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Abstract: Concerns about pollution and global warming
have grown in recent years. Efficient coal use is critical
for reducing the environmental toll of fossil fuel consump-
tion. This study aims to examine how transition metal
chlorides affect the burn-off rate and thermal conversion
efficiency of bituminous coal with a high ash content. The
analytical methods used include proximate, thermo-gravi-
metric, morphological, and pyrolysis analyses. This research
examined the effect of change in the carbonization tempera-
ture, carbonization time, and catalyst concentration on the
thermal degradation of high-ash bituminous coal impreg-
nated with ZnCl2. At various ratios, zinc chloride solution
was adsorbed onto the coal surface. The treated coal was
then heated at different temperatures ranging from 510 to
710°C, under atmospheric pressure, in a furnace without air.
This process was carried out to enhance the rate of burnout
or pyrolysis. The response surface approach reveals that the
carbonization time is a crucial input parameter, followed by
the carbonization temperature and catalyst concentration.
The response surface methodology analysis yielded a coeffi-
cient of determination of 0.9734.

Keywords: thermal conversion, high ash bituminous coal,
low-temperature pyrolysis, impregnation, response sur-
face methodology

1 Introduction

Coal is the predominant source of energy generation in
several nations, even in the present day. The need for
coal is rising due to the intricacy of using other energy
sources such as petroleum, gaseous fuels, and nuclear
power. The release of substantial CO2 and other green-
house gases is a significant environmental concern asso-
ciated with using fossil fuels [1]. Catalytic pyrolysis of coal
leads to the formation of char, which has a large surface
area and exhibits significant reactivity toward oxidizing
gases. Additionally, this process reduces the fluidity of
coal at high temperatures and increases its molecular
weight. Coal pyrolysis and gasification yield both gaseous
and liquid fuels; however, it requires significant invest-
ment due to the requirement for complex and costly equip-
ment to reach high temperatures [2–13]. Like the direct
burning of solid fuel, the “burn off” process demonstrates
high reactivity with oxygen, producing gaseous bypro-
ducts. Although many studies have used kinetic analysis
to support the presence of the “burn-off” response [14–20],
detecting this reaction may be difficult for many reasons.

An intriguing component of the issue may be explored
by exploring the mechanism of this reaction and how it
relates to the oxygen adsorption process. Coal gasification,
pyrolysis, and oxidation were facilitated by the abundance
of free radicals on coal particle surfaces and in newly
formed coal fissures [21,22]. As highlighted by Zhan et al.
[23], the level of free radicals plays a crucial role in pri-
marily influencing the “burn-off” response. Coal typically
has three types of pores: macro-porous, meso-porous, and
micro-porous. These pores have a role in the absorption
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and adsorption of fluids on the surface of coal [24,25]. Zinc
chloride (ZnCl2) and tin chloride (SnCl2) are effective Lewis
acids for activating carbonaceous materials like coal. When
these acids are dissolved in a liquid and come into contact
with coal, they are absorbed onto the surface and into the
coal. Prior research indicates that Lewis acids enhance the
production of char and gaseous byproducts while reducing
the development of tar [26–28]. When coal is treated with
Lewis acids and heated without air or oxygen, it undergoes
gasification, resulting in the liberation of gaseous products
and decreased weight/mass [8,27,29]. The primary determi-
nant of the gasification or combustion rate is the rate of
weight loss over time [30,31].

Determining how different process variables affect the
process’s reaction has recently become possible using mul-
tivariate statistical tools. An experimental design is used to
study the main and combined impacts of process variables
using a small number of experiments. One statistical method
that may be used to construct functional linkages between
dependent and independent variables is response surface
methodology (RSM).

Coal is an essential and crucial energy source on a
global scale, particularly in regions that have substantial
coal reserves and well-established coal-fired power infra-
structure. Nevertheless, the burning of high-ash bitumi-
nous (HAB) coal is inherently restricted, which hampers
its efficient use and adds to environmental harm. The
novelty of this research is to gather information on the
effect and mechanism of transition metals on improving
the heat release efficiency of coal pyrolysis. Catalytic experi-
ments often use ZnCl2, a low-cost transition metal chloride.
Thermal analyses select ZnCl2 to explore its effects on the
“burn-off” reaction and heat release of HAB coal. However,
very few scholars have focused on the effect andmechanism
of transition metals on improving the heat release efficiency
of coal pyrolysis. Thermal analyses (TG-DSC), proximate ana-
lysis, FESEM, and EDX analyses specifically discuss the
mechanism and key factor of the pyrolysis reaction, poten-
tially offering a new approach to the efficient use of HAB
materials. The effect of carbonization temperature, carboni-
zation time, and catalyst (ZnCl2) concentration was analyzed
utilizing RSM.

2 Materials and methods

An HAB coal sample was supplied by Geocoal Engineering
Private Limited (Dhanbad district, India). The collected
coal sample was processed by various methods to meet
our desired size (1.5 mm) for analysis. The feed sample

utilized for catalytic decomposition is analyzed in both
proximate and ultimate analyses, as shown in Table 1.
The methods involve making ZnCl2 solutions with varying
mass percentages (3, 6, and 9%). Then, this solution is
poured into the 10 g coal sample in the beaker and left
for some time (30 min) so that ZnCl2 can adequately adsorb
on the coal. The coal sample was dried in an air drier set at
100 ± 10°C after 30 min to eliminate any water absorbed
onto the coal’s surface. Coal samples of known mass are
placed in a silica crucible and placed in a close-mouth
muffle furnace maintained at three different tempera-
tures: 510, 610, and 710°C. To determine burn-off%, the
crucible is taken out after 10, 20, and 30min, and weight
loss is measured with respect to time given for burn-off%.

Instantaneous reactivity (Rt) at different reaction times
is calculated from the following equation:

( ) ( )= ×R W w t1/ d /d ,t t (1)

where Wt is the weight of the unreacted char and the (dw/
dt) slope of the burn-off vs time t, respectively.

2.1 Proximate analysis

Following the method outlined by the Bureau of Indian
Standards, proximate analysis was carried out [32]. Coal
with a particle size of −212 μm was produced to carry out
the analysis. Then, coal ash content, moisture, and volatile
matter (VM) were measured using 1 g of coal for each
study.

2.2 Thermo-gravimetric analysis (TGA)

TGA tests were conducted using the Mettler Toledo and
Netzsch equipment at the CSIR-CSMCRI facility in Bhavnagar.
A 10 mg coal sample in powdered form was heated at 10°C
per minute in the presence of nitrogen gas until it reached
a temperature of 1,000°C.

Table 1: Proximate and ultimate analyses of HAB coal sample

Proximate analysis (%) Ultimate analysis (%)

Moisture 0.56 Carbon 37.92
VM 13.12 Hydrogen 1.79
Ash 52.53 Nitrogen 1.46
FC 33.79 Sulfur 0.62
GCV (cal/g) 3631.00 Ash 52.53

Oxygen 5.68
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2.3 Morphological analysis

To determine if the surface morphology of the coal particles
changed after ZnCl2 treatment, FE-SEM and EDX analyses
were performed. A platinum-coated evacuated die was
used to compress −212 μm samples of HAB coal into conduc-
tive pellets. The pellets were examined using an airtight
chamber and a JEOL JSM 7100F at CSIR-CSMCRI, Bhavnagar.

2.4 Pyrolysis analysis

Precise amounts of HAB coal samples and impregnated
coal samples were weighed in silica crucibles. These cru-
cibles were placed in a sealed Muffle furnace at 510, 610,
and 710°C. During the burn-off process, the crucible was
removed after 10 min, and the weight lost was determined
to calculate the percentage of burn-off over time. This pro-
cess is iterated until the weight is consistently measured.

2.5 RSM

The Box–Behnken design (BBD) is a popular statistical
experimental design in RSM [33]. Modeling, experiment
design, and workflow optimization are all made easier by
RSM, a collection of statistical and mathematical tools.
When looking at the impact of several factors on a response,
the BBD is a great tool. Due to its factorial nature, the BBD
allows the simultaneous manipulation of several para-
meters to ascertain their influence on the final outcome.
To conduct a more comprehensive analysis of the variable,
this technique often incorporates three levels of each com-
ponent: low, middle, and high. The BBD is believed to be
efficient when evaluating the amount of trials required to
get precise data on the components and their interactions.
The primary goal of the BBD is to create a mathematical
model that translates the input feed components into a
response variable. Researchers may use it to analyze experi-
mental data using analysis of variance (ANOVA), which
helps identify key factors and interactions. The BBD is
widely used by researchers to optimize processes with
many variables in many fields, including medicine, chem-
istry, engineering, and manufacturing.

The association between the variables was established
using a best-fitting second-order polynomial equation. The
equation based on the fitted model is as follows:
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where Y is the predicted response, β0 is a constant, and the
coefficients for linear, interaction, and quadratic effects
are represented by βi, βij, and βjj, respectively. In the equa-
tion, ε represents the residual. Our ANOVA was used to
determine the model’s significance, with a confidence level
of α = 0.05. The lack of fit, F- and p-values are some of the
methods employed by statisticians to determine the rela-
tive importance of each parameter. The experiment design,
statistical analysis, and response surface studies were all
conducted using Design-Expert 13.

3 Results and discussion

3.1 Structure characteristics of ZnCl2-loaded
HAB coal samples

SEM imaging was used to identify changes in the surface
morphology of coal particles after ZnCl2 treatment. This
method may involve differences in the particle size, shape,
and surface roughness relative to untreated coal particles.
HAB coal samples were activated using the salt impregna-
tion method to analyze the catalytic effects of ZnCl2 salts on
the surface of HAB coal during combustion and gasifica-
tion. Under the treatment of ZnCl2 salts in an aqueous
solution, fragments and various sizes of holes occur on
the surface of HAB coal, while the reaction of ZnCl2 salts
on coal mainly results in the creation of tiny fragments.
These findings indicate the depolymerization or rebuilding
of coal surface structure after ZnCl2 salt impregnation. ZnCl2
loading could lead to agglomeration, which results in the
development of more extensive clusters or aggregates of
coal particles. The existence of pits, fissures, or protrusions
on the coal particle surface could influence surface reac-
tivity and interaction with other components during com-
bustion or gasification processes. The SEM images of HAB
coal and Zn-loading samples are shown in Figure 1.

3.2 Thermogravimetric (TG)-Differential
thermogravimetric (DTG) analysis of
ZnCl2-loaded HAB coal samples

Figure 2(a) and (b) displays the thermal analysis curves of
TG-DTG for the untreated and ZnCl2-treated coal samples.
The TGA curve shown in Figure 2(a) demonstrates slight
fluctuations in weight loss in the temperature range of
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25–160°C, suggesting a low level of moisture. In addition,
the process of weight loss caused by the production of VM
starts after reaching a temperature of 350°C for all the
samples. The pyrolysis process is initiated after reaching
a temperature of 480°C, resulting in a significant and fast
reduction in weight. Once the temperature reaches 600°C,
the coal samples experience a minimal decrease in weight,
indicating that no more substances are available for com-
bustion and that the pyrolysis process has concluded. The
delay in pyrolysis is due to the sample’s elevated burnout
temperature and diminished porous structure [34].

The temperatures that define specific properties, such
as the temperature at which ignition occurs (Ti), peak tem-
perature (Tp), and burnout temperature (Tf) during the
pyrolysis process, may be identified using DTG analysis,
as shown in Figure 2(b). The pyrolysis behavior of raw
coal and ZnCl2-treated samples requires a thorough under-
standing of these characteristics. An evident disparity in
the pyrolysis profile is seen between the raw sample and

those with varying concentrations of ZnCl2, namely 3, 6,
and 9%. Based on the information shown in Figure 2(b),
it can be deduced that the raw coal to 9% ZnCl2 samples
have a lower ignition temperature, namely approximately
395–380°C. Nevertheless, there is a decrease in the ignition
temperature (Ti) as the concentration of ZnCl2 increases,
ranging from 3 to 9%. The change observed may be related
to the increased prevalence of VM release in ZnCl2 samples
with lower concentrations (3, 6, and 9%). This facilitates the
coal samples’ pyrolysis and combustion process. A solitary
peak in all samples suggests a step-by-step and uninter-
rupted decomposition process characterized by the elimi-
nation of water and the depletion of complex hydrocarbon
compounds from the sample [35]. The burnout tempera-
tures for all samples fall within the range of 511–720°C.
Nevertheless, a higher concentration of ZnCl2 leads to an
elevation in the burnout temperature, causing a decrease
in the pyrolysis rate and increasing the time needed for the
pyrolysis process to be fully completed [34–38].

Figure 1: SEM micrographs of raw and impregnated coal samples: (a) coal, (b) coal–3%_ZnCl2, (c) coal–6%_ZnCl2, and (d) coal–9%_ZnCl2.
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3.3 Kinetic analysis of ZnCl2-loaded HAB coal
samples

The Coats–Redfern (C–R) method was used for kinetic ana-
lysis, but other models were not considered. The C–R
method [36] is a first-order reaction with an integral rate
equation mainly used for the calculation of activation

energy (E) and pyrolysis kinetic parameters like the pre-
exponential factor (A) and regression coefficient (R2), com-
pared to other methods. In this method, E is calculated
from the linearized plot pyrolysis data attained through

TGA as ( )− −
ln

x

T

ln 1

2 vs 1/T from equation (1) [36] as follows:
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where x is the proportion of coal that is burnt at a certain
time t, n is the order of the pyrolysis process, H is the
heating rate in °C/min, E is the activation energy of coal
in kJ/mol, A is the frequency factor in min-1, T is the tem-
perature in K, and R is the universal gas constant (=
8.314 J/K mol).

Table 2 demonstrates a negative correlation between
the pyrolysis efficiency (E) and the concentration of ZnCl2,
indicating that as the concentration of ZnCl2 increases, the
pyrolysis efficiency decreases. Similarly, a decrease was
seen in the value of A from 26.19 to 4.16 per minute. The
activation energy (E) decreases from 42.91 to 31.92 kJ/mol.
The decrease in noncombustible material in the porous
structure of coal is responsible for this drop. The activation
energy decreases more. The pyrolysis process can explain
this trend, which generates numerous active sites within
the coal structure. These active sites facilitate easier and
smoother pyrolysis, leading to decreased activation energy
[34–38].

3.4 Effect of carbonization time on HAB coal
samples

This work indicates that impregnated coal becomes more
reactive as carbonization time increases. Up to 30 min at
510°C, there was a significant increase in weight loss, but
the change in reactivity slowed beyond that point. Coal’s
reactivity increases with carbonization time at a constant
temperature. The carbonization temperature of 610°C
resulted in a significant increase up to 30 min, followed
by a steady weight decrease. A similar trend was seen at
710°C, as shown in Figure 3(a)–(c). Weight loss was lower at
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Figure 2: (a) TGA of raw coal and different ZnCl2-treated samples. (b)
DTG of raw coal and different ZnCl2-treated samples.

Table 2: Pyrolysis characteristic profile and kinetic analysis of raw and treated coal samples

Sample no. Ti (°C) Tp (°C) Tf (°C) DTGmax (%/min) Mass loss (%) R2 A (min−1) E (kJ/mol)

Raw coal 393.88 511.87 718.89 −7.42 12.51 0.899 26.1965 42.9152
3% ZnCl2 388.16 499.17 719.17 −6.736 12.22 0.922 18.3237 40.3986
6% ZnCl2 386.93 493.93 719.93 −6.865 12.09 0.922 15.2531 39.2945
9% ZnCl2 384.05 493.20 782.00 −6.501 11.50 0.897 4.16582 31.9258
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510°C compared to that at 610 and 710°C. Reducing surface
area and micropore volume caused by carbon shrinkage at
higher temperatures leads to significant weight loss in
HAB coal.

3.5 Effect of ZnCl2 concentration on HAB coal
samples

It was observed in many studies that ZnCl2 concentration
significantly affects the pyrolysis, combustion, and gasifi-
cation process. Figure 4(a)–(c) demonstrates that ZnCl2 con-
centration significantly affects burn-off%. Increasing ZnCl2
concentration leads to a considerable increase in burn-off
of up to 9% and significantly decreases at a constant tem-
perature and carbonization time at lower concentrations.
Many researchers reported similar results [26,39]. The
highest reduction was achieved with 9% ZnCl2-impreg-
nated coal at 610 and 710°C.

3.6 Effect of carbonization temperature on
HAB coal samples

The effect of carbonization temperature on HAB coal is
shown in Figure 5(a)–(c), which illustrates that increasing
the carbonization temperature leads to increased weight
loss at the same catalyst concentration and time. Higher
temperatures may shift the coal particle porosity from
micro-porosity to macro-porosity, as shown in previous
studies [40,41]. Gases (VM) evolve faster at higher tempera-
tures of 710°C than at lower temperatures of 510°C.

3.7 RSM

In the present study, three process variables were varied:
carbonization time, catalyst concentration, and carbonization
temperature; the results are tabulated. The coded and
uncoded levels of the process variables are shown in Table 3.

Figure 3: Effect of (a) carbonization temperature with change in the catalyst concentration at 10 min, (b) carbonization temperature with change in the
catalyst concentration at 20 min, and (c) carbonization temperature with change in the catalyst concentration at 30 min.
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Figure 4: Effect of (a) concentration-time with the change in the concentration temperature at 3%, (b) concentration-time with the change in the
concentration temperature at 6%, and (c) concentration-time with the change in the concentration temperature at 9%.

Figure 5: Effect of (a) catalyst concentration with change in time at 510°C, (b) catalyst concentration with change in time at 610°C, and (c) catalyst
concentration with change in time at 710°C.
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A BBD of 15 experiments for studying the effect of
three variables on burn-off rate: carbonization time (A),
catalyst concentration (B), and carbonization temperature
(C), as shown in Table 4.

The different combinations of variables resulted in
burn-off% varying between 11.93 and 67.68%. The pre-
dicted values using the model given by the BBD ranged
between 10.17 and 74.51%. From the data presented, a rela-
tionship between the response and process variables was
attained and expressed in a second-order quadratic equa-
tion as follows:

( ) = + + + − +
− + + +

A B C A B

C AB AC BC

BO % 38 18.11 3.92 9.69 1.45 3.19

3.86 0.9775 5.28 0.655 .

2 2

2

(4)

Results from the ANOVA are shown in Table 5, con-
firming the model’s statistical significance.

Predicting the percentage of burn-off, the model’s fore-
cast was considered significant with a p-value of less than
0.001. With an R2 value of 0.9734, we may conclude that the
experimental variables under consideration account for all

of the variation in burn-off%. The model is very relevant
when the modified R2 value is close to the R2 coefficient. If
the sign of the coefficient is positive, then the variables
have an additive impact on the burn-off%. If it is negative,
then the variables have an antagonistic effect. Statistical
analysis revealed that there were positive linear effects of
carbonization time (p < 0.000), catalyst concentration (p <

0.057), and carbonization temperature (p < 0.001) on the
sample.

On the other hand, as their p-values were more than
0.05, the quadratic terms of carbonization time (p < 0.563),
catalyst concentration (p < 0.232), and carbonization tem-
perature (p < 0.161) were determined to be non-significant.
The statistical significance of the interaction effects between
concentration and time (p < 0.0682), time and temperature
(p < 0.066), and concentration and temperature (p < 0.783) is
shown to be insignificant. A p-value < 0.002 and an F-value
of 20.32 characterize the quadratic model. The strong
F-values demonstrate the model is statistically significant
[33,42,43]. The carbonization time is the most important
process element, contributing 68.61% of the total, followed
by the catalyst concentration at 3.20% and the carboniza-
tion temperature at 19.64%. Accordingly, carbonization
time is the most important factor, followed by carboniza-
tion temperature and catalyst concentration, regarding the
burn-off hierarchy. A variety of process parameters were
examined using the RSM 3D plots.

In RSM plots, two factors are shown to affect the
response variable while the remaining variables are held
at their intermediate values. Figure 6(a)–(c) shows that the

Table 3: Coded and uncoded levels of variables for the BBD

Variables Coded
symbol

Levels and range

−1 0 1

Carbonization time (min) A 10 20 30
Catalyst concentration (%) B 3 6 9
Carbonization
temperature (°C)

C 510 610 710

Table 4: BBD matrix showing observed response and predicted
response

C. Time Cat.
Conc.

C. Temp. Observed
% BO

Predicted
% BO

−1 −1 0 18.71 18.69
1 −1 0 57.88 52.95
−1 1 0 19.64 24.57
1 1 0 62.72 62.75
−1 0 −1 11.93 10.17
1 0 −1 32.67 35.83
−1 0 1 22.15 18.99
1 0 1 64.02 65.77
0 −1 −1 22.61 24.38
0 1 −1 34.08 30.91
0 −1 1 39.27 42.45
0 1 1 53.36 51.60
0 0 0 37.4 38.00
0 0 0 38.1 38.00
0 0 0 38.5 38.00

Table 5: ANOVA table of the quadratic model for the catalytic thermal
conversion of coal

Source DF Seq SS Adj MS F-value P-value

Model 9 3721.25 413.47 20.32 0.002
A-Carbonization time 1 2623.05 2623.05 128.89 <0.0001
B-Catalyst
concentration

1 122.7 122.7 6.03 0.0576

C-Carbonization
temperature

1 750.98 750.98 36.9 0.0017

A² 1 7.76 7.76 0.3815 0.5639
B² 1 37.51 37.51 1.84 0.2326
C² 1 54.94 54.94 2.7 0.1613
AB 1 3.82 3.82 0.1878 0.6828
AC 1 111.62 111.62 5.48 0.0662
BC 1 1.72 1.72 0.0843 0.7832
Residual 5 101.75 20.35
Lack of fit 3 101.13 33.71 108.75 0.0091
Pure error 2 0.62 0.31
Total 14 3823.01

R2 = 0.9734.
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pyrolysis rate significantly increases when the carboniza-
tion time increases. The optimal pyrolysis rate was seen
when the catalyst concentration was low and the carboni-
zation period was high. An analogous pattern of transfor-
mation was seen when the carbonization temperature was
raised. The pyrolysis rate was greater at elevated tempera-
tures (710°C) for both the concentration and carbonization
time. The tight correspondence between the actual and
anticipated values, as shown by the substantial R2 value,
confirms the importance of the model predicted by the
RSM BBD, as shown in Figure 7.

4 Conclusions

Although ZnCl2 has been shown to improve the combustion
of HAB coal, many unanswered questions and neglected
research topics remain. This study focuses on the technical
details of adjusting the ZnCl2 dose to ensure equal distribu-
tion, long-term stability, and compatibility with current
combustion systems. This report lays forth potential ave-
nues for research that might lead to developments in this
field. Among them, there is a pressing need for scale-up
studies, techno-economic evaluations, and a deeper dive

Figure 6: Effect of variables on the response in a 3D surface: (a) effect of time and concentration on burn-off%, (b) effect of concentration and
temperature on burn-off%, and (c) effect of time and temperature on burn-off%.
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into the underlying processes. The surface of HAB coal
becomes speckled with pieces and holes of varying sizes
when treated with a water solution of ZnCl2 salts. Tiny
pieces are the main byproduct of the reaction between
coal and ZnCl2 salts. Evidence from the data points to depo-
lymerization or rebuilding of the coal surface structure
after impregnation with ZnCl2 salt. Adding ZnCl2 can poten-
tiallymake the coal particles agglomerate or clump together.
Using TG-DTG analysis, pyrolysis tests show that HAB coal
exhibits improved ignition properties when treated with
ZnCl2 concentrations ranging from 3 to 9% compared to
untreated coal. The activation energy of the treated coal
decreased from 42.91 to 31.92 kJ/mol when treated with 9%
ZnCl2, lending credence to this claim. Typically, the ignition
temperature (Ti) and peak temperature (Tp) decrease as one
moves from untreated coal to coal treated with 9% ZnCl2.
The decrease in ignition temperature (from 393.88 to
384.05°C) and peak temperature (511.87 to 493.20°C) is
more apparent. However, there is an increase in the
burning temperature of clean coal. The reduced ash con-
tent of the coal samples causes the pyrolysis process to go
into its later phases. The reduced Ti and Tp levels in the
treated coal samples indicate an increase in ignitability,
which is beneficial for pyrolysis operations and power
plants.

Research on coal pyrolysis properties and the effects of
ZnCl2 treatment has concluded that a ZnCl2 concentration
of 9% is optimum for mineral removal from HAB coal.
Using RSM to predict burn-off percentage is a rigorous
approach, and the coefficient of determination (R2) is

0.9734. The quadratic model showed that the predicted
values were in agreement with those obtained experimen-
tally. The developed model considered the carbonization
time as the primary input, and the carbonization tempera-
ture and catalyst concentration were the secondary and
most essential input parameters.
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