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Abstract: The global net emissions of the Kyoto Protocol greenhouse gases (GHG), such as carbon
dioxide (CO2), fluorinated gases, methane (CH4), and nitrous oxide (N2O), remain substantially
high, despite concerted efforts to reduce them. Thermal treatment of solid waste contributes at
least 2.8–4% of the GHG in part due to increased generation of municipal solid waste (MSW) and
inefficient treatment processes, such as incineration and landfill. Thermal treatment processes, such
as gasification and pyrolysis, are valuable ways to convert solid materials, such as wastes into syngas,
liquids, and chars, for power generation, fuels, or for the bioremediation of soils. Subcoal™ is
a commercial product based on paper and plastics from the source segregated waste that is not
readily recyclable and that would otherwise potentially find its way in to landfills. This paper looks
at the kinetic parameters associated with this product in pyrolysis, gasification, and combustion
conditions for consideration as a fuel for power generation or as a reductant in the blast furnace
ironmaking process. Thermogravimetric Analysis (TGA) in Nitrogen (N2), CO2, and in air, was
used to measure and compare the reaction kinetics. The activation energy (Ea) and pre-exponential
factor A were measured at different heating rates using non-isothermal Ozawa Flynn Wall and
(OFW) and Kissinger-Akahira-Sonuse (KAS) model-free techniques. The TGA curves showed that
the thermal degradation of Subcoal™ comprises three main processes: dehydration, devolatilization,
and char and ash formation. In addition, the heating rate drifts the devolatilization temperature to a
higher value. Likewise, the derivative thermogravimetry (DTG) results stated that Tm degradation
increased as the heating rate increased. Substantial variance in Ea was noted between the four
stages of thermal decomposition of Subcoal™ on both methods. The Ea for gasification reached
200.2 ± 33.6 kJ/mol by OFW and 179.0 ± 31.9 kJ/mol by KAS. Pyrolysis registered Ea values of
161.7 ± 24.7 kJ/mol by OFW and 142.6 ± 23.5 kJ/mol by KAS. Combustion returned the lowest
Ea values for both OFW (76.74 ± 15.4 kJ/mol) and KAS (71.0 ± 4.4 kJ/mol). The low Ea values in
combustion indicate shorter reaction time for Subcoal™ degradation compared to gasification and
pyrolysis. Generally, TGA kinetics analysis using KAS and OFW methods show good consistency in
evaluating Arrhenius constants.

Keywords: thermal decomposition kinetic study; Subcoal™; non-isothermal; DTG; arrhenius param-
eters; thermogravimetric analysis; qatar national vision 2030

1. Introduction

Greenhouse effects play a valuable role in trapping heat in the atmosphere to keep the
earth warm. Excessive release of GHG, such as CO2, CH4, and N2O, due to increased com-
mercial activities is invariably attributed to global warming and related climatic changes [1].
Global commitments to reduce GHG emissions and related temperature levels to pre-
industrialised levels remain futile due to the slow enactment of necessary policies to reach
net-zero emissions. In spite of 1260 Climate Acts across the globe and commitment by
at least 20 countries to achieve net-zero emission in the next few decades, GHG emis-
sions have maintained upward mobility [2]. The exponential demand for energy from
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8588.9 million tonnes (Mtoe) to 13,147.3 Mtoe between 1995 and 2015 presents a microcosm
of the future challenges posed to the Kyoto Protocol and the Paris Agreement to reduce
GHG emissions to near net-zero from the current highs of 50 billion metric tonnes [3].
The composition of the GHG emissions vary considerably across the hierarchy of energy
sources with fossil fuel contributing the lion share of 80%. Waste-to-energy and solid waste
management practices account for 2.8–4% of the global environmental burden [4,5].

There is an increasing need to get the best use of solid wastes or biomass in thermal
decomposition processes, such as pyrolysis, gasification, and combustion [6]. These pro-
cesses can be utilised to decrease the reliance on fossil fuels and GHG emissions [7–9]. In a
country, such as Qatar, the main practice of MSW management is landfilling, nevertheless
owing to limited land availability, and this solution is increasingly not practical. Every
year Qatar generates about 2.5 million tons of MSW corresponding to 1.5 kg per person per
day [10]. Therefore, recycling of MSW to consumable materials and recovering energy are
the more favourable options [11,12].

Subcoal™ is made from paper and plastics which are leftover from source segregated
recycling waste that is deemed ‘non-recyclable’ after passing through municipal refuse
processing facilities. The product has been considered as a high grade of solid recovered
fuel (SRF), which can be converted into syngas and liquid fuels through the gasification
process [13]. Alternatively, the high carbon and hydrogen content in Subcoal™ means that
it is potentially suitable for consideration as an alternative reductant for ironmaking in a
blast furnace, where it could either be injected directly, after milling, through tuyeres, or
pre-gasified and fed directly into the furnace that way.

The understanding of pyrolysis, gasification or combustion kinetics of Subcoal™ is
important for chemical reactions and mechanical designs of gasifier reactors [14,15]. In this
work, the kinetic parameters were evaluated in non-isothermal TGA under N2, CO2, and
air atmosphere using Ozawa Flynn Wall (OFW) and the Kissinger-Akahira-Sonuse (KAS)
model-free approaches. In addition, this is the first research paper studying the thermal
and kinetic behaviours of Subcoal™ PAF using TGA. The thermal degradation (DTG) was
carried out, and the conversion degree of Subcoal™ PAF was determined as a function of
temperature. The Ea of Subcoal™ PAF were compared with other similar solid waste and
biomass examples from the literature.

2. Materials and Methods
2.1. Materials

Subcoal™ has been supplied by the international N+P Group B.V. (Bergen, The Nether-
lands). It is usually supplied in the form of pellets, but, for the purposes of this study, the
Pulverised Alternative Fuel (PAF) has been used as a milled product as a powder <3 mm
particle size. The outcomes of the proximate and ultimate analysis of Subcoal™ are listed
in Table 1.

Table 1. Proximate and ultimate analysis of Subcoal™.

Proximate Analysis (wt, %) Ultimate Analysis (wt, %)

Moisture content 3.1 ± 0.4 C 45.7 ± 2.7
Ash 11.8 ± 0.5 H 6.4 ± 0.2

Volatile matter content 77.6 ± 1.4 S 0.2 ± 0.06
Fixed carbon 7.5 ± 1.4 N 0.6 ± 0.2

Gross calorific value, (MJ/kg) 23.1 ± 2.8 O (by difference) 35.3 ± 1.9
Density, kg/m3 450

Thermogravimetry (TG) and the DTG was performed in a Mettler Toledo analyser
(TGA/SDTA 851e) between temperature range of 25 ◦C to 900 ◦C. The effect of heating rates
on the thermal decomposition process was examined and compared with the literature by
adopting four heating rates: 5, 10, 15, and 20 ◦C/min. A crucible was made of alumina.
To make sure the sample is well distributed, the crucible was gently tapped on a solid
surface. Pyrolysis was performed under a N2 flow rate of 50 mL/min, while gasification
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was performed under CO2 flow rate of 100 mL/min and combustion was performed under
air flow rate of 100 mL/min atmosphere. The flow rate setting for different gases was
chosen based on the optimum operating condition of the TGA instrument and to compare
the result with the literature.

Sample weight loss was continuously recorded against the temperature to obtain the
TGA curve that was derived later for the first-order derivative to get the DTG curve. All
experiments were repeated three times to eliminate experimental errors and to check the
reproducibility of all experiments.

2.2. The Measurement of the Kinetic Parameters of the Reaction

The reaction kinetics depend on reactant concentrations, temperature, pressure, and
the presence of catalysts. Among reaction kinetics components, rate of reaction (r), which
describes the reaction speed, is expressed as follows:

r ∝ [B]n, (1)

where [B] is a reactant concentration, and n the reaction overall order. The rate of reaction
is proportional to the reaction constant (k):

r = k[B]n, (2)

d[A]

dt
= k[B]n. (3)

The response of reaction to the change in these factors is determined by the reaction
constant (k). The value of k changes with temperature based on the mathematical correlation
initially proposed by Arrhenius [16]:

k = A e
−Ea

RT . (4)

Both (Ea) and (A) are known as kinetic constants and independent on temperature.
As the measurement of reactant concentration is unachievable during the process, reactant
concentration [B] can be expressed as a function of fractional conversion (x). Therefore, the
rate of reaction in Equation (3) can be given in the following expression:

dx
dt

= k(T) f (x). (5)

The f (x) represents the overall gasification reaction model. By combining Equations (4)
and (5), the following equation is obtained:

dx
dt

=
[

A e
−Ea

RT

]
f (x). (6)

The sample mass loss from the analysis is used to calculate the conversion (x) based
on the following formula:

x =
mo − mt

mo − m f
. (7)

The initial sample mass is given by mo, the measured mass mo as it changes, and
m f , the final mass after complete conversion. Therefore, data of conversion degree, heat-
ing rate and temperature are then used by a kinetic analysis method to determine the
kinetic parameters.

2.3. Ozawa–Flynn–Wall (OFW) Method

The OFW method is an iso-conversational and integral model free method that in-
cludes measurement of the temperature at given values of conversion at various heating



ChemEngineering 2021, 5, 54 4 of 16

rates [17]. In this method, Equation (9) is integrated utilizing Doyle’s approximation to
evaluate the kinetic constants.

ln(β) = ln
(

A Ea

R g(x)

)
− 4.9575 − 1.052

Ea

RT
. (8)

The Ea can be obtained from the slope by plotting term ln(β) against 1
T , where the term

ln
(

A Ea
R g(x)

)
− 4.9575 is the integration constant that can be determined from the y-intercept.

The following relationship can be used to determine A for known values of x and Ea:

A =
−β R

Ea
(ln[1 − x]) 10a, (9)

where a is a numerical integration constant based on the Doyle approximation.

2.4. Kissinger-Akahira-Sunose (KAS)

KAS is an alternative model free method that considers in the derivation the peak
temperature (Tm) at the maximum reaction rate value. Therefore, this method adopts the
following equation to estimate the Ea for different values of Tm and β.

ln
β

T2
m

= ln
(

R A
g(x) Ea

)
− Ea

R T
. (10)

For a progressive value of conversion degree, the term ln β

T2
m

is plotted against 1
T to

give a straight-line slope of Ea
R ; hence, the apparent Ea can be determined, while the value

of A can be calculated from Equation (11).

A (β) =
β Ea

R T2
m

e−
Ea

R TP . (11)

3. Result and Discussion
3.1. Thermal Parameters

Figures 1–3 display the reaction conversion (X) in (a) and show DTG weight loss
(wt %/min) profile in (b) for different heating rates in N2, CO2, and air, respectively. The
conversion is estimated as a reciprocal of the fractional mass loss. The higher the rate
of conversion, the faster the thermal decomposition or rate of reaction. Tables 2–4 show
thermal decomposition parameters of Subcoal™ PAF in N2, CO2, and air atmosphere. The
results show that most of the sample material was converted to products in the temperature
range of 250 ◦C to 550 ◦C as confirmed by Slopiecka et al., in 2012 [18]. The raising of heating
rate shifts the curve of fractional extent conversion to a high temperature region. The
heating rate increases the initial temperature of decomposition (Onset temperature) [19].

Table 2. Thermal decomposition of Subcoal™ PAF in N2 from TGA curves.

First Stage Second Stage Third Stage Fourth Stage

β Start * End ** Weight Start * End ** Weight Start * End ** Weight Start * End ** Weight
◦C/min (◦C) (◦C) Loss (%) (◦C) (◦C) Loss (%) (◦C) (◦C) Loss (%) (◦C) (◦C) Loss (%)

5 28.2 156.9 3.6 233.5 376.3 34.2 376.3 471.4 41.4 636.6 688.1 11.2
10 28.8 156.5 4.7 233.5 378.6 35.6 378.6 493.8 42.6 638.6 693.7 11.4
15 28.1 157.3 4.9 233.5 395.6 37.6 395.6 510.4 45.7 640.5 712.4 9.2
20 27.7 158.9 5.2 233.5 426.7 39.6 426.7 522.2 48.5 641.6 732.4 4.7

Average 28.2 157.4 4.6 233.5 394.3 36.8 394.3 499.5 44.3 639.3 706.7 9.1

* Start refers to start (onset) temperature of an indicated decomposition step. ** End refers to end (offset) temperature of an indicated
decomposition step.
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Figure 1. The effect of the heating rate in N2: (a) conversion degree and (b) DTG weight loss. 
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Figure 1. The effect of the heating rate in N2: (a) conversion degree and (b) DTG weight loss.

Table 3. Thermal decomposition of Subcoal™ PAF in CO2 from TGA curves.

First Stage Second Stage Third Stage Fourth Stage

β Start * End ** Weight Start * End ** Weight Start * End ** Weight Start * End ** Weight
◦C/min (◦C) (◦C) Loss (%) (◦C) (◦C) Loss (%) (◦C) (◦C) Loss (%) (◦C) (◦C) Loss (%)

5 28.6 167.6 3.4 199.2 380.4 34.2 380.4 483.4 51.2 622.2 658.3 3.8
10 28.5 166.2 3.6 199.2 410.3 34.6 410.3 489.6 50 622.2 692.2 3.9
15 28.4 164.4 3.8 199.2 412.2 37.3 412.2 550.6 41.6 622.2 708.9 4.4
20 28.7 163.8 3.9 198.3 428.6 38.5 428.6 558.4 42.3 623.4 792.7 5.5

Average 28.6 165.5 3.7 198.9 407.9 36.2 407.9 520.5 46.3 622.5 713.0 4.4

* Start refers to start (onset) temperature of an indicated decomposition step. ** End refers to end (offset) temperature of an indicated
decomposition step.
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Figure 2. The effect of the heating rate in CO2: (a) conversion degree and (b) DTG weight loss.

Table 4. Thermal decomposition of Subcoal™ PAF in air from TGA curves.

First Stage Second Stage Third Stage Fourth Stage

B
◦C/min

Start *
(◦C)

End **
(◦C)

Weight
Loss (%)

Start *
(◦C)

End **
(◦C)

Weight
Loss (%)

Start *
(◦C)

End **
(◦C)

Weight
Loss (%)

Start *
(◦C)

End **
(◦C)

Weight
Loss (%)

5 28.4 140.3 4.3 214.2 332.5 33.4 332.5 478.6 52.7 615.5 655.3 3.2
10 28.2 150.4 4.6 214.2 347.5 34.3 347.5 524.6 52.1 615.5 690.2 3.7
15 28.6 150.2 4.4 214.3 358.3 35.3 358.3 534.5 42.3 616.3 705.9 4.5
20 28.2 160.4 5.3 214.5 385.1 38.9 385.1 546.2 42.6 617.5 745.8 5.4

Average 28.3 150.3 4.7 214.3 355.9 35.5 335.9 521 47.4 616.2 699.3 4.2

* Start refers to start (onset) temperature of an indicated decomposition step. ** End refers to end (offset) temperature of an indicated
decomposition step.
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Figure 3. The effect of the heating rate in air: (a) conversion degree and (b) DTG weight loss.

As the heating rates increases, the Tm within the sample rises, which leads to faster
chemical reaction kinetics and Subcoal™ PAF conversion to gaseous products [20]. More-
over, the lower the heating rate, the longer the reaction residence time, and, hence, the
lower amount of Subcoal™ PAF converts.

The conversion curve represents fourth stages of sample decomposition. In the first
stage, for temperature less than 150 ◦C, it is during the dehydration process that the volatile
material and moisture leave the sample with insignificant changes in the mass. Then, in
the second and third stages, a region between 250 ◦C to 550 ◦C, which is known as active
conversion, the sample losses most of its mass in the devolatilization process. In the final
stage, only ash and char are left, which is less than 15% of the sample mass [21]. The weight
slowly reduces in the first and the last stage, which is known as the passive reaction.

According to the DTG curves for Subcoal™ PAF under N2, CO2, and air at various
heating rates, as the heating rate increase, the peaks become clearer and larger. The initial
and the final temperature of the pyrolysis, gasification, and combustion stages are drifted
with increase in heating rate. The results form TG and DTG illustrate that the thermal peak
position is not fixed when the heating rate changed. The endothermic peaks, which are the



ChemEngineering 2021, 5, 54 8 of 16

decomposition reaction, are observed in the DTG curves at each tested heating rate [22].
The restriction of heat transmission from the surrounding to the test sample may explain
the temperature shifting to higher values. At a high heating rate, the residence time of
reaction is short, and the temperature needed to devolatilise becomes greater. However,
when the process occurs at a low heating rate, the instantaneous thermal energy is high
with a longer reaction time that makes the reaction temperature is lower [23]. Hence, its
clearer to see that mass changes at higher heating rates.

Table 5 lists the maximum peak temperatures (Tm) at which there is the higher DTG
(wt %/min). Tm increase with a heating rate increase during pyrolysis, gasification, and
combustion process. The average standard deviation (±) values of peak temperature and
degradation rate was calculated from the third run results.

Table 5. Thermal decomposition of Subcoal™ PAF parameters in different atmospheres.

N2 CO2 Air

β
◦C/min

Tm DTGTm Tm DTGTm Tm DTGTm
◦C wt %/min ◦C wt %/min ◦C wt %/min

5 471 ± 7.0 −0.0094 ± 0.0014 466 ± 5 −0.0097 ± 0.0014 317 ± 4.2 −0.0071 ± 0.0009
10 481 ± 6.7 −0.019 ± 0.0057 474 ± 6 −0.019 ± 0.0079 335 ± 13.4 −0.015 ± 0.0024
15 486 ± 4.8 −0.021 ± 0.0056 482 ± 5 −0.029 ± 0.0073 336 ± 2.0 −0.025 ± 0.0027
20 487 ± 1.1 −0.032 ± 0.006 488 ± 1.2 −0.032 ± 0.002 340.3 ± 10.5 −0.016 ± 0.0082

The value of Tm increased from 471 ± 7 ◦C to 487.1 ± 1.1 ◦C, and DTGTM in-
creased from −0.0094 ± 0.0014 wt %/min to −0.032 ± 0.006 wt %/min, for pyrolysis
when the heating rate raised from 5 to 20 ◦C/min. In addition, Tm increased from
466 ± 5 ◦C to 488 ± 1.2 ◦C, and DTGTM increased from −0.0097 ± 0.0014 wt %/min
to −0.032 ± 0.002 wt %/min, for gasification. However, combustion showing lowest tem-
perature degradation results, Tm increased from 317 ± 4.2 ◦C to 340.3 ± 10.4 ◦C, and
DTGTM increased from −0.0071 ± 0.0009 wt %/min to −0.016 ± 0.0082 wt %/min, thus
the combustion process showing faster mass loss with lower Tm value due to high oxidation
reaction. The rate of Subcoal™ PAF degradation DTG and Tm increased with the heating
rate, which is coherent with the literature [24].

Comparing Subcoal™ PAF results in TGA to the literature, Gerassimidou et al., in
2020, found the N2 pyrolysis of SRF Tm = 500 ◦C and for paper waste Tm = 575 ◦C, at
20 ◦C/min. In addition, the pyrolysis results of paperboard show Tm = 732 ◦C, while the
oxidation of SRF results show Tm = 600 ◦C. This result proves that thermal degradation of
Subcoal™ pyrolysis and oxidation is lower than SRF, paper waste, and paperboard [25].

3.2. Kinetic Parameters

OFW and KAS methods were used in the present work to determine the Ea and A of
three decomposition processes of Subcoal™ PAF. In OFW, the Ea was graphically estimated
from the slope of Equation (9), as presented in Figure 4a–c, and A value was determined
using Equation (10). Table 6 states the kinetic parameters from TGA. As observed, a
significant variation is clear in the Ea as the conversion increased from 0.2 to 0.8, which
indicates the multistage characteristic of the reaction mechanism. Plots of KAS method in
Figure 5a–c show a high degree of linearity, hence high numerical stability of the method.
The average correlation coefficient (R2) of the three runs exceeds 0.9. The plot of Ea and A
estimation was executed according to Equation (11), summarised in Table 7.
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Table 6. Kinetic parameters obtained by OFW method.

N2 CO2 Air

X Ea R2 A Ea R2 A Ea R2 A
/ (kJ/mol) / (min−1) (kJ/mol) / (min−1) (kJ/mol) / (min−1)

0.2 118.9 0.802 2.7 × 109 139.2 0.988 1.5 × 1011 84.6 0.993 2.7 × 106

0.3 142.5 0.995 1.6 × 1011 216.5 0.977 6.4 × 1010 86.8 0.993 2.2 × 106

0.4 161.9 0.996 2.7 × 1013 140.4 0.959 5.1 × 1010 80.0 0.957 2.2 × 106

0.5 71.9 0.966 6.9 × 104 139.6 0.934 4.1 × 109 52.8 0.981 2.0 × 106

0.6 165.4 0.970 2.7 × 1011 241.4 0.968 1.4 × 109 54.2 0.951 1.0 × 106

0.7 207.2 0.857 2.4 × 1014 259.5 0.967 1.1 × 109 81.1 0.934 4.6 × 105

0.8 264.2 0.931 2.4 × 1018 264.6 0.981 9.5 × 108 97.7 0.991 3.5 × 105

Average 161.7 0.931 3.4 × 1017 200.2 0.968 4.0 × 1010 76.7 0.971 1.6 × 106

Ea 161.7 ± 24.7 200.2 ± 33.6 76.7 ± 15.4
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Figure 5. KAS diagrams of pyrolysis (a), gasification (b), and combustion (c) of Subcoal™ PAF for given values of conversion
at heating rates of 5, 10, 15, and 20 ◦C/min.

Table 7. Kinetic parameters obtained by KAS method.

N2 CO2 Air

X Ea R2 A Ea R2 A Ea R2 A
/ (kJ/mol) / (min−1) (kJ/mol) / (min−1) (kJ/mol) / (min−1)

0.2 103.2 0.771 1.8 × 108 122.5 0.986 4.8 × 107 46.9 0.957 9.9 × 102

0.3 125.3 0.994 2.0 × 1010 195.7 0.974 1.1 × 1013 53.6 0.958 4.3 × 103

0.4 143.9 0.996 9.8 × 1011 122.9 0.952 5.2 × 107 59.3 0.977 1.5 × 104

0.5 57.1 0.951 9.4 × 103 121.1 0.922 3.8 × 107 57.6 0.918 1.1 × 104

0.6 145.3 0.965 1.3 × 1012 217.4 0.964 3.9 × 1014 62.5 0.914 3.0 × 104

0.7 184.7 0.840 4.9 × 1015 234.8 0.963 6.6 × 1015 107.9 0.856 5.0 × 108

0.8 238.8 0.924 3.7 × 1020 239.5 0.979 1.4 × 1016 109.3 0.927 6.8 × 108

Average 142.6 0.920 5.3 × 1019 179.6 0.963 3.1 × 1015 71.0 0.925 1.7 × 108

Ea 142.6 ± 23.5 179.0 ± 31.9 71.0 ± 4.4

The Ea for pyrolysis obtained by OFW is 161.7 ± 24.7 kJ/mol and 142.6 ± 23.5 kJ/mol
by KAS. In addition, the Ea for gasification obtained by OFW is 200.2 ± 33.6 kJ/mol
and 179.0 ± 31.9 kJ/mol by KAS. However, the Ea for combustion obtained by OFW is
76.7 ± 15.4 kJ/mol and 71.0 ± 4.4 kJ/mol by KAS. Thus, combustion results show lower
Ea and indicate that shorter time required for Subcoal™ PAF degradation than pyrolysis
or gasification. The slight differences in average Ea might be owed to the improper
approximation of temperature integration [26]. These findings are confirmed by (Guida
et al., 2019).

Figure 6a,b shows OFW and KAS methods are in good relation to each other and
indicate that the reaction mechanism of Subcoal™ is a complex multi-step reaction. The
degradation rate from 0.2 to 0.5 shows that the Ea is almost stable, referring to the fact that
one reaction one reaction mechanism is taking place in the solid phase. Then, from 0.5 to
0.8 conversion, the Ea raises and fall again by both methods.
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Comparing Ea of Subcoal™ results with the literature, Singh et al., in 2012, found
that pyrolysis of MSW Ea 294.8 kJ/mol [27], and Chen et al., in 2015, reported that the
Ea of MSW in CO2 gasification for polyester fabrics is 211 kJ/mol, and polyethylene (PE)
is 221 kJ/mol [28]. In addition, (Azam), in 2019, identified the Ea of MSW combustion
as 116.1 kJ/mol [29]. However, the Ea of refuse derived fuel (RDF) and SRF combustion
are 203 kJ/mol and 86.8 kJ/mol [30]. In addition, the Ea of RDF and SRF pyrolysis are
252.5 kJ/mol and 238.3 kJ/mol [31]. These results prove that the Ea of Subcoal™ PAF is
lower than others biomass from the literature, resulting in an upsurge in chemical reaction,
and more particles will collide, with enough energy.

4. Discussion
4.1. Thermal Analysis

Thermal behaviour of Subcoal™ PAF is described as a complex of non-recyclable
paper-plastic mixture consists of four decomposition stages. Heating rate is an essential
parameter in the estimation of the Ea and A using the non-isothermal TGA data. It provides
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an important parameter of sample concerning decomposition temperature ranges and ki-
netics. In addition, at various heating rates, exposure of biomass particles (residence time)
varies, which changes the thermal degradation process. An inaccurate determination of the
heating rate may lead to imprecise estimation of the kinetic constants. Miscalculation of the
heating rate is one of the significant sources of error in the kinetic evaluation. The assump-
tion of the actual heating rate is the main reason for the heating rate miscalculation. Other
factors may contribute to inaccurate determination of heating rate are self-heating/cooling
and purge gas cooling [32]. Increasing heating rates raised the reaction rates, and it speeds
up the motion of molecules, which force the reaction to collide.

The combustion reaction began earlier than pyrolysis process since pyrolysis was
undertaken without air or oxygen. Instead, in combustion, a high amount of oxygen can
help and accelerate the heating process. For gasification, it can be identified that, at the
beginning of the process, pyrolysis occurred.

The degradation of Subcoal™ PAF in CO2 atmosphere looks like a complex mech-
anism, more than N2 and air, due to presence of high oxygen content that promotes
successive oxidation reactions affecting the degradation rate [33]. However, Tm values
are directly proportional to the heating rate; hence, pyrolysis needs more time to reach
complete conversion [34]. In all experiments, mass loss curves at 15 ◦C/min and 20 ◦C/min
are close to each other and are overlapping at some points. This may explain the complexity
of Subcoal™ PAF degradation process, especially in CO2 and air atmosphere. However, in
this situation, the limitations of diffusion and heat transfer restrictions had a pronounced
impact [35].

The final stage (stage IIII) is where the char and ash forms and degrades to volatile
gases in the temperature range of 600 to 800 ◦C, with small variation in the mass loss [26].
The temperature range in the fourth stage is known as a critical temperature because
of an insignificant change of mass with a continuous increase in temperature [36]. The
heating rate plays a vital role in the thermal degradation process of Subcoal™ PAF in
TGA. The results indicate that the increase in heating rate increases reaction rate of the
decomposition process and decrease the time required to start stages. In addition, the
lower the heating rate, the greater the temperature is needed to initiate the degradation.
Moreover, the heating rate prolongs the period to achieve the equilibrium; therefore, it was
shifted to a higher temperature region as a result of slow heat diffusion [37]. Subcoal™
PAF is decomposed in a large temperature range at lower levels than fossil fuels because
of its low fixed-carbon and high volatile matter. Thus, combining Subcoal™ PAF with
other biomass or fuels, such as coal, can mitigate emissions and provide some economic
solutions to energy sectors.

In the DTG analysis, the degradation rate in wt %/min is plotted against the tempera-
ture. The peaks that appear in the graph show the amount of degradation that occurred at
a specific temperature range. The value of Tm determines the performance of Subcoal™
PAF degradation in TGA. The results show that two small peaks are corresponding to
degradation in the first and fourth stages, respectively, as well as two large peaks in the
second stage [21]. Tm increases with increase in heating rate, which indicates that shorter
reaction time is required to complete the reaction [22]. The peaks overlapping and the
irregularity of peak shape indicate the occurrence of simultaneous reactions [26].

4.2. Kinetic Analysis

The kinetic evaluation is very important for identifying the operating conditions of
thermal degradation process for Subcoal™ PAF [38]. The Ea of pyrolysis, gasification,
and combustion were evaluated in TGA to identify the minimum energy required for a
reaction to occur. OFW and KAS are most popular and accurate model-free techniques
and were used during analysis. Linear regression results obtained from the OFW and
KAS methods indicate that the Ea and A increase as the conversion increased [18]. The
Ea obtained by OFW was slightly different than KAS in the average standard deviation
due to the improper approximation of temperature integration, as confirmed by Guida
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et al. (2019). This variation in estimation can be neglected for some applications of the
OFW method, which refers to the complexity of the reaction mechanism [39]. The findings
of both methods stated that the Ea is dependent on conversion. The higher complexity
of dehydration process, the greater the variation of Ea [40]. Thus, Subcoal™ PAF ignition
point is considerably low compared to RDF or SRF. Pyrolysis, gasification and combustion
results of Subcoal™ PAF in TGA results provide lower Ea than MSW, RDF, and SRF.

As part of Qatar national vision 2030 one of the aims is to have the lowest possible
CO2 footprint, and, instead of MSW incineration or landfill, the non-recyclable paper and
plastic waste can be utilised as a substitute fuel in waste-to-energy plant for sustainable
power production. It is a good substitute for fossil fuels that will help generate energy
sustainably [41].

In addition, Subcoal™ can be used to replace fossil fuels in cement and lime plants,
steel blast furnaces, and power generation facilities. The N+P won huge contracts to supply
Subcoal™ to the Uskmouth coal-fired power station in south Wales and Teesside plant in
the United Kingdom because of its high conversion efficiency to renewable energy.

5. Conclusions

The kinetic parameters of biomass thermal degradation are essential for the design of
the chemical reactor. This work aims to investigate the Ea and A of non-recyclable paper
and plastic waste (Subcoal™ PAF) in N2, CO2, and air environment. The kinetic evaluation
of the experimental TGA data carried out using OFW and KAS model-free methods. The
experiments of thermal conversion were performed using the TGA method, whereby the
sample mass loss was measured as a function of time and temperature at various heating
rates. The DTG data was also obtained in terms of the degradation rate. Four peaks
were obtained during degradation process may be attributed to Subcoal™ heterogeneity.
From the TGA results, the Subcoal™ PAF degradation includes three process: dehydration,
devolatilization, and char and ash degradation. The heating rate shifts the temperature
range of the devolatilization process to higher values. The degradation of Subcoal™ in
CO2 atmosphere tends to be a complex mechanism, as shown by the DTG graphs, while
combustion results obtained excellent Ea and A parameters.

The Ea of Subcoal™ PAF obtained in this work for pyrolysis, CO2 gasification, and
combustion are lower than Ea of SRF/RDF obtained in the literature. This result proves that
Subcoal™ PAF provides a faster chemical reaction time than SRF/RDF and other biomass.

Subcoal™ technology improves utilisation of MSW and prevents landfill, as a result
of meeting the increasing demand for lower emissions and high-calorie fuels. It is a crucial
sustainable technology that helps utilisation of non-recyclable materials in energy sectors
that could otherwise be lost into landfills.
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Nomenclature

Ea Activation energy (kJ/mol)
A Pre-exponential factor (min−1)
X Conversion
TM trademark
k Rate constant of reaction
mo Initial mass of sample (mg)
mt Instantaneous mass of sample (mg)
T Absolute temperature (K)
Tm Maximum peak temperature (◦C)
β Heating rate (◦C/min)
R Universal gas constant (kJ/mol.K)
T Temperature (◦C)
m f Final residual mass of sample (mg)
t Time (min)
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