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ARTICLE INFO ABSTRACT

Effective use of low-grade coal is crucial for meeting global energy needs
Article History: and mitigating environmental impacts, making the study of its thermal
Received: 26 January 2025 decomposition a key focus for sustainable energy development.
Revised: 18 June 2025 Understanding the pyrolytic degradation process of coal is crucial for
Accepted: 30 June 2025 optimizing its use in eco-friendly energy solutions. It is hypothesized that
Published: 30 June 2025 the isothermal pyrolysis of low-rank coal at different temperatures will

exhibit different Kkinetic behaviors and produce valuable condensable
products. This research investigates the pyrolytic behavior, kinetics, and
batch pyrolysis of low-rank coal. Thermo-gravimetric analysis was
Avrticle type: Research conducted under isothermal conditions at temperatures ranging from 350 to
500 °C, with a 25 °C increment, for 2 hours in an inert atmosphere. The data
were analyzed using model-fitting methods, testing a total of 21 models to
calculate the reaction kinetics. The results revealed that weight loss

Keywords: increased with temperature, reaching a maximum at 18.61% (450 °C), with
Batch Pyrolysis, activation energies of 5.817-123.51 kJ/mol. The D2 diffusion model best
Isothermal Pyrolysis, described the process (Ea = 7.267 kJ/mol, A = 0.022 min™"). The pyrolysis
Low-Rank Coal, index rose from 0.0113 (350 °C) to 0.051 (500 °C). At 450°C, 18.9%
Model-Fitting, condensable products formed, containing alkanes, alicyclics, and aromatics
Pyrolysis Index (FTIR/GC-MS). These findings facilitate the optimization of sustainable

pyrolysis of low-rank coal for the production of valuable outputs.

Introduction

Compared to other fossil fuels, coal is more affordable, available, and plentiful. Many
nations, including India, the United States, China, and Australia, have experienced a financial
boom due to the presence of coal reserves [1]. In 202223, India produced 893.190 MT of raw
coal, marking a 14.77% increase from 778.210 MT in 2021-22. Odisha led coal production in
2022-23 with 218.981 MT, followed by Chhattisgarh (184.895 MT), Jharkhand (156.445 MT),
and Madhya Pradesh (146.028 MT) [2]. India obtains 55% of its energy from coal [3].

" Corresponding Author: A.K. Panda (E-mail address: akpanda_chem@vssut.ac.in)

Journal of Chemical and Petroleum Engineering, 2025, 59(2): 271-290.
Publisher: University of Tehran Press DOI: 10.22059/jchpe.2023.352190.1421

Authors retain copyright and full publishing rights
E:.T-


https://orcid.org/0000-0002-9328-5724
https://orcid.org/0009-0006-4287-6483
https://orcid.org/0000-0001-6245-3425
https://orcid.org/0000-0003-1473-0488
https://orcid.org/0000-0003-3479-4008

Additionally, coal is used in various industries, including the sponge iron industry, cement
industry, fertilizers industry, chemicals industry, and steel industry, among others [4]. Thus, the
marketable primary energy utilization in India has increased by more than 700% during the
previous 40 years [5]. India has large deposits of low-grade coal [6]. Lignite is a low-grade coal
with minimal carbon content [7]. Lignite production in India during 2022—-23 was 44.990 MT,
a 5.27% decrease from 47.492 MT in 2021-22. Lignite deposits in India are primarily located
in the Tertiary sediments of the Southern and Western Peninsular Shield, particularly in Tamil
Nadu, Pondicherry, Gujarat, Rajasthan, and Jammu & Kashmir, with smaller quantities also
found in Odisha, Kerala, and West Bengal. The top lignite producers during 2022—23 were
Tamil Nadu with 22.480 MT, Gujarat with 12.313 MT, and Rajasthan with 10.197 MT [2]. The
direct use of these coals for energy generation is unsuitable due to their poor energy yield and
harmful environmental and health impacts. Therefore, developing sustainable and eco-friendly
methods for coal conversion is essential to address the growing energy needs. Pyrolysis of such
coal could produce high-energy-density liquid and gaseous fuel along with coke [6]. The
successful transformation of low-rank coal into high-energy fuels requires a comprehensive
understanding of its thermal decomposition characteristics and reaction Kinetics.

Several studies on the non-isothermal kinetics of coal have been reported, summarized
below. Dwivedi et al. pyrolyzed three samples of Indian coal in the range of 30-950 °C
temperature and 50, 100, 150, and 200 K/min heating rates, in a nitrogen atmosphere. The
activation energy (Ea) value of Indian coal determined by the Friedman Method is 49.132
kJ/mol [6]. Research by Sabat et al. [8] examined the thermal decomposition kinetics of three
coal grades (10, 13, and 14) under varying heating rates, employing first-order reaction models
to determine average activation energies. The activation energy values calculated for Grade 10,
Grade 13, and Grade 14 coal are 62.114, 61.940, and 57.563 kJ/mol, respectively [8]. Dong et
al. performed pyrolysis of various Indian coals at heating rates ranging from 278 to 773 K/min
and reported that the activation energy of the Indian coals ranged from 428.78 to 520 kJ/moll,
as computed using the Friedman method [9]. Prabhakar et al. pyrolyze the coal fines under non-
isothermal conditions in a nitrogen atmosphere at 20, 30, and 40 °C/min heating rates and
reported the activation energy (Ea) (31.41 kJ/mol to 50.42 kJ/mol) and Arrhenius factor (A)
value (1.05x108 to 1.4x10” min?) calculated by using the isoconversional method [10].
Research by Yan et al. demonstrated that thermal decomposition progressively converts
aliphatic carbon into aromatic structures in subbituminous coals, with both cluster size and
molecular weight growing with coal rank. Concurrently, the activation energy distribution
narrowed as rank increased [11]. Casa et al. reported that among different coal types, lignite
showed the lowest pyrolysis activation energy (73 kJ/mol), whereas anthracite exhibited the
highest (138 kJ/mol). Bituminous coal displayed intermediate values between 97 and 117
kJ/mol [12]. According to Guo et al., increasing the heating rate results in higher initial and
final reaction temperatures, with a significant impact on coal pyrolysis. The highest Ea is found
in the 850-930 °C temperature range. The lowest activation energy is observed at a heating rate
of 15 °C/min. Greater hydrogen production occurs when coal is heated at a rate of 15 °C/min
in a fixed-bed reactor [13]. Ashraf et al. [14] investigated the thermal degradation behavior of
CC and DC coals under non-isothermal conditions, applying heating rates ranging from 10-40
°C/min (in 10 °C intervals). The average Ea values for CC and DC were calculated using the
Friedman differential isoconversional model, yielding values of 134.54 and 129.81 kJ/mol,
respectively [14]. Gao et al. observed that both the activation energy (Ea) and pre-exponential
factor (A) increased proportionally with the heating rate during coking coal pyrolysis. Their
study found these parameters remained unaffected by particle size variations, and noted that
coking coal consistently demonstrated higher Ea values compared to non-coking varieties [15].
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While non-isothermal techniques have dominated solid-state kinetic analysis for decades,
isothermal methods are increasingly preferred due to their practical advantages. Unlike
dynamic heating approaches, isothermal analysis simplifies kinetic parameter determination by
eliminating temperature gradients and non-stationary heat transfer effects. By maintaining
constant temperature conditions, this method allows more straightforward identification of
reaction mechanisms and orders, as it avoids the complexities introduced by varying heating
rates in non-isothermal experiments [16]. A few reports on the isothermal kinetic analysis of
coal, as reported in the literature, are summarized as follows.

Jeong et al. investigated the pyrolysis of coking coal blended with biomass using both non-
isothermal and isothermal methods in a thermogravimetric analyzer. For non-isothermal
pyrolysis, heating rates of 5, 10, 15, and 20 °C/min were applied from 25 °C to 800 °C, while
isothermal pyrolysis was performed between 500—800 °C. The study found that weak coking
coal (WCC) exhibited higher activation energy (252.08-579.4 kJ/mol) compared to hard coking
coal (HCC) (163.7-272.45 kJ/mol) under non-isothermal conditions. Additionally,
HCC/biomass blends had lower activation energies (88.71-400.98 kJ/mol) than WCC/biomass
blends (127.7-456.44 kJ/mol). Increasing the biomass proportion in the blends reduced
activation energy for both coal types. Under isothermal conditions, the activation energies for
WCC and HCC blended with biomass were 42 kJ/mol and 40 kJ/mol, respectively [17]. Zhang
et al. studied the pyrolysis kinetics of coal and oil shale under isothermal and non-isothermal
conditions using a microfluidized bed analyzer. Their findings revealed that the kinetic
parameters, including activation energy (Ea) and pre-exponential factor (A), differed
significantly between gas components. Notably, oil shale exhibited higher Ea and A values
compared to both coal types [18]. Maria et al. examined the pyrolysis behavior of two Spanish
coals (Mequinenza and Samca) under both isothermal (400, 500, and 600 °C) and non-
isothermal conditions (heating rates of 5, 15, and 30 °C/min). Their results showed that
isothermal runs had notably lower correlation coefficients compared to non-isothermal
experiments. During non-isothermal pyrolysis, the mean activation energies for H.S and CO-
were lower than those for CHa and CO in both coals, though this trend did not hold under
isothermal conditions. The study also found that activation energies varied based on coal type,
pyrolysis conditions (isothermal vs. non-isothermal), and temperature [19].

The literature review reveals a gap in the detailed isothermal kinetic studies of low-rank coal,
particularly those incorporating batch pyrolysis and product characterization. In our earlier
research, first-order model fitting was employed to thoroughly investigate the non-isothermal
pyrolytic degradation behavior, kinetics, and thermodynamics of low-rank Indian coal across
varying grades and heating rates [8, 20]. It was confirmed that grade 10 coal is the most optimal,
with the primary non-isothermal thermal degradation zone occurring between 350 °C and 500
°C. Most studies in the literature typically use heating rates ranging from 1 to 20 °C/min for
kinetic analysis [21]. Building on previous research, this study investigates the pyrolysis
kinetics of Grade 10 low-rank Indian coal under isothermal conditions, spanning a temperature
range of 350-500 °C in 50 °C increments at a heating rate of 20 °C/min. In addition to kinetic
analysis, batch pyrolysis experiments were conducted to characterize the chemical composition
of condensable pyrolytic products. The key contribution of this work lies in its comprehensive
assessment of both kinetic and thermodynamic parameters during the isothermal decomposition
of low-rank coal, coupled with detailed analysis of the pyrolysis oil products.

Material and methods
Coal Sample

The grade 10 low-rank Indian coal sample [8] for this work is collected from the Mahanadi
Coal Fields Ltd., Sambalpur, Odisha. The coal sample is ground using a household grinder and



then filtered to a grid size of 100 meshes (0.149 mm). Then, the required-sized coal is
dehydrated by heating for 48 hours at 40 °C in air.

Characterizations of Coal

Coal sample characterization was conducted following ASTM standards: moisture (ASTM
D4442), volatile matter (ASTM D3172), ash (ASTM D3175), and fixed carbon (ASTM
D3177). Ultimate analysis (CHNS/O content) was performed using a Vario El 11l CHNS
analyzer (Germany) with flash combustion at 1200°C, helium carrier gas, and thermal
conductivity detection. Calorific value was determined via bomb calorimetry (ASTM D5865-
12). Non-isothermal pyrolysis (30-900°C, 20°C/min, 20 ml/min N2) and isothermal pyrolysis
(375-500°C, two h hold, 20 ml/min N2) were conducted in a Pyris STA 8000 TGA. Samples
(~9.5 mg) were heated to target temperatures at a rate of 40°C/min for isothermal tests. All
experiments were triplicated to ensure reproducibility.

Batch Pyrolysis Study and Product Analysis

The batch reactor used in this experiment is described in our previous work [20], consisting
of a stainless steel tube with an outlet tube at one end to collect the cracked products. The
pyrolysis reactor consisted of a stainless steel tube with a length of 145 mm and an internal
diameter of 37 mm (external diameter: 41 mm). An external electric furnace provided heating
with temperature regulation achieved through a Shimaden PID controller (x3.6°C accuracy).
Real-time temperature monitoring was performed using a K-type Cr-Al thermocouple installed
inside the reactor chamber. The optimal pyrolysis experimental temperature for yielding the
maximum condensable fraction is determined by experimenting with different temperatures
ranging from 400 to 600 °C and found to be 450 °C [8].

For each pyrolysis trial, 30 g of coal was processed at 450°C in the reactor system. The liquid
products were condensed using a 20°C water-cooled condenser and subsequently weighed; the
solid residue was measured after pyrolysis. Gas yields were determined through mass balance
calculations, with all experiments conducted in triplicate for reproducibility.

The condensed oils underwent comprehensive analysis using:

1. FTIR spectroscopy (Bruker Alpha, 500-4000 cm™ range, 2 cm™! resolution) with ZnSe
ATR accessory for functional group identification.

2. High-resolution GC-TOFMS (AccuTOF GCV, 10-2000 amu range, 6000 amu
resolution) for precise compositional determination.

Isothermal Kinetic Analysis

Isothermal kinetic analysis using model-fitting methods allows accurate determination of the
Kinetic triplet: reaction mechanism, activation energy, and pre-exponential (Arrhenius) factor.
This research applied a model-fitting approach, incorporating four fundamental kinetic models:
nucleation, geometrical contraction, diffusion, and reaction-order models. Nucleation models
describe the formation and growth of new phases at imperfections in the crystal lattice, such as
dislocations or impurities, and may involve complex multi-step processes. Geometrical
contraction models assume that decomposition begins at the surface and progresses inward as
a shrinking core, with the rate governed by the movement of the reaction front. Diffusion
models, on the other hand, are based on the transport of volatile or reactive species through
product layers and typically describe slower processes due to increasing diffusion resistance.
Reaction-order models follow classical kinetics, where the reaction rate depends on the
concentration or conversion degree raised to a defined order [22].
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The rate equation for the solid-state reaction [23]:

da da
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On integrating Eq. 1
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The value of the rate constant k at a definite temperature can be determined from the plot of
g(a) and t based on the maximum coefficient of determination (R?).
According to Arrhenius’s equation:

Ink:InA—s—; 4)

The values of activation energy (Ea) and the pre-exponential factor (A) can be calculated
using the slope and intercept from the linear graph of Ink versus 1/T. Table 1 lists the
corresponding f(a) and g(a)) functions [24] for various solid-state reaction mechanisms.

Table 1. Value of the differential and integral functions of solid-state kinetic models

Model Symbol f(a) g(o)
. P2 201/2 al/2
MOdgL(\:\‘;e';‘ tg\/fla“on P3 30273 al/3
P4 403/4 al/4
P3/2 (3/2) al/3 a2/3
Model of Nucleation A2 2(1-0) [-In(1-0)]1/2 [-In(1-a)]1/2
Avrami Erofeyev A3 3(1-a) [-In(1-0)]2/3 [-In(1-0)]1/3
A4 4(1-0) [-In(1-0)]3/4 [-In(1-0)]1/4
Model of Geometric Contraction gé ggg;g 18312
D1 (*2)a-1 a2
Model of Diffusion D2 [-In(1-0)]-1 (1-a) In (1-00) +or
D3 (3/2) (1-0)2/3[1-(1- @)1/3]-1  [1-(1- w)1/3]2
D4 (3/2) [(1-o) (-1/3)-1]-1 1-(2/3) 0-(1-0)2/3
FO 1 o
F1 1- o [-In (1- o)]
F1.5 (1- @)3/2 2[(1- a)-1//2-1]
. F2 (1- a)2 [a /(1-0)]
Model of Reaction Order 5 (1- 0)2.5 (213) [(1- 0)-3/2-1]
F3 (1- w)3 (1/2) [(1- w)-2-1]
F4 (1- w)4 (1/3) [(1- w)-3-1]
F5 (1- )5 (1/4) [(1- 0)-4-1]

The pyrolysis index (1) is:

I: (Aw/dt) pax
5
t At (®)

Where, tmax = Time at maximum reaction rate in minutes, (dw/dt) max = Maximum weight
loss rate in percent per minute, At = Required amount of time in minutes for the primary
reaction, and mathematically it is given:

At=ts -t
where, ti= Time in min at oo = 0.05, tf = Time in min at o = 0.95.



Result Analysis

Characterization of Coal
Proximate, Ultimate, and Calorimetric Analysis

From the findings of the proximate analysis, it is inferred that coal contains 24.44 % volatile
chemicals, 4.16 % moisture, 44.4 % ash, and 27 % fixed carbon, respectively. The ultimate
analysis reveals that it contains no nitrogen, 0.344% sulfur, 2.38% hydrogen, 38.81% carbon,
58.466% oxygen, and other metallic components. The gross calorific value of coal is 3138.01
cal/g. Coal has a moisture content that requires energy to be removed before it can be processed.
The volatile content of coal leads to the production of condensable gases, resulting in a yield of
liquid and waxy products [25]. The fixed carbon content yields the production of carbonaceous
products. The high ash content in coal increases handling and processing costs, decreases the
rate of combustion, carbonization, and pyrolysis, and affects the efficiency of metallurgical
applications [25, 26]. Therefore, during pyrolysis, a high amount of residue is formed. The
elevated carbon and hydrogen content in coal contributes to the formation of more aromatic
compounds in pyrolytic products, whereas the higher oxygen content results in the formation
of more oxygenated compounds. Coal degradation does not release NOy; however, the sulfur
present (0.344%) can still contribute to the release of SOx during thermal degradation. The
lower calorific value of coal is due to its higher ash, moisture, and oxygen content [25].

Pyrolytic Degradation Behavior

The thermal degradation behavior of the coal sample is studied from the thermogravimetric
analysis (TGA). The thermogravimetric (TG) and derivative thermogravimetric (DTG) profiles
of the coal sample are presented in Fig. 1. These measurements were conducted under non-
isothermal conditions, with a heating rate of 20 °C/min over a temperature range of 30 to 900
°C.

—— TG carve at 20°C/ Min.
— DTG curve at 20°C/Min.

— T T T T "~ T T T T T T T T "1
o 200 300 400 500 600 700 800 9200

Temperature (*C) —
Fig. 1. TG-DTG plot of the coal sample at heating rate 20 °C/min

From Fig. 1, it is clear that the pyrolysis of the coal sample in the temperature range of 30-
900 °C is completed in three zones, including (i) drying of moisture and removal of volatile
components, (ii) degradation and devolatilization of degradation products or pyrolysis stage,
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(iii) solid decomposition or polycondensation heated under non-isothermal conditions. The
physi-adsorbed water and highly volatile matter present in the coal are released in the first stage
(30-250 °C) with a weight loss of 2.75 %. In the second zone, a prominent peak in the DTG
curve is observed at a temperature range of 250-630 °C, corresponding to a weight loss of
53.45%, which is attributed to the thermal degradation and release of volatile components and
lighter fractions. In the third zone, a negligible weight of 1.05% occurs, corresponding to the
release of CO2 due to the degradation of carbonates in coal and the production of H> due to the
condensation of aromatic rings in biochar [8]. Therefore, during the pyrolysis of coal under
non-isothermal conditions, the total weight loss is approximately 57.25%. The significant
weight loss for the coal occurs within the 250-630 °C temperature range. Thus, to investigate
the reaction kinetics under isothermal conditions, experiments were performed at seven distinct
temperatures: 350, 375, 400, 425, 450, 475, and 500 °C.

Fig. 2 presents the TG-DTG curves obtained from the isothermal pyrolysis of the coal sample
at constant temperatures as specified above. The analysis reveals a two-stage pyrolytic
degradation process: (1) initial non-isothermal decomposition (first peak) and (2) subsequent
isothermal decomposition (second peak).

Before reaching the target temperature, the coal undergoes partial degradation under non-
isothermal conditions. Once the desired temperature is achieved, isothermal degradation
dominates. However, due to the finite heat-up period in TG analysis, actual isothermal
conditions are never instantaneously attained, making complete isolation of isothermal
degradation unfeasible. This inherent non-isothermal phase must be accounted for in isothermal
thermogravimetric experiments [27].
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Fig. 2. Isothermal (a) TG curve, (b) DTG curve, (c)1st peak, and (d) 2nd peak in DTG curve
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Analysis of the thermogravimetric experimental result at different constant temperatures
(Fig. 2) reveal that the onset of isothermal pyrolysis occurred at various time intervals for each
temperature: 8 min (350 °C), 8.625 min (375 °C), 9.25 min (400 °C), 9.875 min (425 °C), 10.5
min (450 °C), 11.125 min (475 °C), and 11.75 min (500 °C). Table 2 summarizes the weight
loss characteristics corresponding to both degradation peaks and the total pyrolysis process.

Table 2. Isothermal pyrolysis weight loss of the coal sample
Weight loss (%)

Temperature (°C) Total weight loss (%0)

First peak Second peak
350 4.000 6.832 10.832
375 5.690 8.670 14.360
400 7.422 11.196 18.618
425 8.400 15.403 23.803
450 8.680 18.610 27.290
475 13.390 16.460 29.850
500 16.355 15.605 31.960

From Table 2, two main stages of degradation can be observed, namely (i) the first Stage
(Non-lsothermal): between 350-500 °C, the rate of weight loss shows a consistent upward trend
with temperature. (ii) Second Stage (Isothermal): The weight loss goes up until 450 °C
(reaching 18.61%) but then starts decreasing at higher temperatures.

However, overall weight loss continues to increase with temperature, with the highest loss
(31.96%) occurring at 500 °C. This means that while the second stage slows down after 450
°C, the total decomposition still improves at higher temperatures.

Isothermal Kinetic Analysis

The isothermal degradation kinetics of coal were evaluated using multiple solid-state
reaction models, as detailed in Table 1. The kinetic parameters were determined using TG data
obtained under isothermal conditions. The kinetics of isothermal coal degradation are explained
using various solid-state models, as summarized in Table 1. Plotting g(a) versus time (Eq. 3)
enables calculation of the rate constant k, with the most suitable kinetic model being chosen
according to the most significant coefficient of determination (R2). Analysis of the data
presented in Table 3 reveals that the D, diffusion model provides the most accurate
representation of isothermal degradation kinetics of the coal, as evidenced by its highest
regression coefficient (R? = 0.940). Fig. 3 shows the model-fitting plots for the diffusion
models. Equivalent graphical representations can be constructed for nucleation models,
geometrical contraction models, and reaction order mechanisms, with these plots serving as the
basis for determining rate constants (k) in subsequent activation energy (Ea) calculations.
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Fig. 3. Model fitting plots for diffusion model: (a) D1, (b) D2, (c) D3, and (d) D4

The derived rate constant (k) enables determination of activation energy (E.) and pre-
exponential factor (A) through Arrhenius analysis, achieved by plotting Ink against reciprocal
temperature (1/T) as described in Eq. 4. As illustrated in Fig. 4, the temperature dependence of
rate constants (Ink vs. 1/T) was analyzed for each kinetic model (nucleation, geometrical
contraction, diffusion, and reaction order), yielding the Ea and A parameters summarized in
Table 3.
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Fig. 4. Linear model fitting kinetic plots for (a) nucleation model, (b) contracting area model, (c) diffusion
model, and (d) reaction order model

Table 3. Kinetic parameters from different models

Model Reaction Model R? Ea (kJ/mol) A(min?
P, 0.706 5.817 0.007
P3 0.821 7.605 0.009
P4 0.850 6.680 0.005
Nucleation Model Pis 0.014 6.164 0.806
A 0.810 8.794 0.051
As 0.812 7.791 0.028
Ay 0.770 12.760 0.300
Geometrical R 0.911 6.695 0.016
Contraction Model R3 0.868 8.025 0.019
D 0.921 6.783 0.019
e . D2 0.940 7.267 0.022
Diffusion Method Ds 0.732 11.008 0.032
D, 0.893 7.791 0.008
Fo 0.270 60.191 236.633
F1 0.857 12.759 0.300
Fis 0.830 26.964 17.765
Reaction Order F> 0.829 39.657 1.591x103
Model Fas 0.708 53.041 4.043x103
Fs 0.857 70.221 3.582x108
Fa 0.930 87.827 2.727x1013

Fs 0.907 123.516 7.738x1019
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Based on this optimal model, the calculated activation energy and Arrhenius frequency
factor for the process are 7.267 kJ/mol and 0.022 min™', respectively. It should be noted that
activation energy values obtained from alternative kinetic models show considerable variation,
ranging from 5.817 to 123.51 kJ/mol.

Nucleation models are too simple. The models assume the material is uniform and conditions
are ideal. In reality, materials often contain impurities and have uneven structures. Temperature
and pressure can change rapidly, which is not accounted for in the models. Nucleation also
focuses too much on thermodynamics and overlooks the rapidity of changes. Due to this,
nucleation models are not effective for complex processes, such as coal pyrolysis. The
Geometrical Contraction Model fails because it oversimplifies reaction dynamics, particularly
in complex systems such as coal pyrolysis, where the material undergoes significant structural
changes. The model assumes uniform shrinking of the unreacted core and a predictable inward-
moving reaction front. In reality, reactions involve the formation of porous structures, changes
in surface areas, and diffusion limits, which the model overlooks. In coal pyrolysis, the
production of gas and liquid products can create internal pressure, altering porosity and causing
uneven shrinkage. The model also assumes a constant reaction rate, while real systems
experience variable rates due to temperature gradients, concentration changes, and material
heterogeneity. These factors make the model unreliable for non-uniform or dynamic processes.
The Reaction Order Model often fails because it oversimplifies complex chemical processes,
especially when reaction mechanisms are unclear or involve multiple steps. It assumes the
reaction rate depends solely on reactant concentrations raised to a fixed power, which is
inaccurate in systems where pathways change over time or under varying conditions. In
processes like coal pyrolysis, intermediate steps, such as diffusion or chemical rearrangements,
are not captured by a simple rate equation. The model also assumes constant activation energy
and a uniform mechanism, which do not hold in heterogeneous systems with temperature
gradients or varying material properties. This leads to significant differences between predicted
and actual behavior. The diffusion method is often successful because it accurately reflects how
reactions are controlled by the movement of reactants or products, especially in systems with
porous materials, like coal. In processes like coal pyrolysis, the chemical reaction might happen
quickly, but the rate at which gases or reactants can move through the material often limits the
overall reaction rate. Diffusion models account for this, explaining why reactions slow down
over time. These models also align more closely with experimental observations, particularly
when the activation energy is lower, suggesting that diffusion, rather than chemical reactions,
is the rate-limiting step [28].

The high ash content in coal reduces its energy density, as ash is inert and does not contribute
to the pyrolysis process. It also impedes heat and mass transfer, which can increase the
activation energy required for thermal degradation. Despite this, the relatively low activation
energy calculated in this study may be attributed to the high volatile matter and fixed carbon
contents, which enhance reactivity. Volatile matter facilitates the release of fuel gases and
accelerates reaction rates, while fixed carbon supports sustained combustion [25]. Moreover,
the low activation energy aligns with a diffusion-controlled mechanism, as diffusion processes
typically require less energy than chemical reaction-limited steps, supporting the applicability
of the D> diffusion model to coal pyrolysis [28]. Table 4 presents the kinetic results for various
low-rank coals under different experimental conditions.
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Table 4. Kinetic results of different low-rank coals

Low-Rank Coal s‘g&t{"% Experimental Conditions Ea (kJ/mol) A (min™?) Ref.
Temperature = 375, 400, 425,
450, 475, and 500 °C, Heating
Grade-10 Model-fitting rate = 40 °C/min, Reaction 7.267 0.022 Current study
time = 2 h, and Nitrogen flow
rate = 20 mL/min
Grade-10 Temperature range = 30-1000 62.114 5.190x10°
Grade-13 °C, Heating rate =5, 10, 15, 61.940  3.655x10°
Coats Redfern 20, and 25 °C/min, and [8]
Grade-14 Nitrogen flow rate = 40 57.563 4.257x10*
mL/min
Temperature range = 30-950
Indian . °C, Heating rate = 50, 100,
low-grade coal Friedman 150, and 200 K/min, Nitrogen 49.132 168.88 (€]
flow rate = 40 mL/min
chi t Pseudo-first Tgmlger?_ture r:':mgel:0 225(-)5000'
inese western °C, Heating rate = 10, 20, an
low-rank coal order 30 °C/min, and Nitrogen flow 113.170 7.975x10° [15]
rate = 100 mL/min
Temperature range = Room
temperature to 1173 K,
Indlan MGR-ash Friegman gfgtg‘%ra;%‘ gnfng:n J2% 40878520 2920x10% [9]
Nitrogen flow rate = 60
mL/min
Temperature range = Room
temperature to 900 °C,
Shenhua coal Coats—Redfern  Heating rate = 10, 15, and 20 140.44 1.737x10%° [13]
°C/min, and Nitrogen flow
rate = 40 mL/min
Lignite Temperature range = Room 331
NCC Distributed temperature to 1050 °C, 298
LFC activation Heating rate = 5, 10, 20, and 302 e [29]
(Heilongjiang) energy model 30 °C/min, and Nitrogen
LFC (Shandong) flow rate = 50 mL/min 9% 0 -
Lignite Temperature range = Room 37.97 240.20
NCC Doyle's integral temperature to 1050 °C, 40.40 195.62
LFC method Heating rate = 10 °C/min, and 4859 4645 45 [30]
(Heilongjiang) Nitrogen flow rate = 50 ' ’
LFC (Shandong) mL/min 42.4 1204.27
Temperatures range = 298- 2 61x10Y7
Lignite and Kissinger, 1173 K, Heating rate = 1, 6, 9, 281 282 2;<102° '
subbituminous KAS, FWO, 12, 15, and 18 K/min, and ' ' "7 [31]
. . _ 275, 283 1.07x10%,
coal Friedman Nitrogen flow rate = 1.89x10%

100mL/min

Pyrolysis Index

The maximum pyrolysis rate and reaction time influence the pyrolysis index. In terms of
reaction rate, a higher pyrolysis index indicates better pyrolysis performance [23]. The
pyrolysis index for coal at different temperatures is calculated using Eq. 5 and listed in Table

5.
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Table 5. Pyrolysis index

First Peak
T (°C) ti (min) tmax (Min) tr (min) DTGmax (% min™?) 1 (% min®)

350 2.20 2.10 4.62 14.38 2.830
375 1.80 2.09 4.44 18.24 3.306
400 1.72 2.05 4.43 22.67 4.081
425 1.66 2.03 4.38 23.29 4.218
450 1.54 1.99 4.28 24.98 4,582
475 1.53 1.98 4.25 33.87 6.289
500 1.49 1.97 4.15 56.80 10.839

Second Peak
350 6.12 8.35 72.96 6.30 0.011
375 6.44 9.01 83.26 9.02 0.013
400 6.57 9.72 85.31 10.81 0.014
425 6.92 10.55 100.59 15.46 0.016
450 7.04 11.24 101.45 24.67 0.023
475 7.32 11.59 110.37 52.36 0.044
500 7.69 11.92 112.71 62.87 0.051

Due to the DTG curve having two peaks, the pyrolysis index for the sample cannot be
precisely calculated. The first peak corresponds to non-isothermal degradation, but the second
peak corresponds to isothermal degradation. Therefore, the pyrolysis index variation in the first
peak concerning time parameters (ti, tmax, and tf) is contradictory to that in the second peak. The
pyrolysis index for first-stage degradation increases with increases in temperature from 350 °C
to 500 °C. However, for this work, the second stage of degradation plays an important role,
which also increases from 350 °C to 500 °C. According to Table 5, the second step of the
pyrolytic degradation of coal results in much better pyrolysis performance at 500 °C than at
other temperatures.

Batch Pyrolysis Results

From the isothermal kinetic analysis, it is observed that the maximum degradation occurs at
450 °C. Thus, the batch pyrolysis experiment is carried out at this temperature to obtain the
condensable fraction. Different products, viz. the condensable fraction (18.9 %), the non-
condensable fraction (1.9 %), and the residue (79.2 %), are formed during the experiment. The
condensable fraction is a dark, black-coloured liquid. The high ash content in coal results in
the formation of a substantial amount of residue during thermal processing [25]. The reaction
time for the batch pyrolysis of low rank coal is 95 minutes. Fig. 5 illustrates the relationship
between the pyrolytic fraction and the yield.
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Fig. 5. Plot of pyrolytic product distribution
Composition of Pyrolytic Oil Using GC-MS and FTIR

The composition of the liquid fraction is confirmed using GC-MS and FTIR analysis. The
Gas chromatography-mass spectrometry plot for the oil formed at 450 °C during the pyrolysis
of coal under isothermal conditions is represented in Fig. 6.
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Fig. 6. GC-MS plot of the coal pyrolytic oil @ 450 °C

Table 6 lists the compounds present in the pyrolytic oil, as determined by GC-MS analysis.
Three different categories of compounds, including aliphatic alkanes, alicyclic compounds, and
aromatic compounds, are identified in the oil. The aliphatic alkanes constitute 16.48 % of
pyrolytic oil with C15-Co1. Heptadecane has the most significant area percentage among all
aliphatic alkanes at 11.23 %, in addition to pentadecane and octadecane. The oil contains
35.25% alicyclic compounds with a carbon chain length of C12-C15, with D-Limonene
(28.45%) having the highest area percentage among the alicyclic compounds. The third and
highest fraction among the three categories is aromatic compounds (48.27%), with a range of
carbon chain lengths from C6 to C20. The majority of the components in this category include
phenol and its derivatives, with 4-methylphenol (12.05 %) having the highest area percentage.
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Table 6. GC-MS component analysis of coal pyrolytic oil

Compound Molecular Area %
Formula

(1) Aliphatic alkane 16.48
Heptadecane C17H3s 11.23
Pentadecane CuisHz 2.20
Octadecane CisHas 1.70
2,6,10,15-tetramethy| heptadecane Co1Haa 1.35
(2) Alicyclic Compound 35.25
D-Limonene CioH16 28.45
3,7,7-trimethyl-11-methylene spiro [5.5] undec-2-ene CisHa2a 3.74
7,7-dimethyl bicyclo [3.1.1] hept-3-ene-spiro-2,4-(1,3-dioxane) Ci2H1502 3.06
(3) Aromatic compound 48.27
4-methyl phenol C7HsO 12.05
Phenol CsHsO 8.17
2,4-dimethyl phenol CsH100 7.75
2-methyl phenol C/HsO 6.25
0-[(1,2,3,4-tetrahydro-2-naphthyl) methyl] hydro cinnamic acid Ca0H220- 5.82
1,1(1,3-propanediyl) bisbenzene CisHie 3.88
1-ethyl-2,3-dihydro-1-methyl-1H-Indene Ci2H16 2.47
1-ethylidene-1H-Indene CuHio 1.88

The FTIR spectrum of the oil obtained from coal pyrolysis at 450 °C is presented in Fig. 7.
Key absorption peaks are observed at 1726 cm™ (C=0 stretching), 1216 cm™ (C-O stretching),
and 720 cm™ (O-H out-of-plane bending), which are characteristic of carboxylic acid functional
groups. These findings align with the identification of o0-[(1,2,3,4-tetrahydro-2-
naphthyl)methyl] hydrocinnamic acid in Table 6, confirming its presence in the pyrolytic oil.
The FTIR spectrum also exhibits characteristic peaks at 2920 cm™! (asymmetric C-H stretching
of methylene groups), 2850 cm™ (symmetric C-H stretching of methylene groups), 909 cm™
(C=C stretching), 1473 cm™ (asymmetric CHs bending), and 1376 cm™ (symmetric CHs
bending). These absorption bands indicate the presence of long-chain aliphatic hydrocarbons in
the pyrolytic oil, which is further corroborated by GC-MS analysis. The FTIR spectrum
displays characteristic peaks at 1603 cm™!, attributed to C=C skeletal vibrations and aromatic
ring stretching, and at 1376 cm™!, associated with in-plane bending vibrations. These absorption
bands indicate the presence of phenolic compounds in the pyrolytic oil. Additionally, the peak
observed at 720 cm ™, corresponding to out-of-plane bending, further supports the existence of
phenol derivatives, such as 4-methylphenol, 2,4-dimethylphenol, and 2-methylphenol. These
findings are consistent with the compound identification obtained through GC-MS analysis.
The absorption band at 909 cm™ can be attributed to out-of-plane bending vibrations,
potentially indicating the presence of alicyclic structures. This spectral feature suggests that
compounds such as D-limonene, 3,7,7-trimethyl-11-methylene-spiro[5.5]undec-2-ene, and 7,7-
dimethylbicyclo [3.1.1]hept-3-ene-spiro-2,4-(1,3-dioxane) may be present in the sample [32].
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Fig. 7. FTIR plot of the coal-derived pyrolytic oil produced at 450 °C

Conclusion

The pyrolytic degradation behaviors and kinetics of coal under isothermal conditions are
studied using the TGA technique. Model-fitting kinetic equations related to different
mechanisms are used to calculate the kinetic parameters. There is a noticeable increase in
overall weight loss in isothermal conditions with rising temperatures. The maximum % weight
loss under isothermal conditions is 18.61 % at 450 °C. The activation energy for the reaction
ranges between 5.817 and 123.51 kJ/mol, depending on the model used. Under isothermal
conditions, coal pyrolysis degradation best fits the D2 diffusion model, yielding an activation
energy (Ea) of 7.267 kJ/mol and a pre-exponential factor (A) of 0.022 min™!, based on the
criterion of the highest regression coefficient (R?). Aliphatic alkanes, including heptadecane,
pentadecane, octadecane, and heptadecane, are detected in addition to alicyclic and aromatic
compounds in the pyrolytic oil produced by the isothermal pyrolysis of coal at 450 °C. Using
effective methods, the pyrolytic mixture products may be separated into usable compounds.

Nomenclature

Roman Symbols

Roman Symbol Definition Unit
A Arrhenius constant minute
C Integration constant
Ea Activation energy kJ/mol
I Pyrolysis index % min
K Rate constant minute™?
M Mass Mg
R Gas constant kJmol K™
R? Coefficient of determination

T Reaction time Minute
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T Temperatures °C,and K
w Weight mg, and g
f(a) Function of the differential reaction mechanism

“ da

glo) = o) Integral form of the mechanism ~ -—---

da

N Rate of Reaction Moles I1s?
Mo Initial mass G
mt Instantaneous mass at a specific time t G
mg Final mass G

Greek Letters
A

Abbreviation

ASTM
ATR
CcC
CHNS
Cl

DC
DLATGA
DTG
El
FTIR
FWO
GC-MS
GCV
HCC
KAS
LFC
MCL
MS
NCC
OPUS
PID
STA
TGA
TOF
WCC
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