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A B S T R A C T

This study presents a novel and sustainable approach to the valorization of textile spinning industry waste cotton 
(WC) through direct pyrolysis, converting it into high-quality biochar with enhanced energy potential and 
structural stability. This research systematically examines the impact of pyrolysis temperature (300–500◦C) on 
biochar yield, composition, and physicochemical properties to optimize conditions for maximum carbon 
retention and energy efficiency. The results indicate that biochar yield decreased from Biochar yield decreased 
from 50.5 % at 300◦C to 26.7 % at 500◦C, while fixed carbon content increased from 59.33 % to 68.65 %. 
Elemental analysis revealed a rise in carbon content (53.13 % to 73.62 %) and reductions in oxygen (46.7 % to 
13.27 %) and hydrogen (6.06 % to 2.79 %), enhancing thermal stability. X-ray Diffraction (XRD) analysis 
demonstrated a transition from amorphous cellulose to condensed graphitic carbon at higher temperatures. 
Thermogravimetric Analysis (TGA) confirmed superior thermal resistance, with biochar retaining 14.7 % of its 
mass at 800◦C. Differential Scanning Calorimetry (DSC) revealed key thermal transitions, with the endothermic 
peak shifting from 65.5◦C in raw WC to 79.6◦C at 500◦C, indicating increased thermal stability. The calorific 
value peaked at 27.31 MJ/kg at 400◦C, making it a promising solid biofuel. Additionally, Brunauer-Emmett- 
Teller (BET) analysis showed a substantial increase in porosity, with the highest specific surface area of 
225.24 m2/g at 500◦C, improving biochar’s potential for adsorption, catalysis, and energy storage. These find
ings contribute to optimizing pyrolysis conditions for waste cotton valorization, supporting circular economy 
principles, reducing environmental pollution, and enhancing renewable energy applications. By integrating 
pyrolysis into textile waste management, this study offers a scalable and eco-friendly strategy for sustainable 
energy recovery and environmental remediation.

1. Introduction

Cotton spinning is one of the most widely utilized techniques for 
producing spun yarns, transforming staple fibers obtained from the 
cotton ginning process into continuous strands suitable for textile 
manufacturing (Lord, 2003). This process involves multiple critical 
stages, including opening, carding, drawing, combing, roving, spinning, 
and winding, each of which enhances fiber alignment and uniformity to 
achieve high-quality yarn (Negm and Sanad, 2020). However, these 
advancements have not mitigated the substantial waste generated dur
ing the process. Depending on the raw material quality and the desired 
yarn properties, approximately 13–30 % of the initial cotton bale is 

discarded as waste during production (Basu, 2003). Given the increasing 
global cotton production, which currently stands at approximately 26 
million metric tons (MMT) annually according to the International 
Cotton Advisory Committee (ICAC), the resultant accumulation of cot
ton waste poses significant environmental challenges, necessitating 
sustainable waste management solutions (Ranjithkumar et al., 2022). 
The increase in cotton production inevitably results in higher volumes of 
cotton waste, creating an urgent need for sustainable waste management 
solutions.

Cotton is the most widely consumed natural fiber in the textile and 
clothing industry, with global production reaching approximately 24.5 
million tonnes in 2013. Cotton cultivation is primarily concentrated in 
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arid and semi-arid regions, where other crops face significant growth 
challenges. The leading cotton-producing countries include China (26.4 
%), India (20.5 %), the United States (13.9 %), Pakistan (8.5 %), Brazil 
(6.3 %), Uzbekistan (4.1 %), Australia (3.8 %), and Turkey (3.3 %), 
collectively accounting for the majority of global cotton lint production 
(Esteve-Turrillas and de La Guardia, 2017). The global textile industry is 
a major contributor to solid waste generation, with estimates indicating 
that approximately 92 million tons of textile waste were produced in 
2014, a figure projected to rise to 148 million tons annually by 2030 
(Pensupa et al., 2018, Niinimäki et al., 2020). Textile waste includes a 
diverse range of materials, including natural fibers (cotton, wool, silk), 
synthetic fibers (polyester, nylon, acrylic), and blended fabrics, each 
posing unique challenges in waste management and recycling efforts 
(Koszewska, 2019).

Bangladesh, as one of the world’s leading textile and garment pro
ducers, generates significant amounts of textile waste. In 2019 alone, 
approximately 577,000 tons of waste were produced from the country’s 
ready-made garment (RMG) factories and fabric mills. Notably, nearly 
250,000 tons-almost half of the total waste-were identified as pure 
cotton waste, which is 100 % recyclable and valued at approximately 
100 million USD (Koszewska, 2019). Given the rapid expansion of the 
textile sector, this volume is expected to rise, further intensifying waste 
management challenges. Current disposal methods, including open 
dumping, uncontrolled burning, and landfilling, contribute to severe 
environmental problems such as soil and water contamination, air 
pollution, and greenhouse gas emissions (Wang, 2010, Liu et al., 2019).

Recycling has emerged as a potential alternative, but challenges 
remain due to the frequent presence of mixed fibers, synthetic additives, 
and dyes, which limit the quality and usability of recycled cotton fibers 
(Hamawand et al., 2016). Mechanical recycling, though cost-effective, 
results in lower-quality fibers, whereas chemical recycling (Yu et al., 
2018), despite its potential to produce high-value materials such as 
functionalized nanomaterials, remains constrained by high operational 
costs, low recovery efficiency, and the need for harsh processing con
ditions (Haslinger et al., 2019).

Among various types of textile waste, cotton stands out as a partic
ularly promising candidate for sustainable valorization through pyrol
ysis. Cotton, a natural cellulose-based fiber, has a high volatile content 
and calorific value, making it well-suited for thermochemical conver
sion processes (Esteve-Turrillas and de La Guardia, 2017). Unlike syn
thetic textile wastes, which may release toxic compounds such as dioxins 
and furans during pyrolysis, cotton undergoes cleaner thermal degra
dation, yielding valuable byproducts such as biochar, bio-oil, and syngas 
(Nanda and Berruti, 2021). Biochar is a carbon-rich material with 
numerous environmental and agricultural benefits, including soil 
enhancement, carbon sequestration, and improved water retention ca
pacity. Additionally, biochar can serve as an effective adsorbent for 
wastewater treatment (Rachiq et al., 2021, Peighambardoust et al., 
2025, Peighambardoust et al., 2025), aligning with circular economy 
principles.

The significance of waste cotton (WC) as a feedstock for biochar 
production lies in its abundance, renewable nature, and environmental 
benefits. Compared to other textile waste types, WC is free from syn
thetic polymer contamination, facilitating its direct use in high-yield 
biochar production with minimal preprocessing requirements 
(Parthasarathy et al., 2022). Pyrolysis, the thermal decomposition of 
biomass in an oxygen-deficient environment, yields biochar, syngas, and 
bio-oil, offering a sustainable alternative for energy recovery. (Wu et al., 
2022). Among these products, biochar-a carbonaceous solid residue-has 
garnered significant interest due to its potential applications in energy 
storage (Senthil and Lee, 2021), soil amendment (Brassard et al., 2019), 
and carbon sequestration (Luo et al., 2023). The physicochemical 
properties of biochar, including porosity, surface area, and carbon sta
bility, are influenced by key process parameters such as temperature, 
heating rate, and residence time (Seow et al., 2022).

Recent studies have revealed that the pyrolysis of cotton waste 

predominantly results in the formation of biochar, with minimal or 
negligible yields of bio-oil and syngas. This is primarily due to the high 
cellulose and hemicellulose content of cotton fibers, which decompose 
into solid carbonaceous residues rather than volatile compounds (Hoang 
et al., 2021). Unlike lignin-rich biomass, which produces significant 
liquid fractions during pyrolysis, cotton fibers lack the necessary poly
meric structures that facilitate bio-oil generation (Rubi et al., 2023). 
Additionally, the thermal degradation of pure cotton waste occurs 
through dehydration and char-forming pathways, leading to a pre
dominantly solid-phase product with limited gaseous emissions (Sharma 
et al., 2015). However, co-pyrolysis, where cotton waste is processed 
alongside synthetic polymers or other biomass materials, has been 
shown to significantly alter the product distribution by enhancing the 
formation of bio-oil and syngas. The presence of polymeric materials, 
such as polypropylene (PP), polyethylene (PE), or polystyrene (PS), in
troduces hydrocarbon-rich volatile compounds into the reaction envi
ronment, promoting secondary cracking reactions that increase bio-oil 
and gas-phase yields (Li et al., 2025).

This study introduces a novel approach to sustainable textile waste 
management by focusing on the direct pyrolysis of cotton spinning waste 
for biochar production. Unlike previous research that primarily exam
ines mixed textile waste, this study targets high-purity cotton waste, 
which has superior energy recovery potential due to its high cellulose 
content. The research not only explores the thermochemical conversion 
of cotton waste but also evaluates the energy potential and environ
mental benefits of the resulting biochar, filling a critical gap in waste 
valorization strategies. By integrating pyrolysis into the textile indus
try’s sustainability framework, this study provides a scientific basis for 
transforming a significant waste stream into a valuable resource, sup
porting circular economy principles, reducing fossil fuel dependency, 
and mitigating the environmental impact of textile waste accumulation.

2. Experimental

2.1. Materials

Cotton waste obtained from blow room operation was obtained from 
Makson Spinning Ltd., Ashulia, Savar, Dhaka, Bangladesh.

2.2. Raw materials conditioning

Cotton waste samples were ground using a knife mill. The ground 
material was then sieved through a 100-mesh screen to ensure a uniform 
particle size distribution. Prior to the pyrolysis experiments, the sieved 
samples were dried in an oven at 105◦C for 3 h to remove moisture. To 
ensure consistent processing, small batches of the prepared sample were 
used in each pyrolysis run. The knife mill speed was adjusted as needed 
to achieve the desired particle size reduction. This controlled particle 
size reduction and drying procedure is crucial for efficient heat transfer 
during the pyrolysis process and contributes to the consistency and 
reproducibility of the resulting biochar characteristics.

2.3. Design and setup of the pilot pyrolizer

The mini-pilot pyrolysis plant was designed to simulate the process 
of converting biomass into biochar as shown in Figure S1 (in the sup
porting materials). Constructed primarily from stainless steel 306, the 
plant ensures durability and resistance to high temperatures. At the 
heart of the plant lies a cylindrical reactor, 50 cm in length and 75 mm in 
internal diameter, with 5 mm thick walls. To minimize heat loss and 
maintain precise temperature control, the reactor is insulated with glass 
wool and equipped with three 3000W spiral heating wires, capable of 
reaching temperatures up to 800◦C. The feedstock, waste, was loaded 
into a cylindrical stainless-steel sample holder, measuring 36 cm in 
length and 60 mm in diameter, within the reactor.

A vacuum pump, operating at 50–100 psi with a 1400 rpm motor, 
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creates a negative pressure environment within the reactor, facilitating 
the flow of nitrogen gas through the system. The flow rate of nitrogen 
gas is carefully controlled using a rotameter and valves, ensuring 
optimal conditions for the pyrolysis process. As the feedstock was heated 
in the absence of oxygen, it undergoes thermal decomposition, breaking 
down into various products. Gaseous products, including syngas, are 
collected from the pump outlet. The biochar, a solid carbon-rich residue, 
remains in the sample holder after the pyrolysis process. The reactor was 
thoroughly cleaned between runs to prepare for the next experiment. 
The control panel provides a user-friendly interface for monitoring the 
temperature, adjusting heating settings, and implementing an emer
gency stop for safety. This mini-pilot pyrolysis plant offers a valuable 
platform for research and development in the field of biomass conver
sion. It enables scientists to study different feedstocks, process param
eters, and product yields, contributing to the advancement of 
sustainable energy technologies.

2.4. Pyrolysis of waste cotton

Dried textile spinning cotton waste (20 g per run) was subjected to 
pyrolysis in a mini pilot-scale pyrolyzer under a nitrogen atmosphere. 
The pyrolysis experiments were conducted at temperatures of 300◦C, 
350◦C, 400◦C, 450◦C, and 500◦C to investigate the effect of temperature 
on biochar yield. A constant nitrogen flow rate of 5 Lmin-1 was main
tained throughout each run to ensure an inert environment. Pyrolysis of 
50 g dried waste cotton under these conditions primarily yielded biochar 
and some gaseous products, with negligible liquid product collected. 
Each pyrolysis run was performed in triplicate to ensure reproducibility 
and allow for determination of the average biochar yield and standard 
deviation at each temperature.

2.5. Characterization processes

2.5.1. Proximate analysis and char yield
Proximate analysis determines the weight percentages of moisture, 

ash, volatile matter, and fixed carbon in a sample, all of which are 
essential in evaluating the fuel properties of biochar. The quantities of 
volatile combustible matter and fixed carbon directly contribute to the 
heating value of biochar. Fixed carbon serves as the main source of heat 
during combustion, while a higher volatile matter content indicates 
easier ignition when used as a fuel source. The ash content is also critical 
because it impacts furnace design, combustion volume, pollution control 
equipment, and ash handling processes. Standard methods were fol
lowed for proximate analysis: 

a) Moisture content of the sample was determined according to ASTM 
D3173 by drying 1g of the sample at 105◦C in a drying oven for 2 h.

b) Ash content of the sample was measured using a muffle furnace at 
800◦C for 1 h following ASTM D3174.

c) Volatile matter was determined by heating the sample in a crucible 
covered with a lid in a muffle furnace at 800◦C for 7 min, following 
ASTM D3175. The remaining material is fixed carbon and ash.

d) Fixed carbon content was calculated by the following equation:  

The solid char products were collected from the pyrolizer, weighed, 
and stored in airtight containers. The input of biomass was compared to 

the quantity of outputs. 100 % conversion efficiency was assumed, as 
well as a conversion efficiency with a gas loss of ……. %. Char yield was 
calculated with equation (1) in which MC is the mass of the produced 
char, M Feed is the mass of the feedstock, and YChar is the calculated 
percentage yield (Bridgeman et al., 2008): 

Ychar(%) = (MC /MFeed)× 100(2)

2.5.2. Fourier transform infrared spectroscopy (FT-IR)
Fourier Transform Infrared Spectroscopy (FTIR) of the samples was 

performed using a Bruker Alpha ATR-FTIR Spectrometer (Germany) in 
the spectral range of 4000–600 cm-1. The spectra were acquired in 
transmission mode, averaging 64 scans, with a spectral resolution of 4 
cm-1.

2.5.3. X-Ray diffraction (XRD)
XRD analysis was performed to investigate the crystallographic 

structure of the collagen samples. The measurements were carried out 
using a Phillips X-Pert PRO PW3040 X-ray diffractometer operating at 
40 kV and 40 mA, with CuKα radiation (λ = 1.54060 Å). Scans were 
conducted over a 2θ range of 10◦ to 70◦ to determine the crystalline 
properties of the biochar sample.

2.5.4. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) of the samples was carried out 

using a Thermogravimetric Analyzer (Model TGA 8000, PerkinElmer, 
USA) under a nitrogen atmosphere with a flow rate of 20 mL min-¹. The 
samples were heated at a rate of 10◦C min-¹, and the measurements were 
recorded over a temperature range of 50◦C to 800◦C.

2.5.5. Differential scanning calorimetry (DSC)
Differential Scanning Calorimetry (DSC) analysis was conducted 

using a NETZSCH STA 449 F5 Jupiter Simultaneous Thermal Analyzer 
(Germany), which provides a DSC resolution of less than 1 μW (sensor- 
dependent). The measurements were performed in an inert nitrogen 
(N2) environment to prevent oxidation. A controlled heating rate of 5◦C/ 
min was applied. In the DSC evaluation of copper nanoparticles (Cu 
NPs), enthalpy changes were observed, which reflect physical or 
chemical transitions occurring in the material as temperature changes or 
over time.

2.5.6. Surface morphology
The surface morphology and elemental composition of the samples 

were analyzed using a Zeiss Sigma VP300 FE-SEM (Germany). The 
samples were mounted on conductive carbon tape and then sputter- 
coated with a thin layer of gold (~5 nm) prior to examination to 
ensure optimal conductivity and imaging quality.

2.5.7. Brunauer-emmet-teller (BET) surface area
To determine the surface area of the biochar samples, the BET 

method was employed using a BET-201-A sorptometer (PMI, Tampa, FL, 
USA). Biochar samples were first degassed at 200◦C under vacuum to 
eliminate moisture and any volatile substances. Nitrogen gas adsorption 

and desorption isotherms were then generated, enabling calculations of 
surface area, pore volume, and pore size distribution in accordance with 
BET theory. The Barrett–Joyner–Halenda (BJH) method was applied for 
pore size distribution analysis, while the t-plot method was used to es
timate the micropore surface area.

Fixed carbon(%) = 100 − (%Moisture+% Volatile matter+% Ash content) (1) 
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2.5.8. Elemental analysis
Elemental analysis of the waste textile and biochar was conducted 

using a Vario MICRO CHNS Analyzer, which uses combustion analysis at 
high temperatures in an oxygen-rich environment. The sample un
dergoes combustion, and the resulting oxide gases are analyzed using 
Thermal Conductivity Detectors (TCD) and Infrared Detectors. This 
method allows for the detection of carbon, hydrogen, nitrogen, and 
sulfur.

2.5.9. Determination of calorific value
The calorific value of the WC and the biochar were determined using 

an oxygen bomb calorimeter according to the standard method ASTM 
D2015–96. The test measures the energy released by burning a weighed 
sample in oxygen under controlled conditions. The calorimeter was 
calibrated using benzoic acid, and the calorific value was calculated 
based on temperature measurements taken before, during, and after 
combustion.

2.5.10. Gas composition analysis
The composition of the product gas from the pyrolysis process was 

analyzed using a biogas analyzer. Gas samples were collected in gas bags 
15 min after the pyrolysis reactor reached the desired temperature. The 
biogas analyzer provided detailed information on the gas composition.

3. Results and discussion

3.1. Effects of temperature on pyrolysis of waste cotton

The pyrolysis temperature plays an important role in determining the 
product distribution during the pyrolysis of waste cotton, influencing 
the relative yields of biochar. At lower temperatures, such as 300◦C, the 
pyrolysis process is relatively incomplete, resulting in a higher biochar 
yield due to limited decomposition of cellulose and other organic com
ponents. At this stage, the thermal energy primarily drives dehydration 
and minor carbonization, with initial aromatic structures forming 
through the carbonization of reaction intermediates (Bridgwater, 2012).

When the pyrolysis temperature increases to 350◦C, significant 
decomposition of cellulose and hemicellulose occurs, leading to reduc
tion in biochar yield. The temperature facilitates enhanced depolymer
ization and cleavage of glycosidic bonds, producing liquid intermediates 
and volatile compounds. Simultaneously, thermal reactions such as 
aromatization and the breakdown of larger molecules begin to dominate 
(Yang et al., 2007). As the temperature further rises to 500◦C, the py
rolysis process shifts towards increased gasification, evidenced by a 
progressive decline in biochar yield. For instance, biochar yield was 
decreased from 37.5 % at 350◦C to 26.7 % at 500◦C.

This trend is attributed to intensified thermal cracking and secondary 
decomposition reactions, which convert larger molecular weight com
pounds into smaller, volatile gaseous products. Such processes also 
enhance the production of hydrogen, carbon monoxide, carbon dioxide, 
methane, making the process more favorable for gaseous output at 
elevated temperatures (Kambo and Dutta, 2015).

3.2. Proximate analysis

The proximate analysis of biochar derived from waste cotton (WC) at 
varying pyrolysis temperatures, as summarized in Table 1, reveals sig
nificant thermal and compositional transformations. These changes 
highlight the effects of increasing temperature on moisture content, ash 
content, volatile matter, and fixed carbon, providing insights into the 
thermal decomposition mechanisms and potential applications of the 
biochar.

The moisture content of biochar decreased progressively with 
increasing temperature, from 6.33 % in raw WC to 2.52 % at 500◦C. This 
reduction is due to the evaporation of free and bound water during 
pyrolysis, as higher temperatures effectively break hydrogen bonds 
within the biomass structure. Lower moisture content enhances bio
char’s hydrophobicity and storage stability, making it suitable for ap
plications where moisture is a limiting factor, such as solid fuels. Yang 
et al. (Yang et al., 2007) noted that reduced moisture content at higher 
pyrolysis temperatures improves the energy density of biochar, thereby 
increasing its combustion efficiency.

The ash content showed a significant increase, rising from 0.01 % in 
raw WC to 13.13 % at 500◦C. This trend reflects the thermal degradation 
of organic matter, leaving behind mineral-rich residues. At higher 
temperatures, the decomposition of organic compounds results in the 
enrichment of inorganic constituents like potassium, calcium, and 
phosphorus, which contribute to the ash fraction. This is consistent with 
the findings of Leng et al. (Leng et al., 2019), who demonstrated that 
increasing pyrolysis temperatures result in higher ash content in bio
char, which could enhance its value as a soil amendment. However, 
higher ash content may slightly reduce the calorific value of biochar 
when used as a fuel.

The volatile matter content decreased markedly from 34.33 % in raw 
WC to 15.70 % at 500◦C, indicating the release of volatile organic 
compounds during pyrolysis. The sharp decline in volatile matter, 
particularly between 350◦C and 400◦C, corresponds to the major 
devolatilization phase, during which cellulose and hemicellulose 
decompose into lighter organic molecules. This reduction in volatile 
matter content enhances the thermal stability of the biochar. Zhang et al. 
(Zhang et al., 2010) observed a similar trend in the pyrolysis of ligno
cellulosic biomass, attributing the decrease in volatile matter to the 
conversion of labile organic compounds into gases and tar.

On the other hand, the fixed carbon content increased from 59.33 % 
in raw WC to 68.65 % at 500◦C, reflecting the enrichment of thermally 
stable carbonaceous material as non-carbon elements like hydrogen and 
oxygen were volatilized. Fixed carbon content is a critical determinant 
of the energy content and reactivity of biochar, with higher values 
indicating greater energy density and combustion efficiency. The pro
gressive increase in fixed carbon at higher temperatures aligns with the 
carbonization process, as reported by Cha et al. (Cha et al., 2016), where 
the thermal breakdown of biomass polymers concentrates the 
carbon-rich fraction.

These results demonstrate the influence of pyrolysis temperature on 
biochar properties, allowing its composition to be tailored for specific 
applications. Biochar produced at lower temperatures (350◦C-400◦C), 
with higher volatile matter content, is more reactive and suitable for 

Table 1 
Proximate analysis and effect of biochar yield with temperature.

Temperature (◦C) Biochar yield (%) Feed (g) Retention time (min) Proximate analysis

Moisture content (%) Ash content (%) Volatile matter (%) Fixed carbon (%)

WC - - - 6.33 0.01 34.33 59.33
WC-300 50.50 30 60 5.46 1.94 26.68 65.92
WC-350 37.50 4.70 2.87 24.77 67.66
WC-400 33.80 3.94 5.21 22.82 68.03
WC-450 29.95 3.20 8.33 19.95 68.52
WC-500 26.70 2.52 13.13 15.70 68.65
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applications requiring rapid combustion, such as residential heating. In 
contrast, biochar generated at higher temperatures (450◦C-500◦C), with 
reduced volatile matter and increased fixed carbon content, is ideal for 
slow-burning fuels, industrial furnaces, and long-term carbon seques
tration. The ash-rich biochar produced at elevated temperatures may 
also serve as a nutrient source in agricultural applications. The proxi
mate analysis trends confirm that increasing pyrolysis temperature en
hances the carbonization of biochar while concentrating its mineral 
fraction.

3.3. Surface morphology

The Field Emission Scanning Electron Microscopy (FESEM) analysis 
of waste cotton (WC) (a) and waste cotton derived biochar produced 
through pyrolysis at various temperatures reveals key morphological 
transformations. The SEM images of waste cotton and biochar were 
given in Fig. 1 A. In the figure a1 and a2 showed long, fibrous structures 
with diameters ranging from 10 to 30 µm, characteristic of natural 
cotton fibers (Gao et al., 2021).

The pyrolysis of WC at 350◦C (Fig. 1 A b1, b2), the fibers fragmented 
into slightly smaller, plate-like particles with increased surface rough
ness, initiating changes that enhance the material’s adsorption 

potential. The fiber diameter of the char remained approximately 10–20 
mm which means that the biochar retained a structure closely resem
bling that of the original WC fibers (Pituello et al., 2015). However, 
some degradation and fiber shortening occurred due to moisture loss 
and the breakdown of volatile organic compounds. The thermal treat
ment at relatively low temperature resulted in increased surface 
roughness, indicating the beginning of structural changes that would 
enhance its properties for energy applications (Wang et al., 2024).

The pyrolysis at temperature 400–500◦C (Fig. 1 c-d), the biochar 
undergoes significant degradation, resulting in small, granular aggre
gates with a compact, layered morphology. This also adopted a highly 
porous, honeycomb-like structure with irregular particles. Surface 
roughness increases with fiber diameter ranges from 100–200 nm, and 
numerous micropores and nanopores form, with pore sizes ranging from 
30 to 50 nm. This enhanced porosity facilitated greater accessibility for 
adsorbates if applied in adsorption, indicating a potential for contami
nant adsorption applications, while the substantial increase in surface 
area promoted catalytic activities (Lehmann and Joseph, 2024).

This increase in surface area also suggested enhanced combustion 
efficiency indicating potential for renewable energy applications 
(Szwaja et al., 2019). Overall, the FESEM analysis demonstrated the 
progressive transformation from fibrous cotton to a highly porous, 

Fig. 1. Surface morphology (A) and FTIR spectra (B) of waste cotton and waste cotton pyrolyzed biochar. The labels represent: (a) waste cotton, (b) biochar produced 
at 350◦C, (c) biochar produced at 400◦C, (d) biochar produced at 450◦C, and (e) biochar produced at 500◦C.
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carbonized material with increasing surface area and pore size, making 
the biochar suitable for energy and environmental applications.

3.4. FTIR study

Fourier Transform Infrared (FTIR) spectroscopy analysis has been 
instrumental in elucidating the compositional transformations during 
the pyrolysis of waste cotton into biochar across various temperatures 
and is presented in Fig. 1 (B). The initial FTIR spectrum of untreated 
waste cotton showed characteristic peaks indicative of its cellulosic 
nature. A broad absorption band around 3300 cm-1 corresponded to the 
stretching vibrations of hydroxyl (-OH) groups, signifying the presence 
of cellulose and adsorbed moisture (Yang et al., 2007). Peaks in the 
2850–2920 cm-1 range were attributed to C-H stretching vibrations in 
aliphatic chains, further confirming the cellulosic structure (Sun et al., 
2014). A distinct peak at 1636 cm-1 was associated with the bending 
vibrations of adsorbed water molecules (Das et al., 2015). Additionally, 
the peak at 1323 cm-1 was linked to C-O stretching vibrations in alcohols 
and carboxylic acids, while the strong absorption at 1010 cm-1 corre
sponded to C-O-C stretching vibrations in the glycosidic linkages of 
cellulose (Das et al., 2015).

Upon pyrolysis at 350◦C, there was a marked reduction in the in
tensity of the 3300 cm-1 peak, indicating a decrease in -OH group con
tent, suggesting partial dehydration and decomposition of cellulosic 
components. The peaks within the 2850–2920 cm-1 region also dimin
ished, reflecting the thermal degradation of aliphatic chains (Kumar and 

Mishra, 2022). The reduction in the 1636 cm-1 peak intensity signifies to 
decreased adsorbed water content. Similarly, the significant decrease in 
the 1323 cm-1 peak suggested the elimination of C-O containing func
tional groups, and the attenuation of the 1010 cm-1 peak indicated the 
breakdown of glycosidic linkages (Qian et al., 2023).

As the pyrolysis temperature was elevated to 400◦C, further re
ductions in the intensities of peaks associated with oxygen-containing 
functional groups were observed in the FTIR spectrum. The near 
absence of the 3300 cm-1 peak implied a substantial loss of -OH groups. 
The decrease of the intensities of peaks in the 2850–2920 cm-1 range 
indicated ongoing decomposition of aliphatic structures. At 450◦C, the 
FTIR spectrum revealed minimal presence of oxygen-containing func
tional groups. The almost complete disappearance of the 3300 cm-1 peak 
signified near-total removal of -OH groups (Das et al., 2015). The further 
reduction of aliphatic C-H stretching vibrations was evident. The peaks 
at 1636 cm-1, 1323 cm-1, and 1010 cm-1 were barely detectable, sug
gesting substantial elimination of adsorbed water and C-O containing 
functional groups. Finally, at 500◦C, the FTIR spectrum demonstrated 
the most pronounced reduction in oxygen-containing functional groups. 
The complete absence of the 3300 cm⁻¹ peak indicated the total removal 
of -OH groups. Aliphatic C-H stretching vibrations were nearly eradi
cated. The disappearance of peaks at 1636 cm-1, 1323 cm-1, and 1010 
cm-1 confirmed the comprehensive elimination of adsorbed water and 
C-O containing functional groups (Liu et al., 2019).

During the pyrolysis of cotton, the FTIR spectra showed a decrease in 
O–H stretching vibrations around 3574 cm-1 and C-H stretching 

Fig. 2. Physicochemical Properties of Biochar Derived from Waste Cotton (A) XRD pattern of waste cotton; (B) XRD pattern of biochar derived from waste cotton at 
different pyrolysis temperatures; (C) DSC thermograms; and (D) TGA thermograms of waste cotton and its derived biochar. The labels represent: (a) waste cotton, (b) 
biochar produced at 350◦C, (c) at 400◦C, (d) at 450◦C, and (e) at 500◦C.
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vibrations near 2919 cm-1, indicating the degradation of hydroxyl and 
aliphatic groups, respectively (Sun et al., 2014). The removal of specific 
oxygen-containing functional groups, such as hydroxyl (-OH), carboxyl 
(C=O), and ether (C-O-C) groups, during pyrolysis significantly in
fluences the biochar’s adsorptive properties and reactivity. The loss of 
hydrophilic -OH groups reduce the biochar’s affinity for polar mole
cules, potentially diminishing its capacity to adsorb water and other 
polar substances (Islam et al., 2021). Conversely, the elimination of 
these oxygen-containing groups increases the biochar’s hydrophobicity 
and surface area, which can enhance its adsorption potential for 
non-polar molecules (Islam et al., 2021).

3.5. XRD analysis

The X-ray diffraction (XRD) analysis of waste cotton and biochar 
produced at different pyrolysis temperatures reveals critical insights 
into the structural changes during the pyrolysis process and is shown in 
Fig. 2 (A-B). The X-ray Diffraction (XRD) pattern of the waste cotton 
initially revealed a semi-crystalline structure, characteristic of cellulose 
I. The diffractogram showed a prominent peak at approximately 2θ =
22.72◦, serving as an assay mark for the crystalline form of cellulose, 
along with minor peaks at around 14.95◦ and 16.53◦, further confirming 
the presence of cellulose I. The broadness of these peaks indicated that 
the crystalline domains within the waste cotton were relatively small 
and imperfect, a common trait for natural cellulosic materials.

The XRD of biochar produced from waste cotton (WC) pyrolyzed at 
temperatures ranging from 350◦C to 500◦C revealed notable structural 
transformations. At 350◦C, the biochar exhibits a broad, low-intensity 
peak in the 20–30◦ 2θ range, indicative of a predominantly amor
phous carbon structure. This suggests that initial carbonization at this 
temperature results in a disordered carbon matrix with minimal crys
talline domains (Khalid and Inam, 2024).

As the pyrolysis temperature increases to 400◦C and 450◦C, there is a 
noticeable enhancement in peak intensity within the same 20–30◦ 2θ 
region. This trend implies a progressive increase in structural ordering, 
with the development of more organized carbon arrangements 
(Dobariya et al., 2022). However, the persistence of broad peaks in
dicates that the material retains a significant degree of amorphousness.

At 500◦C, the XRD pattern showed a further intensified peak around 
20–30◦ 2θ, suggesting the formation of larger or more numerous 
graphitic-like structures. Despite this increased ordering, the biochar 
does not achieve the sharp, well-defined peaks characteristic of highly 
crystalline graphite, indicating that the material remains largely amor
phous with some semi-crystalline regions. These structural evolutions 
are consistent with findings from other studies (Tomczyk et al., 2020). 
For instance, research has demonstrated that pyrolysis at higher tem
peratures leads to increased ordering within the carbon matrix, yet the 
biochar remains predominantly amorphous even at elevated tempera
tures. Additionally, studies have shown that biochars produced at tem
peratures up to 500◦C exhibit broad XRD peaks, reflecting a disordered 
carbon structure.

The observed increase in structural ordering with rising pyrolysis 
temperatures has significant implications for the biochar’s properties 
and potential applications. Enhanced ordering can improve electrical 
conductivity, making the biochar more suitable for applications in en
ergy storage devices, such as supercapacitors and batteries, where effi
cient charge transport is essential (Liu et al., 2019). Moreover, the 
combination of a porous structure, surface functional groups, and 
improved conductivity renders the biochar a promising candidate for 
electrocatalysis in reactions like oxygen reduction and hydrogen evo
lution. Therefore, tailoring the pyrolysis temperature allows for the 
optimization of biochar properties to meet specific requirements in 
renewable energy applications.

3.6. Thermal properties of biochar

3.6.1. Thermogravimetric analysis (TGA)
According to the TGA in Fig. 2(C), WC loses its 100 % weight at about 

550◦C, while the TGA curves clearly demonstrate that the biochar ex
hibits significantly higher thermal stability compared to waste cotton. 
This increased thermal stability can be attributed to the carbonization 
process during pyrolysis, which leads to the formation of aromatic car
bon structures and elemental carbon (Leng and Huang, 2018). The for
mation of these stable structures imparts greater resistance to thermal 
degradation, resulting in a reduced mass loss during heating. The bio
char produced at 350◦C (b) showed a moderate increase in thermal 
stability compared to (a). It retained 3.1 % of its mass after heating to 
800◦C, indicated a significant reduction in mass loss compared to WC. 
This suggests that the carbonization process at this temperature has 
begun to influence the thermal properties of the material (Kambo and 
Dutta, 2015). As the pyrolysis temperature increases, the thermal sta
bility of the biochar further improves.

The biochar produced at 400◦C (c) and 450◦C (d) exhibit even lower 
mass loss at 800◦C, retaining 4.9 % and 10.2 % of their initial mass, 
respectively. This indicated a more extensive formation of aromatic 
carbon structures and elemental carbon, leading to enhanced thermal 
resistance. The biochar produced at 500◦C (e) showed the highest 
thermal stability among all samples. It retains 14.7 % of its mass after 
heating to 800◦C, demonstrating significant resistance to thermal 
degradation. This high thermal stability can be attributed to the for
mation of highly stable aromatic carbon structures and the presence of 
inorganic matter, which acts as a thermal barrier. The increased thermal 
stability and reduced mass loss of the biochar have significant implica
tions for their potential applications.

3.7. Differential scanning calorimetric (DSC) analysis

The Differential Scanning Calorimetry (DSC) analysis of waste cotton 
and its derived biochar at varying temperatures (as shown in Fig. 2 (C)) 
revealed distinct thermal transitions, providing insights into their 
structural and chemical transformations. The DSC curve of waste cotton 
exhibited a broad endothermic peak centered around 65.5◦C, which was 
attributed to the dehydration of hydrophilic components, primarily due 
to the evaporation of absorbed moisture and the release of bound water 
from the amorphous regions of cellulose (Liu et al., 2019). Upon py
rolysis at 350◦C and 400◦C (Fig 2(C) b and c), the resulting biochar 
showed a similar but less pronounced endothermic peak shifted to 
74.4◦C, the endothermic peak shifted to 74.4◦C and became more 
defined, indicating a change in the nature of the remaining volatile 
components or a more uniform thermal transition within the biochar 
structure, possibly related to the release of low molecular weight organic 
compounds (Zhang et al., 2023).

Further increasing the pyrolysis temperature to 450◦C resulted in a 
continued shift of the endothermic peak to 74.1◦C with similar sharp
ness. This shift suggested the stabilization of the biochar structure, 
possibly due to the removal of less thermally stable oxygen-containing 
functional groups, such as hydroxyl (-OH) and carboxyl (-COOH) 
groups, which decompose at moderate temperatures (Tomczyk et al., 
2020). At 500◦C, the endothermic peak further shifted to 79.6◦C and 
became broader, with a noticeable increase in heat flow. This indicated a 
more complex thermal transition, likely involving the structural rear
rangement of the carbonaceous matrix and the decomposition of ther
mally stable functional groups, such as lactones and carbonyl groups 
(Usevičiūtė and Baltrėnaitė-Gedienė, 2021). The higher temperature 
required for this transition suggested that biochar produced at 500◦C 
had a more thermally stable structure compared to those produced at 
lower temperatures.

In addition to the endothermic peaks, all biochar samples exhibited a 
gradual exothermic trend starting around 225◦C, which was attributed 
to the oxidative decomposition of the remaining carbonaceous material 
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in the presence of air. The onset of this exotherm indicated the thermal 
stability limit of the biochar in an oxidizing environment. The biochar 
produced at 500◦C showed the highest exothermic heat flow, suggesting 
a higher degree of carbonization and a larger amount of oxidizable 
carbon present (Chen et al., 2020). This exothermic behavior corre
sponded to the combustion of more graphitic and thermally stable car
bon structures, which is crucial for applications in thermochemical 
energy conversion, such as combustion and gasification (Jagnade et al., 
2023).

3.8. BET analysis

The Brunauer-Emmett-Teller (BET) analysis of biochar produced 
from co-pyrolysis of sludge and cotton stalk at 400◦C and 500◦C 
revealed significant differences in surface area and porosity, which are 
key factors in determining its suitability as a solid fuel. The BET surface 
area, pore structures, and pore size results are presented in Table 2. At 
400◦C, the BET surface area was 156.25 m²/g, while at 500◦C, it 
increased to 225.24 m²/g. This increase is attributed to enhanced 
biomass decomposition at higher temperatures, which promotes the 
formation of a more porous structure through the release of volatile 
gases, creating both micropores (<2 nm) and mesopores (2–50 nm) 
(Kambo and Dutta, 2015).

The pore size distribution showed a clear trend: biochar produced at 
400◦C had pores in the range of 1.0–2.5 nm, whereas at 500◦C, the range 
expanded to 1.1–2.7 nm, indicating a more developed and inter
connected pore network. This increased porosity improves the biochar’s 
combustion efficiency, as higher surface area provides more active sites 
for reactions, facilitating better oxygen diffusion and reactivity, which 
are critical for solid fuel performance (Chen et al., 2014).

The addition of sludge further enhances the pore structure, particu
larly in the 3–80 nm range, compared to the non-porous cotton stalk 
biochar, contributing to a more porous and reactive biochar at higher 
pyrolysis temperatures (Wang et al., 2024). This improved porosity and 
surface area make biochar from 500◦C particularly suitable for 
high-performance energy production systems.

3.9. Elemental analysis

The elemental analysis data in Table 3 revealed significant shifts in 
the elemental composition of waste cotton (WC) after pyrolysis, with 
changes becoming more pronounced at higher pyrolysis temperatures. 
These shifts highlighted the transformation of WC to WCB, with an in
crease in carbon content and a reduction in other elements such as ox
ygen, hydrogen, sulfur, and nitrogen. WC initially has a carbon content 
of 41.95 %. However, after pyrolysis, the carbon percentage in biochar 
increases significantly with temperature, reaching a high of 73.62 % at 
500◦C. This increase indicated that pyrolysis, especially at elevated 
temperatures, promotes carbonization, concentrating carbon while 
eliminating more volatile elements (Liu et al., 2017).

Oxygen content in waste cotton begins at 46.7 %, a relatively high 
level due to organic matter and moisture. During pyrolysis, oxygen 

levels decrease sharply, with biochar at 500◦C containing only 13.27 % 
oxygen. This reduction is a result of deoxygenation as volatile com
pounds are released, yielding a more stable biochar with a lower 
moisture affinity, which is favorable for use as a solid fuel (Lee et al., 
2023). Hydrogen content also decreased notably, from 6.06 % in WC to 
2.79 % in WCB-500 pyrolyzed at 500◦C. The decrease of both hydrogen 
and oxygen suggests less oxygen-containing functional groups at 
high-temperature biochar, with enhanced stability and calorific value, 
making it a better energy source (Li et al., 2023).

Sulfur content reduced from 0.80 % in waste cotton to 0.29 % in 
WCB-500 pyrolyzed at 500◦C. This decrease in sulfur indicates that 
pyrolysis can reduce sulfur emissions, an environmental benefit that 
makes high-temperature biochar an environmentally friendly fuel. The 
sulfur content of biochar at 350◦C and above is well below the typical 5 
% threshold, supporting its suitability as a solid fuel alternative that 
meets environmental standards (Goswami et al., 2021).

Nitrogen content slightly varies across the temperatures, with the N/ 
C ratio peaking at 0.0466 in biochar produced at 400◦C. This indicated 
that biochar produced at this temperature could retain nitrogen more 
effectively, which can be beneficial for applications in soil amendment 
and environmental remediation. The H/C and O/C ratios both decrease 
as pyrolysis temperature rises, indicating a progression toward more 
stable, aromatic biochar. Lower H/C ratios suggest increased aroma
ticity, which improves the biochar’s resistance to microbial degradation. 
Lower O/C ratios imply a more carbon-rich, stable structure, further 
enhancing the biochar’s durability and energy density (Goswami et al., 
2021).

Biochar produced at different temperatures can be compared with 
coal types. For instance, biochar from lower pyrolysis temperatures (e. 
g., 300◦C) has characteristics like lignite coal, with relatively high ox
ygen content and moderate carbon. In contrast, biochar produced at 
400–500◦C resembles bituminous coal, showing high carbon and low 
sulfur levels. These characteristics make high-temperature biochar a 
viable, sustainable alternative to bituminous coal as a solid fuel (Babin 
et al., 2021). The results revealed that increasing the pyrolysis temper
ature results in a biochar with higher carbon content, lower H/C and 
O/C ratios, and reduced sulfur, positioning it as a more stable, 
energy-dense, and environmentally friendly fuel option.

3.10. Calorific value

The calorific value of biochar, a measure of its energy potential, is 
profoundly influenced by the pyrolysis temperature due to changes in its 
chemical composition and structural properties (Yang et al., 2007). The 
calorific value of biochar produced from raw cotton waste in the spin
ning industry by pyrolysis was a critical factor in determining its po
tential as a solid fuel. The values provided for different pyrolysis 
temperatures (WC-300, WC-350, WC-400, WC-450, and WC-500) re
flected the impact of temperature on the energy content of the resulting 
biochar. The results clearly showed that the calorific value of the biochar 
increased with the pyrolysis temperature, peaking at 400◦C. This trend 
was consistent with the general understanding of pyrolysis chemistry 
and its influence on biochar characteristics (Zhang et al., 2020).

Pyrolysis is a thermochemical process where organic materials are 
heated in the absence of oxygen, leading to the breakdown of complex 
molecules into simpler compounds. During pyrolysis, the temperature 
plays a significant role in determining the composition and structure of 
the resulting biochar. At low pyrolysis temperatures, around 300◦C, 
pyrolysis primarily drove off volatile components such as water, CO2, 
and organic volatiles, but the carbon content of the biochar remained 
relatively low. As a result, the calorific value was moderate (22.0 MJ/ 
kg). The biochar at this temperature tended to have a higher oxygen 
content and lower carbon content, which limited its energy density 
compared to biochar produced at higher temperatures (Tomczyk et al., 
2020, Amalina et al., 2022).

At medium pyrolysis temperatures, between 350◦C and 400◦C, the 

Table 2 
BET surface area and porosity of biochar.

Name Method & 
Temp

Surface 
area

Pore 
structure

Pore 
size

References

m2/g nm

WC- 
400

Pyrolysis 
(400◦C)

156.25 Micro & 
mesopores

1.0–2.5 This work

WC- 
500

Pyrolysis 
(500◦C)

225.24 1.1–2.7

GSC- 
400

Co-pyrolysis 
(400◦C)

1.58 Micro & 
mesopores

28.58 (Wang et al., 
2024)

GSC- 
500

Co-pyrolysis 
(400◦C)

5.49 ​ 13.69 ​
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conversion of cellulose, hemicellulose, and lignin into more stable car
bon structures was more complete. This led to a biochar with a higher 
carbon content, fewer volatiles, and lower oxygen content, significantly 
enhancing its calorific value. The calorific value peaked at 400◦C (27.31 
MJ/kg), reflecting an optimal balance between carbonization and the 
structural integrity of the biochar. The biochar produced at this tem
perature was highly suitable for use as a solid fuel due to its relatively 
high energy content (Shen et al., 2019).

At high pyrolysis temperatures, above 450◦C, the biochar continued 
to undergo further carbonization, and the structural integrity of the 
carbon matrix improved. However, higher temperatures could lead to 
the formation of graphite-like structures, which might reduce the bio
char’s reactivity and energy release potential when combusted. As 
observed, the calorific value at 450◦C (27.02 MJ/kg) and 500◦C (27.29 
MJ/kg) was slightly lower than at 400◦C, possibly due to the reduced 
reactivity of the biochar at these higher temperatures (Selvarajoo and 
Oochit, 2020).

The calorific value of biochar was an essential parameter for its po
tential use as a solid fuel. Biochar with a high calorific value indicated a 
higher energy content per unit mass, making it a more effective fuel for 
combustion. The values presented suggested that biochar produced at 
300◦C had a moderate calorific value but was still suitable for some 
energy applications. The 350◦C-400◦C range produced biochar with an 
excellent calorific value, making it highly suitable as a solid fuel for 
combustion. This biochar had a good balance of energy content and 
carbon structure. Biochar produced at 450◦C-500◦C still retained a 
relatively high calorific value, but its structural properties may have 
made it less reactive as a fuel, reducing its efficiency compared to the 
biochar from the 350◦C-400◦C range (Pariyar et al., 2020).

The relationship between pyrolysis temperature and biochar char
acteristics has been well documented in various studies. The calorific 
value of biochar increased as the pyrolysis temperature rose due to 
increased carbon content and decreased oxygenated functional groups. 
The higher pyrolysis temperatures led to a greater degree of carbon
ization, resulting in biochar with higher calorific values, making it a 
better fuel source (Pariyar et al., 2020). The calorific value of biochar 
produced from raw cotton waste increased with temperature, with the 
highest values achieved at 350–400◦C. This temperature range provided 
biochar with an optimal carbon content and energy density, making it 
suitable as a solid fuel. The slightly lower calorific values at 450◦C and 
500◦C suggested that although the biochar remained energy-dense, its 
suitability as a fuel might be reduced due to lower reactivity. Therefore, 
pyrolysis at 400◦C was considered the most efficient for producing 
biochar with the best balance of energy content and fuel properties 

(Tomczyk et al., 2020).

3.11. Gas composition analysis

The analysis of the product gas composition from the pyrolysis of 
waste cotton, as presented in Table 4, revealed a clear relationship be
tween pyrolysis temperature and the composition of the gaseous prod
ucts. Notably, nitrogen (N2) constituted most of the gas at all 
temperatures, decreasing only slightly as the temperature increased 
from 300◦C to 500◦C. At 500◦C, N2 accounted for 94.15 % of the product 
gas, compared to 98.55 % at 300◦C. This high proportion of nitrogen, 
which originated from the inert atmosphere maintained during the py
rolysis process, significantly diluted the combustible gas fraction, 
reducing the potential of the gas for energy recovery. The inert nitrogen 
atmosphere prevented complete oxidation and facilitated the thermal 
degradation of the biomass, yet it limited the presence of oxidizing 
agents necessary for more efficient gas production (Rajendiran et al., 
2023).

The methane (CH4) content showed a marked increase as the py
rolysis temperature rose, from 0.7 % at 300◦C to 5.1 % at 500◦C. This 
rise in methane production was attributed to the thermal degradation of 
cellulose, hemicellulose, and lignin in the waste cotton, as well as 
methanation reactions favored by the higher pyrolysis temperatures. 
Methane is a key component of syngas and contributes to the calorific 
value of the gaseous product, making it crucial for solid fuel applications 
(Zhang et al., 2015). Although the overall methane concentration 
remained relatively low, its increase at elevated temperatures indicated 
that optimizing the pyrolysis process could improve the energy yield of 
the product gas.

Carbon monoxide (CO) also exhibited a notable rise, increasing from 
0.05 % at 300◦C to 0.65 % at 500◦C. Carbon monoxide is another sig
nificant energy carrier in the product gas and its increased presence with 
rising temperature suggested enhanced potential for syngas production. 
However, the low CO concentration overall indicated that additional 
modifications, such as introducing air or oxygen, might be necessary to 
increase CO production and improve the gas’s utility as a fuel 
(Jayakumar et al., 2023). Conversely, the carbon dioxide (CO2) content 
in the product gas decreased as the temperature increased, dropping 
from 0.70 % at 300◦C to 0.10 % at 500◦C.

This reduction was likely due to the consumption of available oxygen 
in the system and the dominance of CO formation reactions at higher 
temperatures. The lower CO2 concentration is favorable from an energy 
perspective, as it indicates a higher proportion of combustible gases in 
the product gas at elevated temperatures (Jayakumar et al., 2023). CO2 
does not contribute to the calorific value of the gas, and its reduction 
improves the overall energy potential of the product gas. Despite these 
changes in gas composition, the dominant presence of nitrogen, which 
remained above 94 % even at 500◦C, limited the energy recovery po
tential of the product gas. As a result, the gaseous products from the 
pyrolysis of waste cotton under nitrogen-rich conditions were not 
particularly conducive to energy recovery or syngas production 
(Lehmann and Joseph, 2015).

While the increased production of methane and carbon monoxide at 
higher temperatures is promising for energy recovery, the high nitrogen 

Table 3 
Elemental compositions of waste cotton, biochar, and comparison with coal.

Sample name C (%) N (%) H (%) O (%) S (%) N/C H/C O/C

WC 41.95 2.19 6.06 46.70 0.80 0.0522 0.1445 1.1132
WCB (300◦C) 53.13 2.30 5.93 34.18 0.58 0.0433 0.1116 0.6433
WCB (350◦C) 66.32 2.24 5.44 21.22 0.39 0.0338 0.0820 0.3200
WCB (400◦C) 67.63 3.15 4.35 18.2 0.35 0.0466 0.0643 0.2691
WCB (450◦C) 70.78 2.53 3.49 15.95 0.34 0.0357 0.0493 0.2253
WCB (500◦C) 73.62 2.83 2.79 13.27 0.29 0.0384 0.0379 0.1802
Lignite coal (Ghetti, 1986) 61.30 1.10 5.40 30.80 1.40 0.0179 0.0881 0.5024
Bituminous coal (Ghetti, 1986) 75.90 1.50 5.30 12.60 4.70 0.0198 0.0698 0.1660

Table 4 
Composition of pyrolysis product gas.

Pyrolysis Temperature (◦C) N2 (%) CH4 (%) CO2 (%) CO (%)

300◦C 98.55 0.7 0.70 0.05
350◦C 98.94 0.8 0.18 0.08
400◦C 97.37 2.4 0.14 0.09
450◦C 95.47 4.2 0.10 0.23
500◦C 94.15 5.1 0.10 0.65
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content significantly limits the overall energy potential of the product 
gas. To improve the energy yield, strategies such as optimizing the py
rolysis process, introducing oxidizing agents, or separating the valuable 
components from the nitrogen-rich gas stream could be considered.

The analysis of the product gas composition reveals that while py
rolysis of waste cotton can produce valuable gaseous products, the high 
nitrogen content limits their energy recovery potential. To enhance the 
energy yield, future research should focus on optimizing the pyrolysis 
conditions, exploring alternative gasification techniques, and devel
oping efficient gas separation and purification technologies.

4. Conclusion

This study demonstrated the efficient conversion of waste cotton 
(WC) into biochar through pyrolysis and the results showed that higher 
pyrolysis temperatures enhanced biochar’s fixed carbon content and 
calorific value while reducing volatile matter and moisture content. The 
calorific value peaked at 400◦C (27.31 MJ/kg), making it a viable 
alternative to conventional solid fuels. Despite these promising findings, 
some limitations remain. The biochar yield decreased with temperature, 
which may impact large-scale applications. Additionally, the high ash 
content at elevated temperatures could affect fuel efficiency. Future 
research should focus on optimizing pyrolysis parameters to maximize 
biochar yield while maintaining desirable properties. Further studies on 
biochar functionalization for environmental applications, such as 
wastewater treatment and soil amendment, could expand its utility. 
Integrating this approach into industrial-scale textile cotton waste 
management can contribute to sustainable waste valorization, carbon 
sequestration, and renewable energy development, aligning with cir
cular economy goals and climate change mitigation strategies.
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