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Abstract

The effect of pulsed nanosecond laser radiation (wavelength 532 nm, pulse 
duration 14 ns, pulse repetition frequency 6 Hz, the density of laser radiation power 
0.2–0.6 J/cm2) on the tableted samples of high volatile C bituminous coal in argon 
medium is investigated. Among the gaseous products of pyrolysis, H2, CH4, C2H2, 
CO and CO2 are detected. The volume fractions of gaseous products from sample 
pyrolysis depending on the laser radiation power density is established. Within 
the laser radiation power density range 0.2–0.4 J/cm2, the volume of the formed 
combustible gases per unit mass of the reacted sample increases, and remains 
almost unchanged with further increase in power density. The volume fraction of 
combustible gases in the mixture of gaseous pyrolysis products are only slightly 
dependent on the laser radiation power density. The action of nanosecond laser 
radiation with a power density of more than 0.4 J/cm2 causes intense ablation of 
the tableted sample containing 0.005 wt.%. polyvinyl alcohol. A tableted sample 
containing no binding material is destroyed under the action of nanosecond laser 
radiation with a power density of more than 0.2 J/cm2.
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1. Introduction

Fossil fuel is an available and widespread 
source of energy. At the same time, the use of 
coal to produce energy causes a negative effect on 
the environment. By 2040, the total consumption 
of energy in the world will increase by 28% [1], 
while the world consumption of coal will increase 
by ~ 35% [2]. Despite the growing coal consump-
tion, the fraction for coal in power generation will 
decrease [2]. A comprehensive understanding of 
the processes of thermal decomposition for coal 
is necessary for the development of ecologically 
clean technologies of coal processing.

Pyrolytic methods allow us to study the pro-
cesses involved in the thermal decomposition of 
the organic mass of coal. A substantial amount of 
information on the studies of coal pyrolysis has 
been accumulated, for example, in the works [3–
8]. Most of the studies were carried out under the 

conditions of low- and medium-rate coal heating. 
It is known that the thermal decomposition of coal 
is sensitive to the heating rate [9]. Investigation of 
coal pyrolysis under high-rate heating is of great 
interest. At the high coal heating rate, the energy 
of vibrational motion of initial molecules increas-
es substantially, which leads to detachment of 
the groupings of atoms that are unstable from the 
viewpoint of energy under these conditions. Reac-
tive radicals formed in this process interact with 
each other to form pyrolysis products. The high-
rate coal heating may be caused by laser radiation 
[10–16]. For example, it has been demonstrated in 
[10, 12] that the laser pyrolysis of coal leads main-
ly to the formation of low-molecular gases: H2, CO 
and CH4. It is determined in [11] that the volume 
of the formed gaseous products of laser pyroly-
sis increases with a decrease in the size of coal 
particles. The authors of [15] demonstrate that the 
volume of gaseous products formed in laser 
pyrolysis of coal increases both with an increase in 
hydrogen content in the organic mass of coal and 
with an increase in the yield of volatile matter.

https://creativecommons.org/licenses/by/4.0/
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In our previous works, we studied the fast ther-
mochemical processes of coal particle ignition 
within the time range from microseconds to sever-
al hundred milliseconds [17–20]. Microsecond la-
ser radiation was used as the igniting source. Three 
stages of coal particle ignition with characteristic 
times and characteristic energy thresholds were 
discovered by means of temporal spectroscopy. 
The radiation spectra of the flares on the coal par-
ticle surface and the flames have been measured. 
It is established that the emission spectra of flares 
on coal particle surface under the action of micro-
second laser pulses depend on the radiation power 
density. At the laser radiation power density cor-
responding to the first stage of ignition, the flame 
glow of CO and excited H2* and H2O* molecules 
were detected. The described glow is due to the 
oxidation products of coal particles and excited 
molecules of volatile matter that are formed during 
thermal transformations of micro-asperities on the 
surface of coal particles. When the laser radiation 
power density reaches the value corresponding to 
the second stage of ignition, the entire volume of 
coal particles is heated, with the emergence and 
inflammation of volatile matter. The spectra con-
tain the glow of the formed carbon particles, CO 
flame, and excited molecules H2* and H2O*. At 
the laser radiation power density corresponding 
to the third stage of ignition, the emission from 
carbon particles with Planck spectrum is recorded. 
For example, for high volatile C bituminous coal, 
the spectra arising under the action of microsecond 
laser pulse with the power density corresponding 
to the third threshold of ignition H = 2.4 J/cm2 are 
approximated by Planck’s formula with the color 
temperature T = 3100 K. The recorded emission 
is connected with the ignition of non-volatile resi-
dues of coal particles. The glow intensity increas-
es at this stage with an increase in the radiation 
power density. Thus, it is demonstrated in [17–20] 
that there are three stages of coal particle ignition: 
coal particle heating under the action of laser ra-
diation and subsequent thermochemical reactions 
in the sample, the emergence and ignition of vol-
atile matter, combustion of non-volatile residues 
of coal particles. A model is proposed to describe 
thermochemical processes of coal particle ignition 
under the action of pulsed microsecond laser radi-
ation [17–20].

Previously we studied pyrolysis of tableted 
lignite A samples under the action of pulsed mi-
crosecond laser radiation (1064 nm, 120 μs, 6 Hz, 
1.2–2.0 J/cm2) [21]. The gaseous products of lig-

nite A pyrolysis were determined to contain H2, 
CH4, H2O, CO and CO2. It is established that the 
volume fraction of H2 in the gaseous products of 
pyrolysis increases with an increase in power den-
sity in the pulse from 1.2 to 2.0 J/cm2, while the 
volume fraction of CO2 decreases. The volume 
fractions of CO and CH4 are nearly constant. The 
routes for the formation of the detected pyrolysis 
products are proposed. It is shown that the volume 
of the formed combustible gases per unit mass of 
the reacted sample increases linearly with an in-
crease in the radiation power density, and the vol-
ume fraction of combustible gases (H2, CH4 and 
CO) in the mixture of gaseous pyrolysis products 
is 93% at the laser radiation power density of 
2.0 J/cm2. It is also shown that the fraction of react-
ed coal sample increases linearly with an increase 
in the laser radiation power density.

It is interesting to investigate the processes of 
coal thermal decomposition under the action of 
laser radiation with shorter pulses. In the present 
work, we report the results of this investigation. 
Coal samples were subjected to the second har-
monic of the neodymium laser operating in the fre-
quency-pulse mode with the active modulation of 
resonator Q-switching mode. We studied the mo-
lecular composition of gaseous products formed in 
the pyrolysis of tableted samples of high volatile C 
bituminous coal in argon medium.

The goal of the work was to determine the 
regularities of pyrolysis of low-metamorphized 
hard coal with the high parameter of the yield of 
volatile matter under the action of nanosecond la-
ser radiation.

2. Objects and the procedure

High volatile C bituminous coal from the 
Sokolovskoe deposit (the Kuznetsk coal basin) 
was used in the work. The parameters of the prox-
imate analysis of coal were determined using stan-
dard procedures. The ultimate composition was de-
termined with the help of an automatic elemental 
analyzer Flash 2000 for C, H, N, S, O. Results are 
shown in Table 1.

To prepare the samples, coal was ground pre-
liminarily in a ball mill AGO-2 then sieved through 
a vibratory sieve with a mesh size 63 μm. It was 
determined with the help of laser diffractometer 
Analysette 22 Comfort that coal particle size var-
ied from 0.5 to 63 μm. The maximum particle size 
distribution was at ~ 20 μm.
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Table 1
Results of the proximate and ultimate composition 

analyses of coal 

Proximate analysis, wt.%
Wa Ad Vdaf

5.7 4.7 42.6
Ultimate composition (per OMC), wt.%
N C H S O

2.3 74.3 5.3 0.3 17.7
Wa – analytical moisture, Ad – ash content, Vdaf – volatile 
matter, OMC – organic mass of coal, a – analytical state 
of coal, d – dry state of coal, daf – dry ash-free state of 
coal.

In our previous works, coal particles were 
pressed into tablets without using auxiliary sub-
stances [21]. Preliminary experiments showed that 
the action of nanosecond laser pulses resulted in 
the destruction of samples prepared according to 
the procedure used previously [21]. To enhance the 
mechanical strength of tableted coal samples, we 
used a 1% solution of polyvinyl alcohol (PVA) in 
water. To prepare 1% solution, 1 g of PVA was 
placed in a volumetric flask 100 mL in volume, 
then 50 mL of distilled water was added, and the 
mixture was heated with a water bath at a tempera-
ture of 90 °С for 40 min. After cooling, the water 
was added to the solution in the flask to reach the 
necessary volume.

The mixture composition for subsequent press-
ing was prepared as follows. A weighted 2 g por-
tion of coal was placed in an agate mortar and wet-
ted with 5 drops of ethyl alcohol, and then 1 mL 
of 1% PVA solution was added. The resulting sus-
pension was homogenized with the help of a pes-
tle. Then the mixture was heated in a water bath at 
a temperature of 80 °С for 15 min. After cooling, 
the mixture was placed in a glass weighting bottle. 

Then tableted coal samples 6.2 mm in diame-
ter and 2.5 mm high were made by means of di-
rect pressing at a pressure of 2.5 MPa. The samples 
were then dried to the air-dry state. So, the moisture 
content in the initial coal particles listed in Table 1 
and the samples was the same. Sample mass was 
75 mg, and sample density was 1.00±0.02 g/cm3. 
The content of polyvinyl alcohol in the samples 
was 0.005 wt.%.

The source of laser radiation was a YAG:Nd3+ 
laser SOLAR Laser Systems LQ929 operating in 
the Q-switching mode at the wavelength of 532 nm. 
Pulse duration was 14 ns. The diameter of the laser 
beam coincided with the sample diameter. The la-

ser pulse frequency was 6 Hz. Five series of exper-
iments were carried out. The energy characteristics 
of laser pulses used in the experiments are listed in 
Table 2. Five samples were used for each series of 
experiments. 

The experimental setup [21] for the investiga-
tion of the composition of gaseous products formed 
in the pyrolysis of coal samples is shown schemati-
cally in Fig. 1.

Experiments were carried out in the medium of 
high-purity argon. Radiation power was regulated 
with the help of neutral glass light filters (1) with 
the known attenuation coefficients. To control the 
power, a portion of the beam (8%) was redirect-
ed by a transparent beam splitter (2) to the pyro-
electric energy sensor Ophir Photonics PE50BF–C 
(PLES). Energy instability of laser pulse did not 
exceed 2%. With the help of a rotating mirror (3) 
and focusing lens (4) the radiation was directed on 
sample (7).

With the help of the backing vacuum pump (14) 
the chamber was evacuated to the residual air pres-
sure of 0.01 mm Hg. The pressure was controlled 
with an ionization vacuum gauge (13). Argon flow 
entering the chamber was adjusted with a gas pres-
sure reducer (10) on cylinder (11).

Gas products were detected with a gas analyzer 
SRS QMS 300 (GA). Gas ionization in the analyz-
er was performed through the electron beam im-
pact with the energy of 70 eV. Mass spectra were 
measured within the mass range of 1 to 300 a.m.u.

Gas sampling from the experimental chamber 
was carried out with the help of a capillary (8), 
which was connected to a gas analyzer. Continu-
ous sampling was employed. 

The ions that were formed in the ion source and 
recorded by the gas analyzer were recalculated 
from the corresponding mass per unit time into the 
units of pressure P. The coefficient connecting the 
number of ions and the pressure is determined by 
the manufacturer of the gas analyzer.

Table 2 
Energy characteristics of the pulses of laser radiation

No. Energy 
per pulse, 

mJ

Power 
density, 
J/cm2

Power of 
radiation, 

MW

Heat flux 
density, 
MW/cm2

1 60 0.2 4.3 14.3
2 91 0.3 6.5 21.4
3 121 0.4 8.6 28.6
4 151 0.5 10.8 35.7
5 181 0.6 12.9 42.9
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Then the concentration n of gaseous products 
was calculated using Eq. (1).

Fig. 1. The functional layout of the experimental setup: 
1 – neutral light filters; 2 – beam splitter; 3 – rotating 
mirror; 4 – lens; 5 – the window of experimental chamber; 
6 – experimental chamber (D = 80 mm, h = 150 mm); 
7 – sample; 8 – capillary tube of the mass spectrometer; 
9, 12 – lock valve; 10 – gas pressure reducer; 11 – gas 
cylinder; 13 – vacuum meter; 14 – backing vacuum pump, 
laser – pulsed YAG:Nd3+ laser; PLES – pyroelectric 
energy sensor; GA – gas analyzer; C – computer; 
RT – resistance thermometer; mV – millivoltmeter.

 Pn
kT

=

where k is Boltzmann constant, T is temperature 
measured with the resistance thermometer (RT).

During the reference experiment, we recorded 
the mass spectra of the vapor of chemically pure 
benzene, hexane and toluene. The recorded mass 
spectra are in good coincidence with the data col-
lected in the NIST database. To determine the 
quantitative composition of the mixture from its 
mass spectrum, a gas analyzer was calibrated con-
cerning pure gases and reference mixtures.

The volume of the formed combustible gases 
per unit mass of the reacted coal sample was calcu-
lated as follows.

 
fl

fl  ,Vn
m

=
∆

(1)

(2)

        ∆m = m1 ‒ m2                       (3)

where m1 and m2 are the masses of a coal sample 
before and after laser action, respectively, Vg is gas 
volume calculated using Mendeleev-Clapeyron 
(Eqs. 4–6).

  PVexp.chamber = νRT     (4)

where ∑Vgi and Pi are the sums of volumes and 
partial pressures of the recorded combustible gases 
(H2, CO, CH4, C2H2), ν is the amount of substance, 
Vexp.chamber is the volume of the experimental cham-
ber, Vmol is the volume of one mole of the ideal gas 
at the corresponding temperature measured with 
the resistance thermometer (RT), R is the universal 
gas constant, T is temperature.

Before experiments, the background mass spec-
trum of gaseous substances was recorded in the 
experimental chamber. An additional experiment 
was carried out to determine the effect of PVA ad-
dition on the products of thermal decomposition of 
coal samples. Tableted samples of the inert matrix, 
namely technical carbon of P267-E grade, contain-
ing 0.005 wt.% PVA, were prepared according to 
the above-described procedure. The mass spectrum 
of the gaseous products of thermal decomposition 
of PVA was recorded. Small concentrations of CO 
and CO2 were detected. Then the mass spectrum 
of the gaseous products of coal sample pyrolysis 
was recorded, from which the background mass 
spectrum and the mass spectrum of the gaseous 
products of PVA thermal decomposition were sub-
tracted. 

3. Results and discussion

The composition of the gaseous products of 
coal sample pyrolysis was studied by means of 
mass spectrometry. The experiment was arranged 
according to the scheme shown in Fig. 1. The 
peaks that were recorded in the mass spectra of the 
gas phase over coal samples were m/z = 2, 1 [H2]+; 
m/z = 16, 15, 14, 13 [CH4]+; m/z = 26, 25, 13, 
24 [C2H2]+; m/z = 28, 12, 16, 29, 14 [CO]+; 
m/z = 44, 28, 16, 12 [CO2]+. A comparison of the 
relative intensities of these peaks with the catalog 
values allows us to conclude that these peaks cor-
respond to H2, C2H2, CH4, CO, CO2.

The dependences of changes in the concentra-
tions of gaseous products of coal pyrolysis on the 
time of action of the laser radiation with power 
density H = 0.4 J/cm2 are shown as an example in 
Fig. 2. 

Qualitatively similar dependences were ob-
tained for all the series of experiments. 

 
g

mol

V
V

ν = (5)
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Dependences of changes in the concentrations 
of gaseous products of coal sample pyrolysis on 
the laser radiation power density at the moment 
1.6·103 s are presented in Fig. 3. The formation of 
CH4 and C2H2 was not detected under the action of 
laser radiation with power density H = 0.2 J/cm2.

The dependence of gas mixture composition on 
the laser radiation power density at the moment 
1.6·103 s is presented in Fig. 4.

The dependence of the volume of combustible 
gases per unit mass of the reacted coal sample on 

Fig. 2. Dependences of changes in the concentrations of gaseous pyrolysis products on the time of laser radiation 
action on coal samples. H = 0.4 J/cm2.

Fig. 3. Dependences of changes in the concentrations of gaseous products of coal sample pyrolysis on the laser radiation 
power density at the moment of time 1.6·103 s.

power density in the pulse is shown in Fig. 5 along 
the main axis. The dependence of the fraction of 
reacted sample on the laser radiation power density 
is plotted along the auxiliary axis. 

In Fig. 6, the dependence of the volume of the 
formed combustible gases per unit mass of the re-
acted sample on the fraction of the reacted coal 
sample is plotted along the main axis. The depen-
dence of the volume of the formed combustible 
gases on the fraction of the reacted coal sample is 
plotted along the auxiliary axis.

Fig. 4. Dependence of gas phase composition on the laser radiation power density at the moment of time 1.6·103 s.



Pyrolysis of High Volatile C Bituminous Coal under the Action of Nanosecond Laser Radiation 178

Eurasian Chemico-Technological Journal 24 (2022) 173‒181

The products of coal sample pyrolysis under the 
nanosecond laser action in argon are H2, CH4, C2H2, 
CO and CO2. One can see in Figs. 2 and 3 that the 
concentrations of gaseous pyrolysis products in-
crease with an increase in the laser radiation pow-
er density H. After achieving the maximal value, 
the concentrations of pyrolysis products are nearly 
constant. 

The volume fraction of carbon dioxide in the 
gaseous products of pyrolysis is nearly constant 
under the action of laser radiation with power den-
sity H = (0.2–0.3) J/cm2. With an increase in the 
laser radiation density H > 0.3 J/cm2, the volume 
fraction of carbon dioxide decreases. The volume 
fraction of methane exhibits similar behavior. 
The volume fraction of methane in the gaseous 
products of pyrolysis is nearly constant under 
the action of laser radiation with power density 

H = (0.3–0.4) J/cm2, while a further increase in the 
laser radiation power density causes a decrease in 
the volume fraction of methane. The volume frac-
tion of carbon oxide in the gaseous products of 
pyrolysis decreases within the studied range of 
laser radiation power density, while the volume 
fractions of hydrogen and acetylene increase. It 
may be stressed that a decrease in the volume frac-
tion of carbon oxide and an increase in the molar 
fractions of hydrogen and acetylene become slow-
er under the action of laser radiation with power 
density H > 0.4 J/cm2.

The volume fraction of combustible gases 
φfl (H2, C2H2, CH4 and CO) in the mixtures of gas-
eous pyrolysis products are only slightly depen-
dent on the laser radiation power density. Under 
the action of laser radiation with power density 
H = 0.2 J/cm2 the volume fraction of combustible 

Fig. 6. Dependence of the volume of the formed combustible gases per unit mass of the reacted coal sample on the 
fraction of the reacted coal sample. The dependence of the volume of the formed combustible gases on the fraction of 
the reacted coal sample is plotted along the auxiliary axis.

Fig. 5. Dependence of the volume of formed combustible gases per unit mass of the reacted sample on energy density 
in the pulse. The dependence of the fraction of reacted coal sample on the laser radiation power density is shown along 
the auxiliary axis.
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gases is φfl = (93±3)%, while at H = 0.6 J/cm2 it is 
φfl = (97±2)%.

Previously we detected H2, CH4, CO and CO2 in 
the gaseous products of lignite A pyrolysis under 
the action of microsecond laser pulses (1064 nm, 
120 μs, 6 Hz, 1.2–2 J/cm2) in argon and consid-
ered the mechanisms of their formation [21]. C2H2 
was not detected in the products of pyrolysis [21]. 
Under the action of nanosecond laser pulses, the 
mechanisms of the formation of H2, CH4, CO and 
CO2 are likely to be the same. The interaction of 
water vapor and hydrogen with heated coal and the 
reaction of steam conversion of CO (7–9) are also 
likely to proceed [22].

 
  C+H2O → CO + H2      (7) 
  C + 2H2 → CH4     (8) 
  CO + H2O → CO2 + H2     (9)

The presence of acetylene in the recorded py-
rolysis products may be explained by the possible 
reactions (10) and (11) [23, 24].

 
  2CH4 → C2H2 + 3H2    (10) 
  2C + H2 → C2H2    (11)

One can see in Fig. 5 that the ratio of the volume 
fraction H2/CO increases linearly from 0.3 to 1.7 
with an increase in the laser radiation power densi-
ty within the range 0.2–0.6 J/cm2. It is known that 
the ratio of the optimal reagents for obtaining liquid 
hydrocarbons according to Fischer-Tropsch pro-
cess is H2/CO = 2.15 [25]. Then, admitting further 
linear increase of the volume fraction H2/CO, the 
optimal ratio of these components will be achieved 
at the laser radiation power density H ~ 0.7 J/cm2. 
In the case of the action of microsecond laser ra-
diation, the ratio H2/CO reaches 1.7 at the power 
density of 2 J/cm2 [21].

The yield of synthesis gas may be increased by 
the steam conversion of methane [26] or by the 
catalytic decomposition of methane, for example, 
[27]:

 
  CH4 + H2O → CO + 3H2          (12)

  CH4 → C + 2H2   (13)

The composition of the gaseous products of 
laser pyrolysis of coal was reported in [14–16]. 
Under the action of the continuous radiation of 
CO2-laser, the formation of naphthalene, phenan-

threne, pyrene and so on was detected [15]. The 
authors of [14] detected the formation of ethylene, 
ethane and so on under the action of the radiation 
of CO2-laser pulses lasting for a second. In the case 
of the action of millisecond radiation of the neo-
dymium laser, the formation of propylene, propine, 
benzene and so on was detected [16]. It may be 
concluded that the composition of gaseous prod-
ucts of coal pyrolysis under the action of nanosec-
ond laser radiation is simpler than from coal pyrol-
ysis under the action of millisecond or continuous 
laser radiation. A possible reason may be as fol-
lows. In the case of pulsed nanosecond laser ac-
tion, coal particles are extremely rapidly heated to 
a high temperature, the primary pyrolysis products 
are formed, and the reactions of their decomposi-
tion take place. 

As stressed above, each coal sample was 
weighted before and after the action of laser radi-
ation, and the fraction of reacted coal sample was 
calculated. The volume of the formed combustible 
gases per unit mass of the reacted coal sample nfl 

(Figs. 5 and 6, along the main axis) increases with 
an increase in the laser radiation power density 
within the range H = (0.2–0.4) J/cm2. With further 
increase in the laser radiation power density, the 
volume of the formed combustible gases per unit 
mass of the reacted coal sample remains practi-
cally unchanged. At the same time, the volume of 
the formed combustible gases Vfl increases linear-
ly with an increase in the fraction of the reacted 
coal sample (Fig. 5, auxiliary axis). It should be 
also stressed that the fraction of reacted sample 
∆m/m1 sharply increases under the action of laser 
radiation with power density H > 0.4 J/cm2 (Fig. 6, 
auxiliary axis). The observed phenomena may be 
explained as follows. The action of laser radiation 
with power density H > 0.4 J/cm2 causes intense 
ablation of coal samples. Coal particles are carried 
into the gas phase. The formed suspension of coal 
particles screens sample surface from the direct la-
ser action. This effect causes a decrease in the la-
ser pulse power that reaches the surface of the coal 
sample, thus pyrolysis efficiency decreases.

It should be stressed that the experimental data 
depicted in Figs. 5 and 6 (nfl(H), ∆m/m1(H), nfl(∆m/
m1)) could be approximated with one nonlinear de-
pendence. However, as stressed above, within the 
laser radiation power density H = (0.2–0.4) J/cm2 
pyrolysis proceeds without sample destruction, 
while laser radiation with H > 0.4 J/cm2 involves 
intense ablation of the samples. So, different pro-
cesses take place under the action of laser radiation 
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with power density within the range 0.2–0.4 J/cm2 
and H > 0.4 J/cm2, and, in our opinion, it is incor-
rect to approximate experimental results with one 
function. 

Attention should be paid to the fact that coal 
samples containing no binding material (PVA) are 
destroyed under the action of nanosecond laser 
radiation with power density H ≥ 0.2 J/cm2. Most 
likely, additional studies aimed at the search for an 
optimal concentration of the binding material are 
necessary to increase the efficiency of pyrolysis of 
tableted coal samples under the action of nanosec-
ond laser radiation.

The results obtained in the present work may be 
used in further studied aimed at understanding the 
detailed mechanism of thermal decomposition of 
fossil coal under the action of radiant energy from 
a high-intensity radiation source.

4. Conclusions

1. The detected products of pyrolysis of the 
tableted high volatile C bituminous coal sam-
ples under the action of nanosecond laser pulses 
(532 nm, 14 ns, 6 Hz, 0.2–0.6 J/cm2) are H2, CH4, 
С2H2, CO and CO2.

2. With an increase in power density in the 
pulse from 0.2 to 0.6 J/cm2 (532 nm, 14 ns, 6 Hz), 
the volume fraction of carbon oxide in the gaseous 
products of pyrolysis decreases, while the volume 
fractions of hydrogen and acetylene increase. A 
decrease in the volume fraction of carbon oxide 
and an increase in the volume fractions of hydro-
gen and acetylene slow down under the action of 
laser radiation with power density H > 0.4 J/cm2. 
Within the laser radiation power density from 0.2 
to 0.3 J/cm2 (532 nm, 14 ns, 6 Hz) the volume frac-
tion of carbon dioxide among the gaseous products 
of pyrolysis is nearly constant and decreases with 
an increase in power density H > 0.3 J/cm2. The 
volume fraction of methane in the gaseous prod-
ucts of pyrolysis is nearly constant under the action 
of laser radiation with H = (0.3–0.4) J/cm2 and de-
creases with a further increase in H.

3. Under the action of nanosecond laser radia-
tion (532 nm, 14 ns, 6 Hz, 0.6 J/cm2) on the tablet-
ed samples of high volatile C bituminous coal, the 
volume of the formed combustible gases per unit 
mass of the reacted coal sample nfl increases with 
an increase in the laser radiation power density 
within the range H = (0.2–0.4) J/cm2. With further 
increase in the laser radiation power density, the 
volume of the formed combustible gases per unit 

mass of the reacted coal sample remains practical-
ly the same. The volume fraction of combustible 
gases φfl (H2, C2H2, CH4 and CO) in the mixture of 
gaseous pyrolysis products is only slightly depen-
dent on the laser radiation power density. Under 
the action of laser radiation with power density 
H = 0.2 J/cm2, the volume fraction of combustible 
gases is φfl = (93±3)%, while at H = 0.6 J/cm2 it is 
φfl = (97±2)%.

4. The action of nanosecond laser radiation 
(532 nm, 14 ns, 6 Hz) with power density 
H > 0.4 J/cm2 causes intense ablation of the tablet-
ed sample of high volatile C bituminous coal con-
taining 0.005 wt.% polyvinyl alcohol. A tableted 
coal sample containing no binding material is de-
stroyed under the action of nanosecond laser ra-
diation (532 nm, 14 ns, 6 Hz) with power density 
H ≥ 0.2 J/cm2.

Acknowledgments

The investigation was carried out with sup-
port from the Russian Science Foundation un-
der Project No. 22-13-20041, https://rscf.ru/
project/22-13-20041/, and with support from the 
Kemerovo Region – Kuzbass under Agreement 
No. 2 of 22.03.2022.

References

[1]. S. Chu, A. Majumdar, Nature 488 (2012) 294–
303. DOI: 10.1038/nature11475

[2]. A.E. Kontorovich, M.I. Epov, L.V. Eder, Russ. 
Geol. Geophysics 55 (2014) 534–543. DOI: 
10.1016/j.rgg.2014.05.002

[3]. H.Q. Hu, Q. Zhou, S.W. Zhu, B. Meyer, S. Krzack, 
G.H. Chen, Fuel Processing Technol. 85 (2004) 
849–861. DOI: 10.1016/j.fuproc.2003.11.030

[4]. Y.P. Zhao, H. Hu, L.J. Jin, B. Wu, S.W. Zhu, 
Energy Fuels 23 (2009) 870–875. DOI: 10.1021/
ef800831y

[5]. K. Matsuoka, H. Akiho, W.C. Xu, R. Gupta, 
T.F. Wall, A. Tomita, Fuel 84 (2005) 63–69. 
DOI: 10.1016/j.fuel.2004.07.006

[6]. C.Z. Li, Fuel 86 (2007) 1664–1683. DOI: 
10.1016/j.fuel.2007.01.008

[7]. F. Mushtaq, R. Mat, F.N. Ani, Renew. Sust. 
Energy Rev. 39 (2014) 555–274. DOI: 10.1016/j.
rser.2014.07.073

[8]. S.C. Saxena, Prog. Energy Combust. Sci. 
16 (1990) 55–94. DOI: 10.1016/0360-
1285(90)90025-X

[9]. H.-Y. Cai, A.J. Guell, I.N.Chatzakis, J.-Y. Lim, 
D.R. Dugwell, R. Kandiyoti, Fuel 75 (1996) 15–
24. DOI: 10.1016/0016-2361(94)00192-8

https://www.nature.com/articles/nature11475
https://pubs.geoscienceworld.org/rgg/article-abstract/55/5-6/534/589936/Long-term-and-medium-term-scenarios-and-factors-in?redirectedFrom=fulltext
https://pubs.geoscienceworld.org/rgg/article-abstract/55/5-6/534/589936/Long-term-and-medium-term-scenarios-and-factors-in?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/pii/S037838200300290X?via%3Dihub
https://pubs.acs.org/doi/10.1021/ef800831y
https://pubs.acs.org/doi/10.1021/ef800831y
https://www.sciencedirect.com/science/article/pii/S001623610400211X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0016236107000361?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0016236107000361?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1364032114005255?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1364032114005255?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/036012859090025X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/036012859090025X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0016236194001928?via%3Dihub


Ya.V. Kraft et al. 181

Eurasian Chemico-Technological Journal 24 (2022) 173‒181

[10]. R.L. Hanson, N.E. Vanderborgh, D.G. Brookins, 
Anal. Chem. 49 (1977) 390–395. DOI: 10.1021/
ac50011a016

[11]. A.T. Pyatenko, S.V. Bukhman, V.S. Lebedinskii, 
V.M. Nasarov, I.Ya. Tolmachev, Fuel 71 (1992) 
701–704. DOI: 10.1016/0016-2361(92)90175-N

[12]. W. Maswadeh, N.S. Arnold, W.H. Mcclennen, 
A. Tripathi, J. DuBow, H.L.C. Meuzelaar, 
Energy Fuels 7 (1993) 1006–1012. DOI: 
10.1021/ef00042a044

[13]. R. Gadiou, Y. Bouzidi, G. Prado, Fuel 81 
(2002) 2121–2130. DOI: 10.1016/S0016-
2361(02)00144-8

[14]. Y. Li, F. Hua, H. An, Y. Cheng, Fuel 283 (2021) 
119290. DOI: 10.1016/j.fuel.2020.119290

[15]. F.S. Karn, R.A. Friedel, A.S. Sharkey, Fuel 
51 (1972) 113–115. DOI: 10.1016/0016-
2361(72)90059-2

[16]. N.E. Vanderborgh, W.J. Verzino, M.A. Fletcher, 
B.A. Nichols, J. Anal. Appl. Pyrol. 4 (1982) 21–
31. DOI: 10.1016/0165-2370(82)80024-7

[17]. B.P. Aduev, D.R. Nurmukhametov, Y.V. Kraft, 
Z.R. Ismagilov, Opt. Spectrosc. 128 (2020) 2008–
2014. DOI: 10.1134/S0030400X20120838

[18]. B.P. Aduev, Y.V. Kraft, D.R. Nurmukhametov, 
Z.R. Ismagilov, Chem. Sustain. Dev. 27 (2019) 
549–555. DOI: 10.15372/CSD2019172

[19]. B.P. Aduev, D.R. Nurmukhametov, Y.V. Kraft, 
Z.R. Ismagilov, Opt. Spectrosc. 128 (2020) 
429–435. DOI: 10.1134/S0030400X20030029

[20]. B.P. Aduev, D.R. Nurmukhametov, Y.V. Kraft, 
Z.R. Ismagilov, Chem. Sustain. Dev. 28 (2020) 
518–526. DOI: 10.15372/CSD2020260

[21]. Y.V. Kraft, D.R. Nurmukhametov, B.P. Aduev, 
Z.R. Ismagilov, Bulletin of the Kuzbass State 
Technical University (2019) 5–16. (in Russian) 
DOI: 10.26730/1999-4125-2019-3-5-15

[22]. C.K. Westbrook, F.L. Dryer, Symp. (Int.)  
Combust. 18 (1981) 749–767. DOI: 10.1016/
S0082-0784(81)80079-3

[23]. X. Huang, D. Cheng, F. Chen, X. Zhan, J. 
Energy Chem. 25 (2015) 65–71. DOI: 10.1016/
S2095-4956(15)60285-6

[24]. R.F. Baddour, J.M. Iwasyk, Ind. Eng. Chem. 
Process Des. Dev. 1 (1962) 169–176. DOI: 
10.1021/i260003a003

[25]. M.E. Dry, Catal. Today 71 (2002) 227–241. 
DOI: 10.1016/S0920-5861(01)00453-9

[26]. Y. Matsumura, T. Nakamori, Appl. Catal. A- 
Gen. 258 (2004) 107–114. DOI: 10.1016/j.
apcata.2003.08.009

[27]. J.U. Jung, W. Nam, K.J. Yoon, G.Y. Han, 
Korean J. Chem. Eng. 24 (2007) 674–678. DOI: 
10.1007/s11814-007-0024-8

https://pubs.acs.org/doi/abs/10.1021/ac50011a016
https://pubs.acs.org/doi/abs/10.1021/ac50011a016
https://www.sciencedirect.com/science/article/abs/pii/001623619290175N?via%3Dihub
https://pubs.acs.org/doi/abs/10.1021/ef00042a044
https://pubs.acs.org/doi/abs/10.1021/ef00042a044
https://www.sciencedirect.com/science/article/abs/pii/S0016236102001448?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0016236102001448?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0016236120322869?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0016236172900592?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0016236172900592?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0165237082800247?via%3Dihub
https://link.springer.com/article/10.1134/S0030400X20120838
https://sibran.ru/en/journals/issue.php?ID=179971&ARTICLE_ID=179973
https://link.springer.com/article/10.1134/S0030400X20030029
https://sibran.ru/en/journals/issue.php?ID=179971&ARTICLE_ID=179973
https://vestnik.kuzstu.ru/index.php?page=article&id=3586
https://www.sciencedirect.com/science/article/abs/pii/S0082078481800793?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0082078481800793?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2095495615602856?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S2095495615602856?via%3Dihub
https://pubs.acs.org/doi/abs/10.1021/i260003a003
https://pubs.acs.org/doi/abs/10.1021/i260003a003
https://www.sciencedirect.com/science/article/abs/pii/S0920586101004539?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0926860X03007270?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0926860X03007270?via%3Dihub
https://link.springer.com/article/10.1007/s11814-007-0024-8
https://link.springer.com/article/10.1007/s11814-007-0024-8

