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Abstract—Data on the analysis of the chemical composition and physicochemical properties of native low-
metamorphosed coal at the initial moment of its contact with the air are presented. Diffuse reflectance IR
spectroscopy, EPR spectroscopy, NMR spectroscopy, gas chromatography, chemical analysis of oxygen-
containing groups, and the determination of the specific surface area and wettability of the contacting surface
were used to identify changes in the organic matter of coal. The dynamics of changes in the numbers of para-
magnetic centers and functional groups showed that the most intense transformations in the surface layer
occurred in the first day of coal exposure to air. Next, oxidation at room temperature proceeded in a periodic
mode of the accumulation and consumption of radicals and functional O groups. After four days, the process
of low-temperature oxidation passed from the accessible outer surface into the diffusion region of the porous
space of coal and gradually slowed down.
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In coal mining, the process of oxidation starts
already at the stage of exposing the seam surface and
leads to changes in the physicochemical properties of
the near-boundary zone, namely, the chemical com-
position of surface functional groups, wettability,
porosity, fracturing, etc. The intense development of
oxidative radical reactions without the possibility of
heat removal can lead to the spontaneous combustion
of coal both at the stage of mining and in the course of
coal transportation, storage, and primary processing.
The largest fraction of fires with hard coals belongs to
the least metamorphosed long-flame coals, which
have the most developed pore surface areas.

Numerous works of Soviet, Russian, and foreign
scientists were devoted to the problems of spontaneous
combustion, the elucidation of the mechanisms of
oxidation by various forms of oxygen, and changes in
the composition and properties of coals under oxida-
tive action, among which the most famous are the works
of B.F. Meffert [1], G.L. Stadnikov [2], V.S. Krym [3],

B.V. Tronov [4], N.M. Karavaev [5], I.I. Ammosov
and I.V. Eremin [6], V.S. Veselovskii [7], A.I. Khri-
sanfova et al. [8], T.A. Kukharenko [9], V.I. Saran-
chuk [10], V.A. Proskuryakov and A.N. Chistyakov
[11], A.I. Kamneva and I.V. Aleksandrov [12],
L.F. Butuzova and coauthors [13], M.L. Ulanovskii
[14], and D.V. Miroshnichenko and Yu.S. Kaftan [15].
The obtained knowledge was summarized in numer-
ous reviews of methods for assessing the oxidation and
spontaneous combustion of coals [14, 16–22].

In general terms, with consideration for many pro-
posed theories, the mechanism of oxidation is formu-
lated as follows: At the first stage, oxygen molecules
are adsorbed on the active sites of the coal surface with
the formation of carbon–oxygen complexes, which
are converted into peroxide and hydroperoxide com-
pounds upon further oxidation. Due to instability,
these compounds decompose with the formation of
radicals, gaseous products (H2O, CO2, and CO) and
oxygen-containing functional groups. The process of
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Table 1. Chemical and technological characteristics of grade D coal
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oxidation has a radical-chain character, and the num-
ber of oxygen-containing groups (hydroxyl, carboxyl,
and carbonyl) changes periodically [10, 13]. Under
certain conditions (the influence of temperature,
humidity, fractional composition, contact time, etc.),
the course of the process can accelerate and spread
from the surface into the depth of a coal particle or
layer.

It is very problematic to track and evaluate these
processes in a mine or in a quarry. To accelerate slow
heterogeneous oxidative reactions under laboratory
conditions, thermal stimulation of coal powder oxida-
tion at temperatures of 70–250°C is often used [10,
13]. At the same time, with an increase in the rate of
the process, information on the primary transforma-
tions in the organic matter of coal (OMC) upon con-
tact with oxygen is lost. There is no induction period
in the kinetic curves [13]. The available information
on changes in the technological properties of coals
upon oxidation (ash content, moisture content, calo-
rific value, and caking capacity) [10, 15], which forms
the basis of technological regulations for storage in
warehouses, already takes into account deep transfor-
mations in the volume of coal matter. At the same
time, the first changes in the surface layer of coal par-
ticles (or layers) do not have a noticeable effect on the
integral technological characteristics of coal.

In addition, the interpretation and study of the ini-
tial stages of oxidation are complicated by the lack of
reliable data on the priority of the initial sample,
which excludes the possibility of preliminary contact
of the samples with air. The use of methods for pack-
ing the test material in sealed bags at the site of sam-
pling, waxing, separating the contacted layer in the
laboratory, grinding, preparing, and storing the sam-
ple with an inert gas purge does not exclude the possi-
bility of coal contact with air at any stages and subse-
quently using surface-oxidized coal for kinetic studies.

Methods for the sampling, delivery, and cutting of
coal samples without air contact for the evaluation of
changes in OMC in the first moments of interaction of
the exposed active coal surface with oxygen have been
developed at the Federal Research Center of Coal and
Coal Chemistry, Siberian Branch, Russian Academy
of Sciences.

The purpose of this work was to evaluate changes in
the composition of OMC upon initial contact with air
using sampling and sample cutting methods without
air contact.
EXPERIMENTAL

Coal of grade D (long-flame coal) from a promis-
ing deposit in the Republic of Khakassia was used as a
test sample for studying the initial stage of oxidation.
Table 1 summarizes the chemical and technological
characteristics of this coal. The interest in long-flame
coal from this deposit in the Republic of Khakassia is
due to its anomalously high sorption capacity (SBET =
25–50 m2/g) (Table 1), as compared to that of low-
metamorphosed coals from other basins. Because of
this, it is characterized by an increased tendency to
spontaneous combustion in the course of mining,
storage, and transportation.

The sample of coal was taken from the freshly
exposed surface of a coal seam in the form of large
pieces (150–200 mm). The samples were placed in a
hermetically sealed plastic container, which was filled
with an inert gas and evacuated. Thus, the minimum
contact of coal with atmospheric oxygen was ensured
and an uncontrolled oxidation of the bulk of the test
sample was excluded. Upon delivery to the laboratory,
the container with coal was placed through a receiving
airlock into a glove box filled with an inert gas (nitro-
gen of high purity, TU [Technical Specifications]
2114-003-05758954-2007). The presence of oxygen in
the box and receiving locks was monitored by an oxy-
gen sensor (an ELAN plus gas analyzer, EKO-
INTEKH (Russia); measurement accuracy, 0.005%).
The coal was unpacked and all preparatory operations
for the analysis of native coal (chipping off the outer
surface of large pieces to remove the partially oxidized
coal layer, grinding, sieving according to particle sizes,
weighing of coal samples, filling of test tubes,
ampoules, and cuvettes for further research, pelletiza-
tion of coal powder, etc.) were carried out in a sealed
glove box in a pure inert gas atmosphere. External and
excess moisture was removed from native coal by evac-
uation in an inert atmosphere in the receiving airlock
of the glove box.

All methods of analysis (unless otherwise indi-
cated) were performed using a fine fraction of coal
with a particle size of <0.1 mm.

The ampoules with samples were opened in the
analyzer of a spectrometer or immediately before the
analysis. It was assumed that the pores filled with an
inert gas and, accordingly, active sites on the coal sur-
face occurred in an inactivated state during the short
period of time (no longer than 1 min) when coal was
SOLID FUEL CHEMISTRY  Vol. 56  No. 3  2022
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Table 2. Results of chemical and EPR-spectroscopic analysis of grade D coal

Duration of contact 
with O2, days

Amount of (ОН + СООН) 
groups, mg-equiv/g

Number of
PMCs N, spin/g g-factor Peak intensity,

arb. units Line width, G

0 0.45 4.40 × 1019 2.0031 6.647 × 105 3.97

1 0.35 7.14 × 1019 2.0031 1.373 × 106 4.17

4 0.25 7.25 × 1019 2.0030 1.223 × 106 4.34

7 0.37 5.92 × 1019 2.0031 1.376 × 106 4.18
exposed to air between opening the airtight container
filled with nitrogen and the beginning of the analysis.

Oxygen-containing groups (OH + COOH) were
analyzed by a pH-metric method (a 150MI pH meter,
Russia) using ion exchange with sodium hydroxide.

The IR spectra were recorded on a Lyumeks
Infralyum FT-08 Fourier transform spectrometer with
a PIKE Easydiff diffuse reflectance attachment in a
range of 400–4000 cm–1. The IR spectral parameter
Ko (oxidation index) was determined from a ratio of
the total intensity (the sum of integrated optical densi-
ties (D)) of the absorption bands of carboxyl (1710 cm–1)
and phenolic + ether (1260 cm–1) groups to the sum of
D of aliphatic CHx (2920 cm–1) and aromatic CH
(3040 cm–1) groups:

The electron paramagnetic resonance (EPR) spec-
tra were recorded on a Bruker EMX micro 6/1 EPR
spectrometer in a rectangular resonator at room tem-
perature in an atmosphere of nitrogen. The number of
paramagnetic centers (PMCs) was calculated by com-
parison with a reference standard (Mn2+ ions in MgO).
The main settings of the instrument for recording the
spectrum were as follows: magnetic field sweep, 100 G;
microwave radiation frequency, ≈9.85 GHz; micro-
wave generator power, 1.85 mW; modulation fre-
quency, 100 kHz; modulation amplitude, 1 G; time
constant, 40.96 ms; conversion time, 15 ms; and scan
time, 60 s. The spectra were recorded and analyzed
using the WinEPR software package. The EPR spectra
were subjected to integrated decomposition using the
Origin 8 software.

The high-resolution 13C solid-state NMR spectra
were recorded on a Bruker Avance III 300 W instrument
at 75 MHz using a standard cross-polarization magic
angle spinning (CPMAS) technique. To obtain quanti-
tative data, the spectra were simulated using the Dmfit
software. Ranges corresponding to the resonant
absorption of the following groups of carbon atoms
(ppm) were identified in the spectra: (187–171), car-
bon atoms of carboxyl groups and their derivatives
(COO–); (171–148), carbon atoms of aromatic sys-
tems associated with an oxygen atom (СarО); (148–
129), carbon atoms of condensed aromatic systems

= + +o 1710 1260 2920 3040( ) ( )/ .K D D D D
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(Сar); (129–93), carbon atoms of aromatic systems
with an unsubstituted hydrogen atom (CHar); (93–
67), carbon atoms of aliphatic structures associated
with an oxygen atom (С–О–С); (67–51), carbon
atoms of methyl groups associated with an oxygen
atom (O–CH3); (51–25), carbon atoms of methylene
fragments (CH2); and (25–0), carbon atoms of methyl
groups (CH3). Based on an analysis of the spectra, the
values of the normalized integral intensities of the
main types of carbon structures were determined [23].
The degree of aromaticity of coals was calculated from
the formula fa = (СarО + Сar + СНar)/100.

To determine the contact angle of the coal surface,
a sample was prepared by pressing powdered coal
under a pressure of 700 MPa into a cylindrical bri-
quette 10 mm in diameter and 5 mm high. The bri-
quette was fixed on a glass slide and leveled horizon-
tally, and a droplet of liquid was applied to the test sur-
face through a capillary. The equilibrium shape of the
droplet and the contact angle of the coal surface were
recorded using a microscope equipped with a video
camera [24]. To ensure the reproducibility of the
results, at least five coal samples were used, and the
droplets were repeatedly applied. The relative error of
determination for different methods of surface prepa-
ration was 5–10%. Briquettes of native coal obtained
in an inert atmosphere immediately after the removal
from the box and kept for a certain time in contact with
air were used as reference samples.

The chromatographic analysis of the gaseous prod-
ucts of coal oxidation was performed using a Khro-
matek–Gazokhrom 2000 gas chromatograph. Gas
samples (1 cm3) were taken at regular intervals from
sealed vessels (100 mL) filled with air and containing
native coal samples (5 g) with a particle size of 1–3 mm
prepared in an inert atmosphere. The gas sample was
injected into the sampling valve of the analyzer to sep-
arate the mixture on chromatographic columns. The
spectra were processed using the Khromatek-Analitik
software.

The samples were analyzed by all of the above
methods of analysis for the first seven days when the
coal was exposed to air at room temperature and
humidity close to standard conditions.
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Fig. 1. Changes in (a) the amounts of PMCs and (b) g-fac-
tors of the (1) first (electrons localized on oxygen atoms)
and (2) second (electrons localized on carbon atoms) types
according to EPR-spectroscopic data on the low-tempera-
ture oxidation of grade D coal in air.
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RESULTS AND DISCUSSION
Among many modern physicochemical methods

used for analyzing the composition and structure of
coals, EPR spectroscopy is characterized by wide pos-
sibilities for studying various types of interactions at
the initial stage, including low-temperature coal oxi-
dation. The analyzed parameters are the line width
and shape of the EPR spectrum, the average signal
intensity, the spectroscopic splitting factor (g-factor),
and the calculated number of paramagnetic centers
(PMCs).

The EPR spectrum of native long-flame coal has a
smooth profile consisting of a superposition of signals
from several types of radicals. The smooth shape of the
profile line indicates the presence of stable radicals in
the coal structure [25]. The spectrum has a Lorentz
shape characterized by a g-factor of ~2.0031, the line
width ∆Н = 3.97 G, and the number of PMCs N =
4.40 × 1019 spin/g (Table 2). The g-factor value is
related to the surrounding of the radical with unpaired
electrons, and it can be used to determine the type of
radical structures. The initial EPR spectrum of coal is
integrated into two Lorentzian components, which
make it possible to judge the existence of at least two
types of PMCs with g = 2.0050 (electrons are localized
on the oxygen atom) and with g = 2.0029 (electrons are
localized on the carbon atom) [13, 25, 26]. The num-
ber of PMCs of the second type exceeds the number of
PMCs of the first type by an order of magnitude (Fig. 1),
and this fact indicates the dominant contribution of
stable hydrocarbon radicals to the chemical composi-
tion of the surface of the native low-metamorphosed
coal of grade D.

When the native coal entered an oxygen-containing
atmosphere, the processes of oxygen sorption by the
coal surface and the development of radical-chain oxi-
dation reactions came into play. This was reflected in
a significant decrease in the specific surface area
determined by nitrogen sorption (SBET) (Fig. 2).
Apparently, this was facilitated by the blocking of
adsorption centers on the inner walls of the pores by
physically adsorbed oxygen and by steric hindrances
created by chemisorption products, surface oxygen-
containing groups, to the sorbate gas (nitrogen).
According to EPR-spectroscopic data, after the first
day of coal D exposure to air, the number of PMCs
intensely increased due to a more than threefold
increase in the concentration of oxygen-containing
radicals (g1) and a twofold excess in the number of
hydrocarbon radicals (g2). An increase in the number
of PMCs affected an increase in the intensity and a
broadening of the line in the EPR spectrum (Fig. 1,
Table 2).
SOLID FUEL CHEMISTRY  Vol. 56  No. 3  2022
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Fig. 3. Changes in the intensities (arb. units) of absorption
bands (cm–1) due to (a) hydrocarbon and (b) oxygen-con-
taining fragments in the IR spectra of grade D coal during
its oxidation in air.
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Fig. 4. Changes in (a) the IR-spectroscopic parameter Ko
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The increase in the amount of PMCs correspond-
ing to CH and CH2 radicals (g2) at the early stage of
coal contact with air was probably associated with the
involvement of the hydrocarbon fragments of OMC in
chain oxidation reactions. According to IR-spectro-
scopic data, a decrease in the relative concentrations
of aliphatic CHn (2920 and 1380 cm–1) and, to a lesser
extent, aromatic CH (3040 and 820 cm–1) groups was
detected in the first day of oxidation (Fig. 3). The
rapid growth of oxygen-containing radicals (g1) can be
due to the activation of OH and C–O groups, as indi-
cated by a decrease in the intensity of absorption of
phenolic (3400 cm–1) and ether (1260 cm–1) groups
(Fig. 3, Table 2 ). The accumulation of carbonyl
(1650 cm–1) and carboxyl (1720 cm–1) groups resulted
from oxidative transformations at the initial stage.

After four days, the rate of oxidation of the coal sur-
face slowed down (Figs. 1–3). The amounts of PMCs
SOLID FUEL CHEMISTRY  Vol. 56  No. 3  2022
corresponding to oxygen-containing (g1) and hydro-
carbon (g2) radicals changed insignificantly (Fig. 1a),
and this can be due to both the formation of new rad-
icals of alkyl and oxygen groups and their involvement
in oxidation reactions. Changes in the g-factor values
indicate that new radicals structurally different from
the radicals that originally existed in coal were formed
in the process of low-temperature oxidation of coal.
A decrease in the g-factor values from 2.0050 to 2.0047
(g1) or from 2.0029 to 2.0027 (g2) (Fig. 1b) can be due
to a decrease in the number of radicals with electron
localization on the oxygen atom (for example, phe-
noxy or alkyl ether radicals) and a relative increase in
the number of stable hydrocarbon radicals [25, 26].
Changes in the chemical composition of the coal sur-
face at this stage were mainly associated with the mutual
transformations of peripheral functional groups (Fig. 3).

The process stabilized after seven days (Figs. 1–3).
The concentration of PMCs, which characterize elec-
trons localized on oxygen atoms (g1), remained near a
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Table 3. Results of the gas analysis of products of the low-temperature oxidation of grade D coal (fraction, 1–3 mm)

Duration of oxidation, days
Gas phase composition, rel. % Rate constant of oxidation, 

mg g–1 h–1N2 O2 CO CO2 H2

0 (air) 78.9564 20.9456 0 0.0972 0.0008 0
1 79.7368 20.0783 0.0061 0.1779 0.0009 0.013
4 80.8738 18.7642 0.0188 0.3422 0.0010 0.008
7 80.9544 18.6571 0.0202 0.3671 0.0012 0.005

Table 4. Parameters of the fragmentary composition of grade D coal according to the 13C NMR-spectroscopic analysis data

Duration of contact
with O2, days

Distribution of carbon atoms over structural groups, rel. %

CH3 CH2 OCH3 Cal–O Car–H Cаr–C Cаr–O COO– fa

0 2.85 24.88 1.60 0.95 40.05 22.59 5.55 1.53 0.68
1 3.00 24.88 1.28 0.89 39.99 22.89 5.49 1.58 0.68
4 3.22 24.86 1.35 0.74 40,10 22.88 5.04 1.81 0.68
7 3.06 24.94 1.35 0.78 40.14 22.77 5.72 1.24 0.69
constant level; the number of PMCs corresponding to
hydrocarbon radicals (g2) decreased (Fig. 1a). This
became possible due to the simultaneous formation of
new radicals and their recombination and decay upon
the formation of peripheral functional groups and gas-
eous products and also due to the transition of the pro-
cess from the surface of particles to the region of the
porous space of coal (slow diffusion stage). The
decrease in the specific surface area (SBET), which was
noted at the initial stage of the interaction of coal with
atmospheric oxygen, significantly slowed down at this
stage (Fig. 2).

The most effective way to control the development
of the oxidation process is to analyze changes in the
composition of gaseous products of the interaction of
coal with atmospheric oxygen. The appearance of car-
bon oxides in the gas atmosphere was detected by gas
chromatography already on the first day of the contact
of coal with oxygen (Table 3). The concentration of
CO and CO2 increased with the duration of oxidation,
and the highest intensity of their release corresponded
to the fourth day of the exposure of native coal to air.
Along with oxygen-containing gases, an increase in
the concentration of hydrogen was also noted in the
composition of coal oxidation products. The release of
CO2, CO, and H2 along with H2O was associated with
the decomposition of peroxides, the primary products
of coal oxidation [13, 26]. The rate constant of the oxi-
dation process, calculated according a published pro-
cedure [27], had a maximum value (0.013 mg g–1 h–1)
at the initial stage, and it significantly decreased with
increasing the contact time of native coal with air. This
means that the initial uptake of oxygen occurred at a
high rate, which decreased with time due to the loss of
available reactive sites.
Despite the fact that the nuclear magnetic reso-
nance method detects effects in the bulk of coal mat-
ter, the results of 13C NMR spectroscopy were no less
informative than the data of IR and EPR spectroscopy
for assessing the contribution of surface oxidation
effects (Table 4). However, in this case, the periodicity
of changes in the structural fragments of OMC was
inconsistent in time with the EPR- and IR-spectro-
scopic data (Figs. 2–4). According to the results of 13C
NMR spectroscopy, the main changes in OMC upon
low-temperature oxidation were associated with a
decrease in the relative concentration of ether (OCH3
and C–O–C) groups. In this case, the total number of
aliphatic CH3 and alkyl CH2 groups changed insignifi-
cantly to indicate the primary transformations of
mainly oxygen atoms in the structural units of OMC.
Aromatic structural fragments were also resistant to
the action of molecular oxygen at ambient tempera-
ture, and the degree of aromaticity of coal remained
almost unchanged within the duration of the experi-
ment. The number of phenolic groups decreased,
while that of carboxyl groups increased. Thus, it can
be assumed that peripheral alkyl ether and phenolic
groups in the structure of low-metamorphosed long-
flame coal are active sites for interaction with oxygen
at ambient temperature, and this is consistent with the
data of IR spectroscopy and chemical analysis.

Changes in the functional composition of O groups
in the surface layer of coal particles affect the wettabil-
ity of coal, a parameter responsible for the interaction
of coal with various liquids, including inhibitors of
spontaneous combustion in mines. The method used
for determining the wettability of coal surface was very
sensitive for detecting and analyzing the results of the
initial oxidation. The contact angle θ varied antibati-
SOLID FUEL CHEMISTRY  Vol. 56  No. 3  2022
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Scheme 1. 
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cally with the IR-spectral oxidation index (Ko) deter-
mined from the ratio between the total intensities of
absorption bands due to oxygen-containing and
hydrocarbon fragments of OMC (Fig. 4). The wetta-
bility increased (the contact angle decreased) with the
SOLID FUEL CHEMISTRY  Vol. 56  No. 3  2022
degree of oxidation of the surface layer of coal at the
initial stage of its interaction with air. After four days of
coal exposure to air, the contact angle increased again
upon stabilization of the process and change in the
functional composition (a redistribution of the



164 SEMENOVA et al.
amounts of OH and COOH groups (Fig. 3)); that is,
the surface hydrophobicity increased.

The found changes in the composition of structural
fragments of coal in the first few days of its stay in an
atmosphere of air did not have a noticeable effect on
changes in the integral technological characteristics of
coal: the yield of volatile substances, ash content, sin-
tering, calorific value, etc. They cannot be identified
by standard methods used for determining the oxida-
tion of coals (petrographic and alkaline methods)
because they are limited to a thin surface layer.

With consideration for the concept of the molecu-
lar structure of low-metamorphosed coals [16], by
analogy with published data [25], it is possible to illus-
trate changes in the composition of OMC at the initial
stage of low-temperature oxidation using a reaction
scheme with the participation of initial reactive stable
radicals and structural fragments of OMC as an exam-
ple (Scheme 1).

CONCLUSIONS

An analysis of changes in the chemical surface
composition and the products of low-temperature
oxidation of native coal suggested that the initiation of
oxidative radical reactions begins already at the
moment of release (opening) of the native surface with
the participation of stable radicals present in the struc-
ture of coal. Oxidation processes start with the forma-
tion of free radicals and their interaction with oxygen
sorbed on the coal surface. Because the heterophasic
process is limited by the thickness of a diffusion layer,
it is likely that chain propagation does not occur for a
long time. Free radicals on the exposed coal surface
recombine to form gaseous products, stable radicals,
and macromolecular oxygen-containing fragments
(functional groups). In the case of long-flame coal,
the dominant role of reactions with the formation of
free radicals loses its significance after 24 h of coal
exposure to air. The subsequent reactions are related to
mutual transformations of peripheral functional
groups. After seven days, the oxidation process slows
down and its further development requires the influ-
ence of external physicochemical factors that promote
the reactivation of stable radicals (humidification,
grinding, temperature, UV radiation, etc.).

It is likely that the oxygen-containing radicals of
alkyl ether and phenol groups and alkyl radicals are the
most reactive species with respect to interactions with
oxygen molecules sorbed on the surface of low-meta-
morphosed long-flame coal.

Coals with increased porosity are characterized by
a high rate of development of oxidative processes at the
initial stage of low-temperature oxidation due to the
free diffusion of an oxidizing agent deep into the
porous space.
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