактора метаморфизма достоверно для 9 молекулярных 
параметров. Исследование образцов каменных углей Донбасса подтвердила общую тенденцию влияния 
факторов метаморфизма на снижение молекулярного разнообразия кислород содержащих соединений и 
сокращение длины алифатических цепей при одновременном росте количества парамагнитных центров в 
угольном веществе и сопряженных ароматических углеродных структур. Применение факторного анализа, 
методом главных компонент параметров молекулярной структуры угля показал, что наиболее значимыми 
независимыми компонентом является метаморфизм, который представляет собой комбинацию влияния 
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градиентов температур, давлений и разного рода тектонических воздействий. Оставшиеся подчиненные 
компоненты можно отнести к условиям осадконакопления, которые включают независимые процессы: 
накопления минеральных компонентов, разложения биомассы и геохимическую обстановку в седиментационный 
период. Пласты суббитуминозных углей ранне-, средне- и позднекарбонового возраста, которые залегают на 
небольших глубинах имеют незначительные отличия молекулярной структуры, в тоже время, глубокое 
погружение битуминозных углей приводит к сильным изменениям их молекулярного  строения. Введенный 
критерий гидрофобности показал свою информативность при анализе молекулярной структуры углей. Процесс 
углефикации приводит к достоверному росту этого показателя за счет выхода воды и других гидроксил 
содержащих соединений. 

Ключевые слова: уголь Донбасса, молекулярная структура, ИК-Фурье спектроскопия, электронный 
парамагнитный резонанс, факторы метаморфизма. 
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