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Abstract
Herein, cotton stalk biomass was initially characterized to understand its physico-
chemical properties as a raw material for biochar production. Furthermore, thermal 
analysis was conducted using thermogravimetric analysis (TGA), and the results 
were further utilized to evaluate the cotton stalk's kinetic behavior under thermal 
decomposition in an inert environment. Advanced kinetics and technology solutions 
(AKTS) software was for the first time employed to compute the kinetic param-
eters of cotton stalk pyrolysis, as well as provide kinetic predictions under isothermal 
conditions. Three methods were used to compute the activation energy (Ea) value, 
namely ASTM- E698, Flynn- Wall- Ozawa (FWO), and Friedman's differential iso- 
conversional model. The results obtained using the ASTM- E698 method indicate an 
activation energy of 127.23 kJ·mol−1. Furthermore, the FWO method presented an Ea 
value ranging 35- 250 kJ·mol−1. The differential iso- conversional method is the most 
robust approach as it adequately represents the complex nature of lignocellulosic bio-
mass decomposition, showing an Ea range between 4 and 250 kJ·mol−1. Based on the 
differential iso- conversional method, kinetic predictions under isothermal conditions 
were provided. The predictions offer valuable insight for industrial- scale biochar 
project developers in relation to production throughput optimization. Furthermore, 
the kinetic parameters obtained can be utilized in process modeling.

K E Y W O R D S

biochar, cotton stalk, iso- conversional method, kinetic modeling, pyrolysis

www.wileyonlinelibrary.com/journal/ese3
https://orcid.org/0000-0001-7071-623X
mailto:
https://orcid.org/0000-0003-2788-7839
http://creativecommons.org/licenses/by/4.0/
mailto:aosmanahmed01@qub.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fese3.961&domain=pdf&date_stamp=2021-08-15


2 |   FAWZY et Al.

1 |  INTRODUCTION

Cotton stalk biomass, an abundant agricultural waste, is 
a promising feedstock for pyrolytic conversion to biochar, 
which has been recently highlighted as a reliable method that 
promotes atmospheric carbon removal.1- 3 Cotton stalks are 
the residues remaining after cotton production, which are 
estimated to amount to 3.5- 5 tons per ton of cotton crop.4 
Global cotton production amounted to 25.8 million tons in 
2018 and is expected to reach approximately 29.2 million 
tons by 2028.5 At recent production rates, global annual cot-
ton stalk availability would be estimated between 90.3 and 
129 million tons and is projected to grow accordingly. India, 
China, USA, Brazil, and Pakistan are the largest cotton pro-
ducers, accounting for approximately 77% of global produc-
tion in 2018.5 Thus far, cotton stalks have either been burnt 
in open fields, combusted for thermal energy production or 
used for light construction purposes. The utilization of cotton 
stalks to produce biochar would, therefore, add considerable 
value to the environment, through its carbon sequestration 
potential, as well as by enhancing food security and allevi-
ating water stress in areas with limited access to irrigation 
water, if applied to soils. Furthermore, the utilization of such 
feedstock supports the concept of the circular economy.

An in- depth understanding of the characteristics of cot-
ton stalks and the thermokinetic behavior under pyrolytic 
conditions is of great importance for the successful design 
and optimization of industrial biochar systems based on 
such feedstock. Kinetic analysis of biomass is mainly car-
ried out to evaluate the kinetic triplet, activation energy 
(Ea), reaction rate, and pre- exponential factor (ko). This in-
formation can then be used to predict reaction progress of a 
given feedstock under various thermal profiles and modes. 
Nonisothermal thermogravimetric analysis (TGA) is usu-
ally employed to determine the kinetic parameters under 
investigation. Various methods are utilized to analyze the 
data obtained through the TGA experiments, mainly model- 
fitting and model- free (also referred to as iso- conversional) 
methods.6,7 Model- fitting techniques are not recommended 
by the international confederation for thermal analysis and 
calorimetry (ICTAC) kinetics committee due to the uncer-
tainty associated with kinetic parameter determination.7 The 
main model- free methods discussed in the literature include 
ASTM- E698, which is a model- free noniso- conversional 
approach, the Flynn- Wall and Ozawa (FWO), and Kissinger- 
Akahira- Sunrose (KAS), which are categorized as integral 
iso- conversional methods, and the Friedman method which 
is a differential iso- conversional method.6- 13 The main issue 
related to the ASTM- E698 method is that a single activation 
energy value is calculated, not considering reaction progress 
in such a complex thermochemical process. It is more suit-
able for a single- step reaction. The FWO and KAS methods 
have been identified to lead to some systematic errors in 

computing activation energies, while the Friedman method, 
although potentially considered the most accurate approach, 
is identified to be sensitive to data noise, which in some cases 
may lead to a certain level of inaccuracy, as described by the 
ICTAC kinetics committee.7,14 Xia et al15 reported that ad-
vanced models must be developed to estimate product yield 
and composition as a function of biomass type/characteristics 
and process conditions. Utilizing catalysts such as zeolite in 
catalytic fast pyrolysis of lignocellulosic biomass is crucial, 
where properties of zeolites influence biomass pyrolysis 
routes.16,17 Ge et al18 also reported that agricultural waste 
provides environmental benefits as a sustainable feedstock, 
and they reported on the applications and new designs for 
microwave pyrolysis of agricultural wastes. Soft computing- 
based models, in addition to mathematical models, have been 
widely used to predict the kinetics of biomass pyrolysis. 
Aghbashlo et al19,20 recently used advanced soft computing 
methods to model biomass pyrolysis kinetics.

Several attempts to investigate the kinetic parameters of 
cotton stalks have been carried out. Mailto et al21 mainly used 
a linear model- fitting method using the Arrhenius equation 
and calculated an activation energy of 72.31 kJ·mol−1 based 
on a single heating rate of 10°C min−1. El- Sayed and Mostafa 
also used model- fitting methods using both, direct Arrhenius 
plotting and the Coats and Redfern model, calculating activa-
tion energies of 98.5- 102 kJ·mol−1 and 72.5- 127.8 kJ·mol−1, 
respectively. The range given represents two reaction zones. 
The analysis is also based on a single heating rate of 10°C 
min−1.22 Furthermore, Munir et al utilized the model- fitting 
approach and calculated an activation energy of 77 kJ·mol−1 
using the Arrhenius equation. The analysis is based on a 
single stepwise heating rate of 10°C min−1 until 105°C fol-
lowed by 20°C min−1 until 950°C.23 Tora et al,24 on the other 
hand, identified an activation energy for cotton stalks using 
the Coats and Redfern method to be 25 kJ·mol−1, which is 

Highlights

• The kinetic triplet of cotton stalk pyrolysis was 
evaluated using advanced kinetics and technology 
solutions software.

• The ASTM- E698 method indicated an activation 
energy value of 127.23 kJ·mol−1.

• The Flynn- Wall- Ozawa method indicated an acti-
vation energy range of 35- 250 kJ·mol−1.

• The differential iso- conversional method indicated 
an activation energy range of 4- 250 kJ·mol−1.

• Isothermal kinetic predictions are reported under 
various temperatures profiles.
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considerably low compared to the values obtained within the 
literature. Gupta et al investigated the activation energy of 
cotton stalks using both model- fitting and model- free tech-
niques. The analysis is based on five heating rates (5, 10, 15, 
20, and 30°C·min−1), resulting in activation energies of 97- 
124, 107- 130, and 98.7- 104 kJ·mol−1 based on KAS, FWO, 
and Coats and Redfern methods respectively.25 Yao et al inves-
tigated the thermokinetic behavior of 10 biomass materials, 
which included cotton stalks, using various iso- conversional 
methods, FWO, Friedman and modified Coats and Redfern, 
and obtained average activation energies of 169.9, 165.3, 
169.1  kJ·mol−1, respectively. The analysis is based on six 
different heating rates (2, 3.5, 5, 7.5, 10, and 15°C·min−1).26 
Chen and Liu examined cotton stalk kinetics by employing in-
tegral iso- conversional methods using five heating rates (15, 
25, 35, 45, and 55°C·min−1). The average activation energy 
obtained was 145.39  kJ·mol−1 and 142.93  kJ·mol−1 using 
FWO and KAS methods, respectively.27 It can be noted that 
many of the attempts to investigate cotton stalk kinetic be-
havior under pyrolytic conditions, thus far, have mainly been 
based on model- fitting methods, which carry a significant 
level of uncertainty. It is also worth noting that the standard 
Coats and Redfern model- fitting method has been empiri-
cally evaluated, presenting its unsuitability for determining 
kinetic parameters, especially for a process carrying complex 
reactions.28 Furthermore, the investigations carried out using 
model- free methods have shown inconsistent results.

To the best of the authors' knowledge, this study is the 
first attempt to study the kinetic behavior of cotton stalks 
under pyrolytic conditions using advanced kinetics and tech-
nology solutions (AKTS) software package. AKTS uses con-
ventional thermoanalytical data, for example, obtained via 
TGA or differential scanning calorimetry (DSC), to carry 
out kinetic analysis using numerous model- free methods. In 
order to determine the kinetic parameters, TGA results are 
first transformed into a derivative thermogravimetric (DTG) 
signal and a baseline is constructed to further integrate the 
curve and compute the activation energy, rate of reaction and 
pre- exponential factor. AKTS provides various possibilities 
for advanced baseline construction, and this is perhaps the 
most critical step in kinetic data treatment. Moreover, the 
constructed baselines can be further optimized numerically. 
Based on the computed kinetic parameters, conversion prog-
ress predictions can be made for a wide range of temperature 
profiles. The results obtained through AKTS are highly robust 
and accurate due to the strict thermokinetic criteria employed 
by the software which defines an average correlation coeffi-
cient R2 to be greater than 0.95. Furthermore, the plotting of 
high- resolution data over 10 000 data points promotes model 
robustness.8 This software has been successfully utilized in 
several investigations and is recommended by the ICTAC ki-
netics committee as a highly applicable tool for calculating 
kinetic parameters.8,9,11,29 Most importantly, the software can 

provide isothermal predictions, which is of great importance 
in analyzing kinetic behavior in continuous reactors operat-
ing under isothermal conditions, representing industrial- scale 
biochar production. This study aimed to characterize cotton 
stalk biomass, evaluate the kinetic triplet under pyrolytic con-
ditions, and finally provide predictions on pyrolytic reaction 
progress of cotton stalks under various temperature profiles.

2 |  MATERIALS AND METHODS

2.1 | Materials

The cotton stalks used in this study were sourced from south-
ern Egypt, following crop harvest in 2019. The samples were 
dried naturally, and a hammer mill was used for size reduc-
tion to obtain a size of less than 1mm.

2.2 | Cotton stalk characterization

Cotton stalk composition was characterized using proximate 
and ultimate analyses, and a calculation of higher and lower 
heating values were carried out based on equation 130 and 231

Furthermore, a Brunauer- Emmett- Teller (BET) analysis 
was conducted to investigate the surface area and pore size 
and volume. The chemical structure was evaluated using 
scanning electron microscopy (SEM), energy dispersive 
X- ray spectroscopy (EDX), and powder X- ray diffraction 
(XRD). Finally, Fourier transform infrared (FT- IR) was uti-
lized to carry out a functional group analysis. Details of the 
characterization techniques are provided in the supplemen-
tary material.

2.3 | Kinetic modeling

To determine the kinetic parameters of cotton stalks, a TGA 
was performed from 25 to 900°C using different heating 
rates of 0.5, 1, 2, 4, and 8°C min−1 in an inert environment. 
Ultimately, the limitation of this study is dependent on the 
accurate reporting of thermoanalytical data in the form of 
TGA. The TGA instrument was calibrated for buoyancy 
effects to allow quantitative estimation of weight changes. 
Experiments were performed twice to ensure reproducibility 
and the standard error was found to be ±1°C.

(1)
Higher heating value (HHV) = 0.3443C + 1.192H − 0.113O − 0.024N + 0.093S

(2)

Lower heating value (LHV) = HHV − 0.212H − 0.0245Moisture % − 0.008O
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Details of the TGA experiments are provided in the sup-
plementary material. The data obtained through the TGA 
experiments were then used for kinetic modeling using the 
AKTS software to obtain the kinetic triplet (Ea, reaction 
rate, and ko). The data is analyzed via AKTS using vari-
ous methods such as ASTM- E698, FWO, and a highly ro-
bust differential iso- conversional model based on extensive 
TGA data using the slowest three heating rates. Based on 
the differential iso- conversional model, reaction progress 
predictions are made under isothermal mode. The following 
Equations (3- 5)8 represent the underlying methods utilized in 
the analysis.

1. ASTM- E698

2. Flynn- Wall and Ozawa

3. Friedman/Differential Iso- Conversional

3 |  RESULTS AND DISCUSSION

3.1 | Characterization results

Table 1 presents the physicochemical characteristics of the 
cotton stalk biomass used in this study and compares the re-
sults to the literature. The proximate analysis results show 
moisture content of 6.57%, volatile matter of 80.7%, fixed 
carbon 15.77%, and ash content of 3.53%. In general, the 
results are in line with those found in the literature, with 
volatile matter being in the upper range of those reported 
74%- 81.24%, fixed carbon within the lower range 14.28%- 
19.5%, while the ash content identified in this study is lower 
compared to the values reported, ranging 4.28%- 6.5%. 
Again, in terms of elemental analysis, the results (43.85 C%, 
6.06 H%, 0.65 N%, 0.3 S%, and 45.61 O%) are similar to 
those obtained throughout the literature. Based on the ele-
mental analysis HHV and LHV were calculated at 18.11 and 
16.3 MJ·kg−1, respectively. The HHV value obtained in this 
study is found to be slightly higher than the values reported in 
the literature of 15.8- 17.4 MJ·kg−1. The BET analysis results 
of the cotton stalks show a surface area of 2.28 m2·g−1, pore 
volume of 0.000887 cm3·g−1 and pore size of 12.6 Å, clearly 
indicating a nonporous structure.

Figure  1(A,B) presents the SEM images of the cotton 
stalk biomass under investigation. From the images, it can be 
noted that the morphological behavior is relatively bulky and 
nonporous. This supports the results obtained via BET analy-
sis. Figure 1H and Table 1 present the surface composition of 
cotton stalks determined by the EDX analysis. It can be noted 
that the surface structure is mainly composed of carbon and 
oxygen at 53.2% and 39.3%, respectively.

Furthermore, a minor presence of calcium (5.7%) and 
sodium (1.7%) are detected. Figure 1C shows the combined 
elemental mapping image of cotton stalk biomass, while the 
specific elemental maps in Figure 1(D,F,G) show a uniform 
particle distribution within carbon, oxygen and sodium; 
furthermore, calcium shows a cluster particle formation, as 
presented in Figure  1E. XRD and FT- IR analyses are dis-
cussed in the supplementary materials with corresponding 
Figures S1A and B, respectively.

3.2 | Kinetic modeling results

Nonisothermal TGA was carried out under the flow of nitro-
gen to represent pyrolytic conditions. The analysis was con-
ducted at different heating rates of 0.5, 1, 2, 4, and 8°C min−1, 
while the experiment was repeated at 4°C min−1 to ensure 
reproducibility of the TGA data, as shown in Figure 2. The 
analysis is based on mass loss detection as a function of tem-
perature and time as the reaction progresses. It can be clearly 
noted that the reaction follows three main stages of mass loss. 
Initially, the first stage can be noted between 80 and 150°C, 
resulting from dehydration. The second stage is mainly at-
tributed to hemicellulose and cellulose decomposition, which 
occurred in the temperature range of 200- 350°C. Most of 
the pyrolytic degradation took place in this region. The last 
stage is shown as a steep slope at temperatures higher than 
350°C. Although lignin decomposition takes place through-
out the entire temperature range, the mass loss taking place 
in the last stage is mainly attributed to lignin degradation.32,33 
The results shown are in line with thermal decomposition 
profiles of typical lignocellulosic materials reported in the 
literature.21- 23,27

TGA results for the three slowest heating rates (0.5, 
1, and 2°C min−1) were then used in the AKTS software 
to compute the kinetic parameters using three methods, 
ASTM- E698, FWO, and Friedman's differential iso- 
conversional model. Moreover, conversion predictions 
were provided under isothermal conditions. Figure  S2 in 
the supplementary material presents the TGA results used 
in the kinetic analysis. Furthermore, Figure 3 presents the 
cotton stalk conversion progress as a function of tempera-
ture under three different heating rates (0.5, 1, and 2°C 
min−1). The solid lines represent the actual results obtained 
via TGA, and the dashed lines represent those simulated by 

(3)�
d�

dt
= k0e

(

− Ea

RT

)

(1 − �)

(4)ln� = ln

(

k0 ⋅ Ea

R ⋅ g(�)

)

− 5.331 − 1.052
Ea

R ⋅ T

(5)ln�
d�

dT
= ln[k0f (�)] −

Ea

RT
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AKTS. It can be noted that the actual and simulated results 
are highly matching with an R2 value of 0.98. It can also 
be noted that the reaction under the three heating rates is 
initiated at approximately 190°C. Furthermore, a shift in 
reaction temperature is observed as the heating rate is in-
creased. The reason behind this shift has been explained 
by Osman et al, where a delay in decomposition may be 
attributed to a combined effect related to heat transfer and 
decomposition kinetics of the processed material.11 By in-
creasing the heating rate, the time required for the cotton 
stalks to reach a specific temperature is shortened, which 
may cause limitations in mass and heat transfer and lead to 
a delay in decomposition until a higher reaction tempera-
ture is achieved. Moreover, the possibility of a temperature 
gradient occurring may lead to the occurrence of various 
devolatilization stages.11 Furthermore, this phenomenon 
can be attributed to the poor thermal conductivity of bio-
mass, where a thermal lag can be realized across the whole 
cross- section of the biomass particle when heated. At very 
low heating rates, a uniform temperature profile can be 
observed throughout the whole cross- section; however, at 
higher heating rates, a temperature gradient across the inner 

layers and outer surface of the biomass particle can be real-
ized, which can cause a delay in decomposition.32

Figure  4 presents the reaction rate versus temperature 
for cotton stalk pyrolysis, providing both actual and simu-
lated results, showing a high correlation with an R2 value of 
0.98. The maximum reaction rates identified were 0.00009, 
0.000163, and 0.000311 s−1, achieved at peak temperatures of 
267, 278, and 292°C at heating rates of 0.5, 1, and 2°C min−1, 
respectively. The reaction rate increased approximately 3.5 
times by increasing the heating rate from 0.5 to 2°C min−1.

Based on the ASTM- E698 method, a single value for acti-
vation energy was calculated at 127.23 kJ·mol−1, as shown in 
Figure 5A. The thermal degradation of biomass is a complex 
process with multiple reactions taking place simultaneously. 
Osman et al proposed a 10- step mechanism representing 
lignocellulosic biomass pyrolysis. The process comprises 
primary and secondary reactions, where separate reactions 
related to the decomposition of cellulose, hemicellulose, 
and lignin are taking place simultaneously.11 To effectively 
represent the complexity of biomass decomposition, a single 
activation value is not sufficient; therefore, the ASTM- E698 
method is inadequate and may lead to inaccurate conversion 

This study
Munir et al. 
(2009)

Tora et al. 
(2016)

Gupta et 
al. (2020)

Proximate analysis (wt% on a dry basis)

Moisture 6.57 — 8.9 — 

Volatile 80.7 76.1 81.24 74

Fixed carbon 15.77 18.8 14.48 19.5

Ash 3.53 5.1 4.28 6.5

Ultimate analysis (wt% on a dry basis)

C% 43.85 47.07 44.8 39.58

H% 6.06 4.58 5.8 5.98

N% 0.65 1.15 1.09 0.37

S% 0.3 — 0.57 <0.5

O% 45.61 42.1 43.8 47.57

Heating value (in MJ·kg−1 dry feedstock)

HHV 18.11 17.4 — 15.8

LHV 16.3 — — — 

EDX analysis (wt% on a dry basis)

C 53.2 — — — 

O 39.3 — — — 

Ca 5.7 — — — 

Na 1.7 — — — 

BET analysis

SBET(m2·g−1) 2.28 — — — 

Pore volume 
(cm3·g−1)

0.000887 — — — 

Pore size (A˚) 12.6 — — — 

T A B L E  1  Physicochemical 
characterizations of cotton stalk biomass
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F I G U R E  1  SEM images of cotton stalks (A, B), elemental mapping (C- G) and EDX results (H)

10 µm 100 nm

(A) (B)

(C) (D) (E)

(F) (G)

(H)
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predictions for cotton stalk pyrolysis. The same applies to 
any model- fitting approach that computes a single activa-
tion energy value. The integral iso- conversional method 
(FWO), on the other hand, would be more adequate, as it 
takes into account the kinetic behavior of the material pro-
cessed as the conversion progresses. Figure 5B presents the 
activation energy for cotton stalk pyrolysis as a function of 

the reaction progress. The results indicate that high activa-
tion energy of ~250 kJ·mol−1 is observed as the reaction is 
initiated, and this value is reduced as the conversion pro-
gresses. Ea values of ~157, 135, 113, 44, and 35  kJ·mol−1 
are identified at conversion rates of 20 (α = 0.2), 40, 60, 80, 
and 100%, respectively. The results obtained are not in line 
with those reported in the literature. Gupta et al calculated 
the activation energy of cotton stalk pyrolysis in the range 
107- 130  kJ·mol−1 using the FWO method,25 while Chen 
et al reported 118.49- 178.22 kJ·mol−1.27

Furthermore, Yao et al reported an average activation en-
ergy of 169.9 kJ·mol−1 using the FWO method.26 The reason 
behind such deviations may be due to the fact that the TGA 
experiments were carried out at very low heating rates (0.5, 
1, and 2°C·min−1) in this study as compared to those utilized 
by Gupta et al. (5, 10, 15, 20, and 30°C·min−1), Chen et al. 
(15, 25, 35, 45, and 55°C·min−1), as well as Yao et al. (2, 
3.5, 5, 7.5, 10, and 15°C·min−1), allowing for a larger dataset. 
Another explanation regarding the deviation in results can be 
related to the inherent characteristics of the cotton stalks used 
for analysis. This could be due to geographical differences, as 
well as differences in cultivation practices and actual species 
utilized. In relation to this study, the use of AKTS presents 
an opportunity for model construction optimization as well 
as facilitates the plotting of high- resolution data, covering 
10 000 specific data points, which promotes model robust-
ness and accuracy.8

With the support of AKTS, Friedman's differential iso- 
conversional model, a highly reliable method, was utilized in 
computing the kinetic parameters. Figure 6A presents the nat-
ural logarithm of the reaction rate (S−1) versus inverse tem-
perature (T−1) and Figure 6B provides Ea and K0 as a function 
of the conversion rate (α). The results indicate that a high ac-
tivation energy of ~250 kJ·mol−1 is observed as the reaction 
is initiated. This value starts to decline as the conversion pro-
ceeds, reaching ~143 kJ·mol−1 at 20% conversion (α = 0.2) 
and then ~127 kJ·mol−1 at 40% conversion (α = 0.4). The acti-
vation energy then starts to increase, reaching ~133 kJ·mol−1 
at 50% conversion and then sharply declines to ~55 kJ·mol−1 

F I G U R E  2  TGA results for cotton 
stalk decomposition in an inert environment 
at various heating rates 0.5, 1, 2, 4, and 8°C 
min−1

F I G U R E  3  Reaction progress of cotton stalk pyrolysis showing 
conversion (α) versus temperature (°C) at various heating rates, 
presenting actual and simulated results
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F I G U R E  4  Reaction rate (S−1) versus temperature (°C) of cotton 
stalk pyrolysis, presenting actual and simulated results
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at 60% conversion. Furthermore, a gradual decline is ob-
served reaching a low of ~4 kJ·mol−1 at 86% conversion, and 
then an increase is shown to reach ~40 kJ·mol−1 toward the 
end of the reaction. The value obtained for the initial stage of 
the reaction (250 kJ·mol−1) is in line with the results obtained 
using the FWO method in this study. Furthermore, a simi-
lar trend is observed in terms of declining activation energy 
during the initial conversion phase until 40%. The differen-
tial iso- conversional model results then start to deviate from 
those obtained through FWO, by showing a variation in acti-
vation energy of ~133, 55, 3.5, 40 as the reaction proceeded 
at conversion rates 50%, 60%, 86%, and 100%, respectively. 
The differential iso- conversional method, thus far, has shown 
dynamic results, which clearly considers the reaction com-
plexity attributed to lignocellulosic biomass decomposition. 
Table 2 presents the kinetic results at various conversion rates 
using Friedman's differential iso- conversional method as well 
as Flynn- Wall- Ozawa (FWO) integral iso- conversional ap-
proach. The results obtained in this study are compared to 
those reported in the literature.

Based on the results obtained using the differential 
iso- conversional method, isothermal predictions are con-
structed. Figure 7 provides cotton stalk kinetic predictions 
under isothermal pyrolytic conditions covering a tempera-
ture range between 300 and 800°C. The results indicate that 
at 800°C, the reaction reaches completion at approximately 
150  minutes. Lower temperatures are not able to achieve 
100% conversion within this timeframe. However, for bio-
char production, a 100% conversion may not be required to be achieved. Depending on the end product application, the 

required specifications can be met at a conversion rate that 
may range anywhere between 60% and 100%. Residence 
time in industrial- scale biochar systems is a critical aspect as 
it directly impacts production throughput and project prof-
itability. Therefore, a short reaction time is desired, while 
achieving the required conversion rate. The kinetic predic-
tions can provide further insight by providing more infor-
mation on the state of conversion as a function of time under 
various isothermal temperatures, representing continuous 
biochar production in an industrial setting. For example, 
if an 80% conversion adequately meets product specifica-
tions, a reaction time of 18, 24, 35, 58, and 118  minutes 
is required at reaction temperatures of 800, 700, 600, 500, 
and 400°C, respectively. It may not be financially feasible 
to achieve an 80% conversion at 300°C as this would re-
quire ~349 minutes. Operating at a range between 500 and 
800°C would provide good process efficiencies in terms of 
productivity; however, it is crucial to understand the impact 
of such temperature range on the biochar's physicochemical 
properties. It is evident that a higher reaction temperature 
leads to a shorter residence time; thus, higher production 
throughput can be achieved. At a reaction temperature of 
800°C, approximately three times the amount of biomass 
can be processed in a single hour as compared to a reaction 

F I G U R E  5  Kinetic results for cotton stalk pyrolysis based on (A) 
ASTM- E698 method and (B) Flynn- Wall- Ozawa (FWO) method
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rate of 500°C. However, besides production throughput, 
other aspects need to be taken into account for process op-
timization, such as required end product properties, yield, 
as well as process energy efficiency since this influences 
the overall technical and financial viability of the industrial 
biochar production system.

4 |  CONCLUSIONS AND FUTURE 
PERSPECTIVES

In this study, cotton stalk biomass was initially character-
ized to understand its physicochemical properties as a raw 
material for biochar production. Furthermore, AKTS soft-
ware was employed to compute the kinetic parameters as 
well as provide kinetic predictions under isothermal condi-
tions. Three methods were used to compute the Ea value, 
namely ASTM- E698, FWO, and Friedman's differential 

iso- conversional model. The results based on the Friedman's 
differential iso- conversional method showed a high degree 
of reliability as it adequately represents the complex na-
ture of lignocellulosic biomass decomposition. Based on 
such results, kinetic predictions under isothermal condi-
tions were provided. The predictions offer valuable insight 
for industrial- scale biochar project developers as produc-
tion throughput optimization can be further investigated. 
Moreover, the kinetic parameters obtained can be utilized in 
process modeling.8 Further experimental work is required to 
validate the conversion predictions obtained in this study as 
well as further understand the impact of reaction temperature, 
residence time, and other potential production parameters, on 
product yield as well as biochar physicochemical properties, 
for process optimization. A balance between production yield 
and production throughput is required, as well as achieving 
product properties that meet specification requirements for 
the intended application.

Additionally, the differential iso- conversional method 
presented similar results to those obtained via FWO, how-
ever, showing more variation toward the second half of the 
reaction. However, the differential iso- conversional method 
adequately represents the complex nature of lignocellulosic 
biomass decomposition, showing an Ea range between 4 and 
250 kJ·mol−1, depending on the state of conversion. Finally, 
from the thermal predictions outlined in the study, it can be 
concluded that there are diminishing returns from tempera-
tures of 600°C and higher when considering the conversion 
of cotton stalk pyrolysis after 140  minutes. In the authors' 
opinion, a temperature of at least 550- 600°C should be used 
to pyrolyze cotton stalks under isothermal heating.

ACKNOWLEDGMENTS
Authors would like to acknowledge the support given by the 
EPSRC project “Advancing Creative Circular Economies for 
Plastics via Technological- Social Transitions” (ACCEPT 
Transitions, EP/S025545/1). The authors wish to acknowl-
edge the support of The Bryden Centre project (Project ID 
VA5048) which was awarded by The European Union's 
INTERREG VA Programme, managed by the Special EU 
Programmes Body (SEUPB), with match funding pro-
vided by the Department for the Economy in Northern 
Ireland and the Department of Business, Enterprise and 
Innovation in the Republic of Ireland. The authors wish to 
acknowledge the support of Researchers Supporting Project 
number (RSP- 2021/368), King Saud University, Riyadh, 
Saudi Arabia.

AUTHOR CONTRIBUTIONS
SF –  Conceived the idea, collected the data, performed the 
analysis and wrote the paper; AO –  supported with data anal-
ysis and reviewed the paper; CF –  conducted AKTS analysis; 
AAM, AAF, AHF, JH, JD, HY, DR –  reviewed the paper.

T A B L E  2  Apparent activation energy of cotton stalk using 
integral and differential iso- conversional model- free methods

⍺ 
%

This study This study
Gupta et 
al. (2020)

Chen et 
al. (2018)

Differential 
Iso- Conversional FWO FWO FWO

kJ·mol−1

10 172.25 185.81 115 118.49

20 142.8 156.99 119 147.43

30 123.73 141.76 130 143.25

40 127.53 135.36 121 141.84

50 133.03 135.3 112 141.46

60 55.08 110.99 109 144.74

70 34.92 59.56 107 148.68

80 13.88 44.08 113 178.22

F I G U R E  7  Cotton stalk conversion predictions under isothermal 
pyrolytic conditions covering a temperature range between 300 and 
800°C

0 20 40 60 80 100 120 140
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

300°C
400°C
500°C
600°C
700°C
800°C

 C
on

ve
rs

io
n 

(α
)

Time (Minutes)



10 |   FAWZY et Al.

DISCLAIMER
The views and opinions expressed in this paper do not nec-
essarily reflect those of the European Commission or the 
Special EU Programmes Body (SEUPB).

ORCID
Samer Fawzy   https://orcid.org/0000-0001-7071-623X 
Ahmed I. Osman   https://orcid.org/0000-0003-2788-7839 

REFERENCES
 1. Fawzy S, Osman AI, Yang H, Doran J, Rooney DW. Industrial bio-

char systems for atmospheric carbon removal: a review. Environ 
Chem Lett. 2021;19(4):3023- 3055. https://doi.org/10.1007/s1031 
1- 021- 01210 - 1

 2. Fawzy S, Osman AI, Doran J, Rooney DW. Strategies for mitigation 
of climate change: a review. Environ Chem Lett. 2020;18(6):2069- 
2094. https://doi.org/10.1007/s1031 1- 020- 01059 - w

 3. Tursi A. A review on biomass: importance, chemistry, classifica-
tion, and conversion. Biofuel Res J. 2019;6:962- 979. https://doi.
org/10.18331/ BRJ20 19.6.2.3

 4. Kristoferson LA, Bokalders V, editors. Renewable Energy 
Technologies. Pergamon; 1986:27- 33.

 5. OECD, Food & Nations, Agriculture Organization of the United 
Nations. OECD- FAO Agricultural Outlook 2019– 2028. OECD; 
2019.

 6. Mishra RK, Mohanty K. Pyrolysis kinetics and thermal behav-
ior of waste sawdust biomass using thermogravimetric analysis. 
Biores Technol. 2018;251:63- 74. https://doi.org/10.1016/j.biort 
ech.2017.12.029

 7. Luo L, et al. Insight into pyrolysis kinetics of lignocellulosic 
biomass: isoconversional kinetic analysis by the modified 
Friedman method. Energy Fuels. 2020;34:4874- 4881. https://doi.
org/10.1021/acs.energ yfuels.0c00275

 8. Osman AI, Farrell C, Al- Muhtaseb AH, Al- Fatesh AS, Harrison 
J, Rooney DW. Pyrolysis kinetic modelling of abundant plastic 
waste (PET) and in- situ emission monitoring. Environ Sci Europe. 
2020;32:112. https://doi.org/10.1186/s1230 2- 020- 00390 - x

 9. Akor CI, Osman AI, Farrell C, et al. Thermokinetic study of re-
sidual solid digestate from anaerobic digestion. Chem Eng J. 
2021;406:127039. https://doi.org/10.1016/j.cej.2020.127039

 10. Bonilla J, Salazar RP, Mayorga M. Kinetic triplet of Colombian 
sawmill wastes using thermogravimetric analysis. Heliyon. 
2019;5:e02723. https://doi.org/10.1016/j.heliy on.2019.e02723

 11. Osman AI, Young TJ, Farrell C, Harrison J, Al- Muhtaseb AH, 
Rooney DW. Physicochemical characterization and kinetic mod-
eling concerning combustion of waste berry pomace. ACS Sustain 
Chem Eng. 2020;8(47):17573– 17586. https://doi.org/10.1021/
acssu schem eng.0c07390

 12. Muktham R, Ball AS, Bhargava SK, Bankupalli S. Study of thermal 
behavior of deoiled karanja seed cake biomass: thermogravimet-
ric analysis and pyrolysis kinetics. Energy Sci Eng. 2016;4:86- 95. 
https://doi.org/10.1002/ese3.109

 13. Azam M, Ashraf A, Jahromy SS, et al. Isoconversional noniso-
thermal kinetic analysis of municipal solid waste, refuse- derived 
fuel, and coal. Energy Sci Eng. 2020;8:3728- 3739. https://doi.
org/10.1002/ese3.778

 14. Vyazovkin S, Burnham AK, Criado JM, Pérez- Maqueda 
LA, Popescu C, Sbirrazzuoli N. ICTAC Kinetics Committee 

recommendations for performing kinetic computations on ther-
mal analysis data. Thermochim Acta. 2011;520:1- 19. https://doi.
org/10.1016/j.tca.2011.03.034

 15. Xia C, Cai L, Zhang H, Zuo L, Shi SQ, Lam SS. A review on 
the modeling and validation of biomass pyrolysis with a focus on 
product yield and composition. Biofuel Res J. 2021;8:1296- 1315. 
https://doi.org/10.18331/ brj20 21.8.1.2

 16. Liang J, Shan G, Sun Y. Catalytic fast pyrolysis of lignocellulosic 
biomass: critical role of zeolite catalysts. Renew Sustain Energy 
Rev. 2021;139:110707. https://doi.org/10.1016/j.rser.2021.110707

 17. Soltanian S, Lee CL, Lam SS. A review on the role of hierarchical 
zeolites in the production of transportation fuels through catalytic 
fast pyrolysis of biomass. Biofuel Res J. 2020;7:1217- 1234. https://
doi.org/10.18331/ brj20 20.7.3.5

 18. Ge S, Yek PNY, Cheng YW, et al. Progress in microwave py-
rolysis conversion of agricultural waste to value- added biofu-
els: a batch to continuous approach. Renew Sustain Energy Rev. 
2021;135:110148. https://doi.org/10.1016/j.rser.2020.110148

 19. Aghbashlo M, Tabatabaei M, Nadian MH, Davoodnia V, Soltanian 
S. Prognostication of lignocellulosic biomass pyrolysis behavior 
using ANFIS model tuned by PSO algorithm. Fuel. 2019;253:189- 
198. https://doi.org/10.1016/j.fuel.2019.04.169

 20. Aghbashlo M, Tabatabaei M, Nadian MH, et al. Determining 
biomass chemical exergy using a novel hybrid intelligent ap-
proach to promote biomass- based biorefineries. J Clean Prod. 
2020;277:124089. https://doi.org/10.1016/j.jclep ro.2020.124089

 21. Mailto G, Mahar R, Unar I, Brohi K. Kinetic study of cotton 
stalk and rice husk samples under an inert and oxy combustion 
atmospheres. Mehran Univ Res J Eng Technol. 2018;37:327- 336. 
https://doi.org/10.22581/ muet1 982.1802.09

 22. El- Sayed SA, Mostafa ME. Pyrolysis characteristics and kinetic 
parameters determination of biomass fuel powders by differen-
tial thermal gravimetric analysis (TGA/DTG). Energy Convers 
Manage. 2014;85:165- 172. https://doi.org/10.1016/j.encon 
man.2014.05.068

 23. Munir S, Daood SS, Nimmo W, Cunliffe AM, Gibbs BM. Thermal 
analysis and devolatilization kinetics of cotton stalk, sugar cane ba-
gasse and shea meal under nitrogen and air atmospheres. Biores 
Technol. 2009;100:1413- 1418. https://doi.org/10.1016/j.biort 
ech.2008.07.065

 24. Tora EA, Radwan AM, Hamad MA. Kinetics of the thermal de-
composition of Egyptian cotton stalks, corn stalks, and rice straw. 
ARPN J Eng Appl Sci. 2016;11:5711- 5716.

 25. Gupta A, Thengane SK, Mahajani S. Kinetics of pyrolysis and 
gasification of cotton stalk in the central parts of India. Fuel. 
2020;263:116752. https://doi.org/10.1016/j.fuel.2019.116752

 26. Yao F, Wu Q, Lei Y, Guo W, Xu Y. Thermal decomposition kinet-
ics of natural fibers: activation energy with dynamic thermograv-
imetric analysis. Polym Degrad Stab. 2008;93:90- 98. https://doi.
org/10.1016/j.polym degra dstab.2007.10.012

 27. Chen D, Shuang E, Liu L. Analysis of pyrolysis characteristics 
and kinetics of sweet sorghum bagasse and cotton stalk. J Therm 
Anal Calorim. 2018;131:1899- 1909. https://doi.org/10.1007/s1097 
3- 017- 6585- 9

 28. Ebrahimi- Kahrizsangi R, Abbasi MH. Evaluation of reliability of 
Coats- Redfern method for kinetic analysis of non- isothermal TGA. 
Trans Nonferrous Met Soc China. 2008;18:217- 221. https://doi.
org/10.1016/S1003 - 6326(08)60039 - 4

 29. Osman AI, Abdelkader A, Johnston CR, Morgan K, Rooney DW. 
Thermal investigation and kinetic modeling of lignocellulosic 

https://orcid.org/0000-0001-7071-623X
https://orcid.org/0000-0001-7071-623X
https://orcid.org/0000-0003-2788-7839
https://orcid.org/0000-0003-2788-7839
https://doi.org/10.1007/s10311-021-01210-1
https://doi.org/10.1007/s10311-021-01210-1
https://doi.org/10.1007/s10311-020-01059-w
https://doi.org/10.18331/BRJ2019.6.2.3
https://doi.org/10.18331/BRJ2019.6.2.3
https://doi.org/10.1016/j.biortech.2017.12.029
https://doi.org/10.1016/j.biortech.2017.12.029
https://doi.org/10.1021/acs.energyfuels.0c00275
https://doi.org/10.1021/acs.energyfuels.0c00275
https://doi.org/10.1186/s12302-020-00390-x
https://doi.org/10.1016/j.cej.2020.127039
https://doi.org/10.1016/j.heliyon.2019.e02723
https://doi.org/10.1021/acssuschemeng.0c07390
https://doi.org/10.1021/acssuschemeng.0c07390
https://doi.org/10.1002/ese3.109
https://doi.org/10.1002/ese3.778
https://doi.org/10.1002/ese3.778
https://doi.org/10.1016/j.tca.2011.03.034
https://doi.org/10.1016/j.tca.2011.03.034
https://doi.org/10.18331/brj2021.8.1.2
https://doi.org/10.1016/j.rser.2021.110707
https://doi.org/10.18331/brj2020.7.3.5
https://doi.org/10.18331/brj2020.7.3.5
https://doi.org/10.1016/j.rser.2020.110148
https://doi.org/10.1016/j.fuel.2019.04.169
https://doi.org/10.1016/j.jclepro.2020.124089
https://doi.org/10.22581/muet1982.1802.09
https://doi.org/10.1016/j.enconman.2014.05.068
https://doi.org/10.1016/j.enconman.2014.05.068
https://doi.org/10.1016/j.biortech.2008.07.065
https://doi.org/10.1016/j.biortech.2008.07.065
https://doi.org/10.1016/j.fuel.2019.116752
https://doi.org/10.1016/j.polymdegradstab.2007.10.012
https://doi.org/10.1016/j.polymdegradstab.2007.10.012
https://doi.org/10.1007/s10973-017-6585-9
https://doi.org/10.1007/s10973-017-6585-9
https://doi.org/10.1016/S1003-6326(08)60039-4
https://doi.org/10.1016/S1003-6326(08)60039-4


   | 11FAWZY et Al.

biomass combustion for energy production and other applications. 
Ind Eng Chem Res. 2017;56:12119- 12130. https://doi.org/10.1021/
acs.iecr.7b03478

 30. Huang Y- F, Lo S- L. Predicting heating value of lignocellulosic 
biomass based on elemental analysis. Energy. 2020;191:116501. 
https://doi.org/10.1016/j.energy.2019.116501

 31. Osman AI, Ahmed AT, Johnston CR, Rooney DW. Physicochemical 
characterization of miscanthus and its application in heavy met-
als removal from wastewaters. Environ Prog Sustain Energy. 
2018;37:1058- 1067. https://doi.org/10.1002/ep.12783

 32. Singh RK, Patil T, Verma A, Tekade SP, Sawarkar AN. Insights into ki-
netics, reaction mechanism, and thermodynamic analysis of pyrolysis 
of rice straw from rice bowl of India. Bioresource Technology Reports. 
2021;13:100639. https://doi.org/10.1016/j.biteb.2021.100639

 33. Gokul PV, Singh P, Singh VP, Sawarkar AN. Thermal behav-
ior and kinetics of pyrolysis of areca nut husk. Energy Sources 

A: Recovery Util Environ Eff. 2019;41:2906- 2916. https://doi.
org/10.1080/15567 036.2019.1582733

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Fawzy S, Osman AI, 
Farrell C, et al. Characterization and kinetic modeling 
for pyrolytic conversion of cotton stalks. Energy Sci 
Eng. 2021;00:1– 11. https://doi.org/10.1002/ese3.961

https://doi.org/10.1021/acs.iecr.7b03478
https://doi.org/10.1021/acs.iecr.7b03478
https://doi.org/10.1016/j.energy.2019.116501
https://doi.org/10.1002/ep.12783
https://doi.org/10.1016/j.biteb.2021.100639
https://doi.org/10.1080/15567036.2019.1582733
https://doi.org/10.1080/15567036.2019.1582733
https://doi.org/10.1002/ese3.961

