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Abstract
The chemical composition, structural and plastometric properties of different-ranked coals from Mongolia deposits were 
studied. The non-isothermal iso-conversion Ozawa–Flynn–Wall and Friedman model-free methods were used to assess kinetic 
parameters and to differentiate decomposition steps. Key peculiarities of the pyrolysis kinetics of brown and bituminous coals 
were revealed and discussed in terms of the composition and plastometric properties. Brown coal was shown to undergo 
three decomposition steps with ever increasing activation energy as temperature increased because of the decomposition of 
thermally more and more stable molecular fragments. The pyrolysis of bituminous coals occurred in four steps, the activation 
energy having extreme mode of temperature dependence. An important new finding was that the temperature range of the 
second, major pyrolysis step well corresponded to that between the softening and re-solidification temperatures according to 
Gieseler plastometry. The yield and composition of the pyrolysis products obtained under isothermal conditions were also 
characterized depending on coal rank and temperature, and the ways for qualified utilizations were offered.
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1  Introduction

Coal continues to be one of the main sources of energy 
worldwide and it is indispensable in the steel-making indus-
try. Mongolia has large reserves of coals of various grades 
(Erdenetsogt et al. 2009). Currently, mainly brown and sub-
bituminous coals are utilized for heat and electricity genera-
tion. However, direct combustion results in environmental 
problems. Also, coking coal is currently mined at the largest 

Tavantolgoi deposit to export for China for the production 
of metallurgical coke.

Much attention is paid in Mongolia to the development 
of coal processing into environmentally friendly energy car-
riers and valuable chemical substances and carbon materi-
als. The results of the studies of the properties of a number 
of low-rank coals in the processes of thermal and thermo-
chemical conversion (Ariunaa et al. 2021; Avid et al. 2016; 
Purevsuren et al. 2013, 2019), gasification (Avid et al. 2016; 
Kuznetsov et al. 2015), and production of porous carbon 
materials (Gombojav et al. 2020) have been published in the 
literature. The coking properties of Tavantolgoi coal have 
been reported in Ulanovsky and Likhenko (2009), Fedor-
ova et al. (2015). However, in general, the chemical com-
position and structure of Mongolian coals are still poorly 
investigated.

The coal pyrolysis is a fundamentally important process 
since it involves a set of chemical reactions, which play key 
roles in most coal conversion processes, such as coking, liq-
uefaction, hydrogenation, gasification and combustion. The 
pyrolysis can be considered also as a test reaction for coals 
because of high sensitivity to coal properties. For all these 
reasons coal pyrolysis has been and is being studied from 
different perspectives (Solomon et al. 1992; Yan et al. 2020a, 
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b; Niksa 1991; Kandiyoti et al. 2016). Detailed informa-
tion on the pyrolysis kinetics is an actual objective to better 
understand decomposition phenomena, to forecast chemical 
and physical changes and to optimize conversion into valu-
able products (Niksa 1991; Arenillas et al. 2001; Pretorius 
et al. 2017). Thermogravimetric analysis (TGA) in both 
isothermal and non-isothermal modes is the most common 
technique for studying the thermal properties and kinetics 
of coal pyrolysis (Arenillas et al. 2001; Fetisova et al. 2020; 
Kumar et al. 2021; Geng et al. 2016; Zhang et al. 2013; Xu 
et al. 2015). Based on the TGA measurements, a number 
of kinetic pyrolysis methods has been developed including 
model-fitting methods such as Freeman–Carroll (Liu and 
Fan 1999), Coats-Redfern models (Ebrahimi-Kahrizsangi 
and Abbasi 2008) and model-free methods such as Friedman 
(Friedman 1964), Kissinger–Akahira–Sunose (Mishra and 
Mohanty 2018), Ozawa–Flynn–Wall (Flynn and Wall 1966; 
Ozawa 1965; Zheng et al. 2015). Systematic trends in the 
kinetic parameters with coal rank and maceral composition 
have been found (Geng et al. 2016; Li 2007, 2013; Gao et al. 
2016; Niu et al. 2016; Song et al. 2017). The pyrolysis was 
shown to involve the rupture of different kinds of chemi-
cal bonds, the reactions with lower bond energies occurring 
generally at relatively low temperatures, while those with 
high energies at higher temperatures.

Of the coals of different ranks, bituminous coals of 
medium rank have specific physical properties: at certain 
temperature, they can undergo a plastic state and then form 
strong coke at elevated temperature. Due to this valuable 
property, these coals are widely used in large-scale coke-
making industry. However, few papers were devoted to the 
investigation of the pyrolysis kinetics of these coals (Du 
et al. 2019; Yan et al. 2020a, b). Casal et al. (2018) studied 
the pyrolysis kinetics of a series of bituminous coals, and 
also of non-bituminous coals for comparison. The pyroly-
sis of all the coals was reported to consist of three stages. 
The kinetic parameters for the main (second) decomposi-
tion stage estimated by the integral method obeyed general 
dependencies on the coal properties, such as rank, indexes 
of chemical structure. Yan et al. (2020a, b) also investigated 
the pyrolysis of different-ranked coals using distributed 
activation energy model. The activation energy values for 
the low-ranked coals were reported to increase gradually 
as coal conversion increased. However, a bituminous coal 
of medium rank showed an extremal varying trend of acti-
vation energy versus conversion: the initial pyrolysis stage 
proceeded with an ever decreasing activation energy (from 
313 to 240 kJ/mol), and then, when the pyrolysis conversion 
has reached 40%–50%, the activation energy commenced to 
increase gradually as conversion further increased. Such a 
specific pyrolysis behavior of bituminous coal was difficult 
to interpret reasonably based on the presented data of chemi-
cal and molecular compositions. Perhaps, this interesting 

phenomenon could result from the thermoplastic properties 
of coal, however the relevant data were not presented.

The purpose of this paper was to study the chemical 
composition and structural properties of the coking and 
non-coking Mongolian coals, to evaluate pyrolysis kinet-
ics and to find relations with the structural characteristics 
and thermoplastic properties. The kinetic parameters were 
estimated using the most developed and widely applied 
Ozawa–Flynn–Wall (OFW) and Friedman model-free 
methods. Also, the yield and composition of the isothermal 
pyrolysis products were characterized depending on the tem-
perature and coal type.

2 � Experimental

2.1 � Coal samples and their chemical and structural 
characterization

2.1.1 � Sample preparation and analytical characterization

The vitrinite-type coals from the Baganuur (B), Nariin-
sukhait (N), and Tavantolgoi (T) deposits in Mongolia 
were used in this paper. The coals were ground (particle 
size < 0.2 mm) and dried in a vacuum oven. The contents of 
moisture, ash, volatile matter and vitrinite reflectance were 
determined using standard procedures. The fluidity charac-
teristics (softening point and re-solidification temperature) 
were determined using Gieseler plastometer, and plastic 
layer thickness by Sapozhnikov method. Ultimate analysis 
was performed using a Flash EATM 1112 analyzer. The 
content of metals in the ash was analyzed by the X-ray fluo-
rescence method.

2.1.2 � Structural characterization

The FTIR spectra were studied using KBr pellets prepared 
by a conventional technique (Sobkowiak and Painter 1992, 
1995). The spectra were recorded on a Nicolet 20-PC and 
Bruker Tensor-27 spectrometer within the wavenumbers of 
400–4000 cm−1. Multipoint correction of a baseline was 
conducted by built-in software. Based on the FTIR spectra, 
the semiquantitative indexes for aromaticity of hydrogen 
(Har) and carbon (Car) and CH3/CH2 ratio were estimated.

The X-ray diffraction patterns for the powdered coal sam-
ples packed into an aluminum holder were recorded using a 
PANalyticalX’Pert PRO diffractometer with Cu Kα radiation 
and step scanning (2θ = 0.2°, 25 s/step) between 2θ from 5° 
and 55° under strictly the same conditions. The parameters 
of the stacking structure of the coal matter were estimated 
according to recommendations (Takagi et al. 2004; Lu et al. 
2001) from the (002) and (10) reflections corrected with 
absorption, polarization, and atomic scattering factors. The 



Insight into the key kinetic steps in the pyrolysis of coking and non‑coking coals,…

1 3

Page 3 of 12     16 

average distance between the polyaromatic layers, d002 was 
determined from the (002) peak position using Bragg’s equa-
tion. The average thickness (Lc) of the stacks was evaluated 
from the width at the half-maximum of the (002) peak using 
Scherrer’s equation, and the number of aromatic layers in the 
stacks by means of the equation n = (Lc/d002) + 1. The aver-
age diameter of layers (La) was calculated from the width at 
the half-maximum of the (10).

2.2 � Nonisothermal thermogravimetric and kinetic 
analysis

Thermogravimetric analysis (TGA) was carried out in a 
corundum crucible using a STA 449 F1 Jupiter instrument 
(NETZSCH) in temperature range from 30 °C to 1000 °C in 
an argon flow (flow rates of shielding and purge gases were 
20 and 50 mL/min, respectively). The results of the measure-
ments were processed using the NETZSCH Proteus Thermal 
Analysis 5.1.0 software package supplied with the instru-
ment. The kinetic characteristics were determined based 
on the TGA data obtained at the heating rates of 5, 10, 15 
and 20°/min. The kinetic parameters were estimated using 
Ozawa–Flynn–Wall (OFW) and Friedman isoconversional 
model-free methods which has been successfully used previ-
ously (Fetisova et al. 2020) to study the kinetics of thermal 
decomposition of lignin.

2.3 � Isothermal pyrolysis of coals

The determination of the yields of pyrolysis products 
(char, tar, water and gases) at isothermal conditions were 

carried in accordance with the standard method 3168–93 
(ICO 647-74) using experimental unit with a quartz retort 
reactor (Fig. 1). A portion of dry crushed coal (1 g, par-
ticle size less than 0.2 mm) in a pre-weighed quartz tube 
retort 3 was placed in an electric furnace (2). The retort 
was hermetically connected to another pre-weighed tube 
(7) (filled with glass fiber) and to flask (8). After purg-
ing with nitrogen, the retort (3) was heated to a desired 
temperature measured by thermocouple (1) and held for 
80 min, the temperature of tube 7 being maintained at 
95 °C. The tar was condensed in tube 7 on a glass fiber 
(coal tar), and water vapor in a cooled flask 8. he yields of 
solid residue (char), tar and pyrogenic water were deter-
mined from the change in the weight of tubes 3, 7 and 
flask 8. The yield of gases + losses was calculated from 
the difference.

A bench scale unit with a tubular stainless steel reactor 
(volume of 1.5 L) was used also to obtain larger amounts 
of products required for analytical measurements.

3 � Results and discussion

3.1 � The composition of coals

The samples used represented vitrinite-type coals (vitrin-
ite content of more than 75%) with a few amount of ash. 
Shown in Tables 1 and 2 are the data on the proximate 
and ultimate analysis data. N and T coals showed coking 
ability, their plastic layer thicknesses were 10 and 16 mm, 
respectively. Brown coal exhibited no coking properties. 
The carbon and oxygen contents ranged 70.9% to 87.8% 
and 22.4% to 5.4%, respectively, in accordance with Vdaf 
and Ro,r. All the coals showed low sulfur and nitrogen con-
tents. These characteristics confirm the samples to cor-
respond to brown coal (B) and two bituminous coals (N 
and T).

The composition of the ash from T coal was dominated 
by silicon (77.6%) and aluminium compounds (15.7%); 
from N coal – by iron (27.5%), silicon (22.8%), aluminium 
(17.0%) and calcium (14.8%); from B coal – by calcium 
(40.4%), silicon (24.2%) and iron (17.4%).Fig. 1   The schematic diagram of the unit for the determination of the 

yields of pyrolysis products under the isothermal conditions

Table 1   Proximate analysis of 
coal samples

Ro,r is random vitrinite reflectance; Tsoftis softening temperature; Tres is re-solidification temperature; ΔT is 
plasticity range; y is plastic layer thickness

Coal Ad (wt%) Vdaf (wt%) Ro,r (%) Tsoft (°C) Tres (°C) ΔT (°C) y (mm)

Baganuur (B) 5.1 44.7 0.41 – – – –
Nariinsukhait (N) 6.8 35.7 0.74 418 465 47 10
Tavantolgoi (T) 8.2 27.7 1.12 429 499 70 16
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3.2 � Structural characterization of coals

3.2.1 � Characterization of molecular structure by FTIR 
spectra

The FTIR spectra in Fig. 2 show strong absorbance at 
3000–2750  cm−1 (stretching vibration of the aliphatic 
C-H bonds), at 1460–1440 cm−1 (bending vibration of CH2 

groups) and at 1376 cm−1 (bending vibration of CH3) indi-
cating the presence of large amount of the aliphatic frag-
ments. The absorbance at 1600 cm−1 (stretching vibration 
of the aromatic rings), at 3050 cm−1 (stretching vibration 
of the aromatic C–H bonds) and at 900–700 cm−1 (out-of-
plane bending of the aromatic C–H bonds) reflect the pres-
ence of the aromatic fragments. The absorbances centered 
at 3400 cm−1, 1750–1700 cm−1 and at 1300–1000 cm−1 
were attributed to various oxygenated fragments (phenolic 
hydroxyls, carbonyls, carboxyls, ester and ether groups, 
and alcohols). Brown coal featured with large amount of 
oxygen-containing groups, phenol hydroxyls, in particular 
(3400 cm−1).

The characteristic absorbance at the 3100–2750 cm−1 
spectral region was deconvoluted into seven sub-bands 
(shown in Fig. 3). According to Sobkowiak and Painter 
(1992), the sub-bands at 3050 and 3020  cm−1 were 
assigned to stretching vibrations of different aromatic C–H 
bonds, the sub-bands at 2955 and 2875 cm−1 to asym-
metric and symmetric stretching vibrations of C–H bonds 
in CH3 methyl groups, and those at 2923 and 2848 cm−1 
to asymmetric and symmetric stretching vibrations of 
CH2 methylene groups, respectively, and the sub-band at 
2896 cm−1 to methine groups.

Based on the deconvoluted spectra, the semi-quantitative 
aromaticity indexes for hydrogen (Har) and carbon (Car), and 
CH3/CH2 ratios were estimated. In assessing the indexes we 

Table 2   Ultimate analysis data Coal wt% on daf H/Cat

C H N S O

Baganuur 70.9 5.2 1.0 0.5 22.4 0.88
Nariinsukhait 84.4 4.8 1.6 1.0 8.3 0.68
Tavantolgoi 87.8 5.2 1.2 0.4 5.4 0.71

Fig. 2   The FTIR spectra of Mongolian coals

Fig. 3   The deconvoluted FTIR 
spectra for Baganuur and Tavan-
tolgoi coals as examples
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took account of the statistical data for coals that the ratio 
of the extinction coefficient for the stretching vibrations of 
the aliphatic C–H bonds to the extinction coefficient for the 
aromatic C–H bonds is 0.20 (Sobkowiak and Painter 1992); 
while the ratio of the extinction coefficient for the stretching 
vibrations of the CH2 groups and CH3 groups is 0.5. The 
indexes were calculated using the following formulas:

(1)Har =
Aar∕0.2Aal

1 +
(
Aar∕0.2Aal

)

(2)Car = 1 −
Cal

C
;
Cal

C
=

(
Hal

H
×

H

C

)
(

Hal

Cal

)

(3)CH3

/
CH2 = 0.5 ×

(
A2955

/
A2923

)

Hal/Cal in Eq. (2) is the atomic ratio of hydrogen to carbon 
for aliphatic groups (usually set to 2, as in methylene group) 
(Supaluknari et al. 1989).

Shown in Table 3 are the molecular indexes thus esti-
mated. The values for Har and Car indexes decrease in the 
following order: Tavantolgoi–Nariinsukhait—Baganuur in 
accordance with Cdaf, Vdaf and Ro,r. The CH3/CH2 ratios of 
0.20 to 0.29 reflect different lengths of the aliphatic chains 
in the coals.

3.2.2 � Characterization of the spatial coal structure

The XRD patterns for coals showed typical asymmetrical 
reflection in the 2θ region from 8° to 34° due to intermolecu-
lar ordering of carbon matter and a weak reflection centered 
at 2θ of about 44° due to intramolecular ordering. The curve-
fitting analysis showed that the asymmetrical reflection 
attributed to the intermolecular ordering was best simulated 
by a superposition of three Gaussians which were assigned to 
a relatively ordered graphite-like component (Cgraf) (at near 
2θ = 25°), to less ordered γ1-component (2θ of 19.0°−19.5°) 
and to least ordered γ2-component (2θ of 10.0°–10.5°) 
(Fig. 4). The graphite-like component is considered usually 
(Speight 2015) as the stacks of the planar polycondensed 
aromatic clusters. Less ordered γ-components can involve 
mainly aliphatic fragments including naphthenes, alkanes 
and oxygen-containing groups spatially structured at the 
periphery of the graphite-like stacks.

Table 3   Molecular indexes of 
organic matter of coals based on 
the FTIR spectra

Coal Aromaticity 
index

CH3/CH2

Car Har

B 0.66 0.19 0.29
N 0.76 0.36 0.20
T 0.76 0.41 0.23

Fig. 4   The deconvoluted frag-
ments of the XRD patterns for 
Baganuur and Tavantolgoi coals

Table 4   The characterization of 
the spatial structure of coals

A refers to the proportion of the aromatic carbon atoms in the graphite-like structures

Coal Proportion (%) Structural parameters of graphite-like component A (%)

Graphite-like 
component

γ-component d002 (Å) Lc (Å) La (Å) Number of 
layers

B 31 69 3.64 9.62 22.9 3.6 45
N 49 51 3.62 13.2 24.0 4.6 64
T 57 43 3.66 17.3 20.7 5.7 75
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The parameters of the spatial structure derived from 
the XRD data are shown in Table 4. One can see that the 
spatial structure of coals contains 31% to 57% of fairly 
ordered graphite-like component. As the rank of coal 
increases, the number of layers (n) and the stack thick-
ness (Lc) increase indicating the increase in the molecular 
ordering of the structure, the interlayer spacing (d002) and 
layer diameter (La) remaining practically unchanged.

The proportion of the graphite-like component in the 
coal matter is generally considered to reflect coal aroma-
ticity (Speight 2015). It can be drawn from comparison of 
Car values (in Table 3) and the proportion of the graphite-
like component (in Table 4) that the latter in the brown 

coal contained only 45% of all the aromatic carbon atoms, 
and the remaining aromatic carbons occur in the amor-
phous γ-components (possibly, in small and/or in highly 
substituted aromatic cycles). The polycondensed clusters 
in the bituminous N and T coals contain 64% and 75% of 
all the aromatic carbon atoms, respectively.

3.3 � Non‑isothermal pyrolysis of coals, TG/DTG 
results

Figure 5 shows the thermogravimetric (TG) and differential 
thermogravimetric (DTG) curves which reflect the tempera-
ture dependence of weight loss and the rate of weight loss, 
respectively.

The thermal stability indexes Tinit (temperature at the 
initial evolution of the volatile substances) and Tmax (tem-
perature at maximum rate of weight loss) were estimated 
based on the curve analyses. It can be seen from Table 5 
that both Tinit and Tmax increase in order from B to N and 
to T coals, indicating that coals with more aromatic and 
more ordered structures are more stable, hence, higher tem-
perature is required for decomposition. These results are 

Fig. 5   TG/DTG curves of coal 
pyrolysis (heating rate of 10 °C/
min)

Table 5   The thermal stability 
indexes of the coals derived 
from TG–DTG curves

Coal Thermal 
stability 
index (°C)

Coke yield 
(wt% on 
daf)

Tinit Tmax

B 325 435 55.0
N 400 477 67.1
T 430 517 74.7

Fig. 6   a TG and b DTG pyroly-
sis curves of Baganuur coal at 
different heating rates
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consistent with the data reported in Geng et al. (2016) and 
Casal et al. (2018).

Figure 6 shows the TG and DTG curves obtained with 
different heating rate for brown coal. One can see that the 
increase in heating rate results in increase in the yield of 
coke residue and also in displacement of maximum weight 
loss to higher temperatures. These effects are consistent 
with the results reported by several authors (Ashraf et al. 
2019; Konwar and Nath 2019; Du et al. 2016; Guo et al. 
2018 and Zhang et al. 2013). However, generally, its nature 
was not discussed. Some authors consider this effect in 
term of a thermal hysteresis phenomenon (Du et al. 2016) 
or due to thermal lag (Guo et al. 2018; Zhang et al. 2013) 
as heating rate increases. We tend to consider that a shift 
of the maximum pyrolysis temperature in Fig. 6 towards 
higher temperatures as the heating rate increases was due 
to the kinetic peculiarities of some pyrolysis reactions. 
This phenomenon can result from different residence time 
of the reactants at a certain temperature. At a low heating 
rate, some reactions have sufficient time to be completed 
at certain temperature. However, at a high heating rate, the 
residence time is smaller, can be not sufficient for reactions 
to be completed, and they are rapidly completed further at 
a higher temperature.

The dynamics of the pyrolytic decomposition of coals 
is considered generally (Solomon et al. 1992) in terms of 
a stepwise process which involves a gradual cleavage of 
different chemical bonds which need corresponding acti-
vation energies for breaking. The kinetic parameters were 
estimated using the most developed and widely applied 
the isoconversional Ozawa–Flynn–Wall (OFW) model-free 
method as well Friedman method.

In the OFW method, the activation energy is estimated 
from the following generalized expression for the rate of 
solid-phase reaction under non-isothermal conditions:

where dα/dt is the rate of change of conversion (α) with time 
(t), A is the pre-exponential factor (min−1), β is the heating 

(4)
d�

dt
= kf (�) =

A

�
e

−Ea

RT f (�),

rate (°C/min), Ea is the apparent activation energy (J/mol), 
R is the universal gas constant (8.314 J/mol K), T is tempera-
ture (K), f(α) is the reaction model which is a function of 
conversion. Relative degree of coal conversion α can be 
defined as α = ms−m

ms−mf

 , where ms and mf are the initial and final 
weights of a sample, and m is its weight at a point of meas-
urement. The integration of Eq. (3) after rearrangement 
yields the integral form of non-isothermal rate law given as 
follows:

The fundamental expressions of kinetic methods to evalu-
ate kinetic parameters from TGA data are based on the eqs. 4 
and 5.

Isoconversional methods are based on the principle that 
at a constant extent of conversion, the reaction rate is a func-
tion only of the temperature. Thus

Ozawa–Flynn–Wall method (Flynn and Wall 1966; 
Ozawa 1965) can be defined by the following equation:

 where g(α) is a constant at a given α conversion degree. By 
plotting ln β versus 1/T, the apparent activation energy Ea 
can be calculated based on slope.

It can be seen from Fig. 7 that isoconversion lines have 
various slopes which indicate different activation ener-
gies. The Arrhenius approximation have high correlation 
coefficients (R2 > 0.98). Less approximation (R2 = 0.83) 
is observed for the initial low temperature conversion (α 
conversion of 0.1) of brown coal only. This can result from 
the high content of the reactive oxygen-containing groups 

(5)g(�) = ∫
�

0

d�

f (�)
= ∫

T

0

A

�
exp

(
−E

RT

)
dT

(6)

⎡⎢⎢⎢⎣

dln
�

d�

dt

�

dT−1

⎤
⎥⎥⎥⎦
�

= −
E�

R

(7)ln� = ln

[
AE�

Rg(�)

]
− 5.331 − 1.052

E�

RT

Fig. 7   Arrhenius plots of coals with OFW method
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(phenolic, acid, ether and esters groups) in brown coal com-
pared to bituminous coals. Already at the initial stage, these 
groups easily enter into both endothermic destructive reac-
tions with the release of volatiles and also exothermic poly-
condensation reactions with the formation of non-volatile 
products. These reactions can differ in activation energies, 
that could lead to some scatter in the values of apparent acti-
vation energies on the Arrhenius plot. However, this effect 
was not observed at the next steps, since these reactive func-
tional groups have been consumed.

The similar results were obtained also by using the Fried-
man method. Its description and kinetic data obtained are in 
the Supplementary Materials (Fig. S1 and Table S1).

Plotted in Fig. 8 are the Ea values calculated by OFW and 
Friedman methods as a function of α, a degree of thermal 
decomposition of coal matter. One can see that coals show 
different kinetic behavior. However, a general trend is that 
the initial pyrolysis stages at low temperature proceeded 
with low apparent activation energies, and the last stages 
at higher temperature did with high activation energy. This 
phenomenon has a chemical background since the apparent 
activation energy is a fundamental kinetic parameter which 
reflects the mechanism of reaction, the nature of the rate 
limiting step and the consequence between the values of the 
activation energy and dissociation energy for separate bond 
is generally observed (Wanzl 1988).

Based on the profiles of the curves for activation ener-
gies, the pyrolysis process can be represented as consisting 
of several temperature stages (Table 6). The pyrolysis of B 
coal occurred via three main steps. The initial decomposition 
reactions at the first step started with low activation ener-
gies (33–60 kJ/mol), close to that of 35 kJ/mol reported by 
Casal et al. (2018) for the lignite pyrolysis at the first step. 
This may include primarily dissociation of hydrogen bond-
ing and cleavage of the weakest oxygen-containing bonds. 
As temperature further increased, the pyrolysis proceeded 

with ever higher activation energy; that is, the thermally 
more and more stable molecular fragments were involved 
in the decomposition reactions. However, at temperature 
of 413 °C, the activation energy attained about 200 kJ/mol 
and then changed little up to 532 °C, that is in agreement 
with recently reported data by Zhang et al. (2013). The close 
values of the activation energies at this temperature range 
appears to indicate radical decomposition reactions involv-
ing some chemical bonds with a close bonding energy (Shi 
et al. 2013; Wanzl 1988). The last pyrolysis step occurred 
with ever higher and higher activation energy, it can involve 
predominantly endothermic dehydrogenation, deoxygena-
tion, dealkylation and also exothermic polycondensation and 
restructuring of solid char to some extent.

The pyrolysis of the bituminous coals consisted of four 
steps. The first step proceeded with higher activation ener-
gies compared to those for B coal. This could reflect the fact 
that they contain progressively lower quantities of oxygen 
functional groups with weakest C–O bonds. As tempera-
ture increased, increasingly ever more stronger bonds were 
involved into destruction. However, when decomposition 
degree for the T coal has attained 0.2 the next pyrolysis step 
at temperature range of 427–472 °C occurred with a fairly 
constant activation energy (about 330 kJ/mol). We attribute 
this primarily to rupture at the rate limiting steps of some 
chemical bonds of approximately same strength.

Fig. 8   The plot of activation 
energies calculated by Ozawa–
Flynn–Wall and Friedman 
methods for pyrolysis of differ-
ent coals vs coal conversion

Table 6   The temperature ranges for the coal pyrolysis steps

Coal Temperature steps (°C)

I II III 1 V

B 208–413 413–532 532–707 –
N 387–428 428–445 445–496 496–745
T 342–427 427–472 472–514 514–745
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According to Gieseler plastometry, T and N bituminous 
coals passed at this temperature range into a fluid-like meta-
plastic state due to low-volatile substances resulted from the 
decomposition reactions, as well as due to initially present 
bitumen. The comparison of the temperature indicators in 
Tables 1 and 6 (Fig. 8) shows that for both bituminous coals 
there is an accordance between the temperature range of 
the second kinetic pyrolysis step and the softening and re-
solidification temperature range. The high activation energy 
(330 kJ/mol and 270 kJ/mol for T and N coals, respectively) 
at this step reflects the endothermic nature of the reactions 
which may involve coal softening and extensive destructive 
disintegration of the organic coal matter into a molecular 
non-volatile metaplast and volatile substances (aromatic and 
aliphatic liquids. and gases). Coal softening is a consequence 
of both physical melting process and pyrolysis breakdown of 
the coal matrix, the activation energy can vary from 42 kJ/
mol (Fong et al. 1985, 1986) to 210–420 kJ/mol (Waters 
1962; Habermehl et al. 1981; Fitzgerald 1956). In general, 
this second step may include the cleavage of the chemi-
cal bonds with a similar bonding energy, which may be 

represented by some C–C bonds, involving aliphatic linkages 
between the aromatic units (Shi et al. 2013; Wanzl 1988). 
The softening point and the temperature range of plastic-
ity are to be important indicators of the coking capacity of 
coals. Thus, it can be concluded that the pyrolysis kinetics 
confirmed the higher coking ability of T coal compared to 
N coal.

However, once decomposition degree for bituminous 
coals has neared to 0.4, the activation energy dropped greatly 
(from 330 to 150 kJ/mol, and from 230 to 170 kJ/mol, for 
T and N coals, respectively). This third decomposition step 
with a reduced activation energy could involve primarily 
polycondensation reactions in the metaplast matter, initia-
tion of the nucleation reactions followed by re-solidification 
and generation of solid char. The polycondensation and re-
solidification reactions are usually highly exothermic in 
nature (Solomon et al. 1992) and, hence, could proceed with 
a reduced activation energy. The last pyrolysis step occurred 
with ever higher activation energy. Primarily highly endo-
thermic dehydrogenation, deoxygenation, dealkylation, and 
also polycondensation and restructuring of solid char to 
some extents could proceed at this high temperature step 
(Zhang et al. 2013).

Plotted in Fig. 9 are the Tmax and Tinit thermal stability 
indexes for different coals and the activation energies for 
the second major pyrolysis step as functions of Vdaf. It can 
be seen that the kinetic pyrolysis indexes for both brown and 
bituminous coals proved to be in common, close to linear, 
dependences on the Vdaf yield, the lower is the rank of coal, 
the lower is the activation energy of pyrolysis and tempera-
tures of the initial pyrolysis and of the maximum pyrolysis 
rate. This result is consistent with the data reported by Casal 
et al. (2018).

3.4 � Isothermal coal pyrolysis tests

Shown in Fig. 10 are the yields of the coke residue, liquid 
tar and gases obtained from the isothermal pyrolysis of dif-
ferent coals at the temperatures of 500, 600 and 700 °C. 

Fig. 9   The relations between the Vdaf for coals and pyrolysis indexes 
Tmax, Tinit and Ea for the second pyrolysis stage

Fig.10   The yields of products from the pyrolysis of coals at different temperatures
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Brown coal, compared to bituminous coals with more 
aromatic and ordered structure, yielded less coke residue 
(58%–60% vs. 83%–93%) and much more gases (32%–37% 
vs. 5.0%–12.5%) at whole temperature range of 500–700 °C 
and more tar (6.8%–7.0%) at lowered temperature range of 
500–600 °C.

The liquid tars were characterized by the FTIR spectra, 
group analyses and by fractionation distillation. The FTIR 
spectra showed strong absorbances at 3000–2750  cm−1, 
1460–1440 cm−1 and 1378 cm−1 characteristic of the ali-
phatic structures. The absorbances centered at 3025 cm−1, 
1600 cm−1 and 900–700 cm−1 indicated aromatic structures. 
The oxygen-containing compounds were indicated by the 
absorbances centered at 3400 cm−1, 1620–1750 cm−1 and 
1000–1200 cm−1, the brown coal tar featured with more 
content of oxygen-containing substances compared to 
other once. The semi-quantitative FTIR molecular indexes 
in Table 7 show the tars from the bituminous coals to be 
of higher aromaticity compared to brown coal tar, and the 
absorption profiles in the 900–700 cm−1 region indicated 
polycondensed nature.

Shown in Table 8 are the data on the group composition 
of coal tars. The predominant part was represented by the 
neutral oils, the largest part of 80.5% being characteristic 
of the tar from the N coal. Asphaltenes and phenols were 
present with less amounts, and the organic acids and bases 
accounted for no more than 2.5%–5.0%.

According to distillation, the brown coal oil consisted of 
82.6% of gasoline and kerosene fractions and 17.4% of the 
non-volatile residue. The oil from the bituminous N coal 
contained much less distillate fraction (26.5%), the main part 
(73.5%) accounted for non-volatile residue. The oil from the 
T coal was distinguished by high viscosity, only little gaso-
line was distilled off, and non-volatile residue represented 
a pitch-like solid matter at ambient temperature. Thus, one 
can suggest based on the data obtained that the development 

of the polycondensation reactions between the non-volatile 
polycondensed aromatic components of the metaplast mat-
ter during the third step of pyrolysis of bituminous coals (at 
470–520 °C) were the reason why these coals yielded more 
char and less tar compared to brown coal.

The data on the product yields, group and fractional com-
position of the tars obtained from the pyrolysis of different 
coals make it possible to optimize the pyrolysis process to 
obtain the targeted products. The chars produced differed 
from the original coals with much less volatiles (6% to 
16%) and with higher calorific values (6800 to 8200 kcal/
kg). Therefore, they can be used as a smoke-less and high-
calorific solid fuel with a lower emission of greenhouse and 
harmful gases (especially important for Mongolia), as a 
metal reducing agent in pyrometallurgy, in iron- and steel-
making, in ferroalloy production, and as a feedstock for the 
manufacturing of carbon materials for various needs. The 
distillate fractions of brown coal oil can serve as a feedstock 
for valuable chemicals. Also, they can be catalytically hydro-
treated to produce motor fuels. The pitch-like residue from 
the distillation of the neutral oils can be used as a binding 
agent.

4 � Conclusions

(1)	 The chemical composition, structural and plastomet-
ric properties of typical brown and bituminous coals 
from Mongolia deposits were characterized by differ-
ent techniques. Their pyrolysis behaviors were studied 
using the non-isothermal and isothermal methods and 
the results were discussed in terms of the chemical, 
physical and plastometric properties.

(2)	 Key stages of the pyrolysis of brown and bituminous 
coals were revealed based on the kinetic parameters 
determined using the iso-conversion Ozawa–Flynn–
Wall and Friedmen methods. The brown coal was 
shown to undergo three solid-phase decomposition 
steps, the first and third ones proceeding with an ever 
higher activation energy as temperature increased 
because of the decomposition of thermally more and 
more stable molecular fragments.

(3)	 The pyrolysis of the bituminous coals differed with a 
more complicated kinetics, it occurred in four steps, 
the activation energy having extreme mode of tempera-
ture dependence. An important new finding was that 
the temperature range of the second, major pyrolysis 
step well corresponded to that between the softening 
and resolidification temperatures according to Gieseler 
plastometry.

(4)	 The yield and composition of the pyrolysis products 
obtained under isothermal conditions were character-

Table 7   The molecular FTIR 
spectral indexes for pyrolysis 
tars

Coal Har index CH3/CH2

B 0.13 0.28
N 0.25 0.31
T 0.28 0.33

Table 8   Group composition of pyrolysis tars

Coal Group composition (wt%)

Bases Acids Phenols Asphaltenes Neutral oils

B 3.0 2.0 14.2 19.2 61.6
N 1.1 2.7 3.2 12.5 80.5
T 1.2 1.2 3.3 18.8 75.5
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ized depending on coal rank and temperature. Com-
pared to brown coal, bituminous coals yielded signifi-
cantly more char and less gases and liquid tars. The 
latter consisted of polycondensed aromatic substances. 
The ways for qualified utilizations of pyrolysis prod-
ucts were offered.
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