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Introduction

Anaerobic pyrolysis of textile garment waste for the
production of multifunctional biochar: fuel
performance and Pb(i) and Cr(vi) adsorption with

machine learning prediction
Thu Huong Nguyen,? Trung Kien Hoang,? Huu-Tap Van{® and Thi Minh Phuong
Nguyen (2 *<d

The rapid growth of the textile and garment industry generates large quantities of solid waste and heavy-
metal-contaminated wastewater, creating coupled environmental challenges that require integrated
solutions. In this study, post-industrial garment waste was valorized into a multifunctional carbon
material via anaerobic pyrolysis and evaluated for dual applications as a solid fuel and as an adsorbent for
simultaneous Pb(i) and Cr(vi) removal from aqueous solutions. Carbonized garment waste biochars
(CGW) were produced at 400-900 °C and characterized by SEM, EDX, XRD, FTIR and BET analyses.
Carbonization temperature strongly influenced surface chemistry, pore structure, and functionality.
CGW600 exhibited the highest surface area (56.85 m? g™ and pore volume (0.046 cm® g%, whereas
CGWB800-900 showed superior fuel properties with high carbon content (>76 wt%), low ash (<1.4 wt%),
and high calorific values (6906-7069 kcal kg™%). CGW600 achieved maximum adsorption capacities of
23.18 mg g~ * for Pb(i) and 19.68 mg g~ for Cr(v), with effective simultaneous removal at pH 7 (9.43 +
0.26 and 8.78 + 0.18 mg g%, respectively). Spectroscopic evidence and modeling indicate adsorption
dominated by surface complexation and ion exchange, with additional redox-assisted interactions for
Cr(vi). Machine learning analysis (R> = 0.99 for Pb; 0.987 for Cr) identified pH, adsorbent dosage and
initial concentration as key controlling factors. The present results outline a temperature-dependent
methodology for upcycling textile waste into advanced carbon materials with dual applicability in energy
generation and aqueous pollutant removal. Such an integrated framework advances sustainable material
development and contributes to effective strategies for environmental cleanup and reduced waste burden.

waste management remains largely disposal-oriented, with
limited implementation of resource recovery or circular

The global textile and garment industry has experienced rapid
growth over recent decades, accompanied by a substantial
increase in solid waste generation, particularly post-industrial
garment scraps and off-cuts. Current estimates indicate that
more than 90 million tonnes of textile waste are produced
annually worldwide, with over two-thirds disposed of in land-
fills or incinerated, leading to environmental burdens, green-
house gas emissions, and the loss of carbon-rich resources.™” In
rapidly industrializing countries such as Vietnam, where textile
manufacturing represents a major economic sector, garment
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economy strategies.’

Biochar derived from biomass waste has been widely inves-
tigated as a low-cost, sustainable material for environmental
remediation, owing to its porous structure, surface functional
groups, and tunable physicochemical properties. Previous
studies have demonstrated the effectiveness of biochar in
adsorbing organic dyes, pharmaceuticals, and heavy metals, as
well as its role as a functional support in advanced remediation
systems. For example, pomegranate peel - derived biochar
exhibited high adsorption capacity for malachite green via
surface adsorption and pore-filling mechanisms, highlighting
the potential of agricultural waste valorization for pollutant
removal.? Beyond conventional adsorption, recent studies have
expanded the role of biochar to multifunctional environmental
applications. Biochar has been employed as a conductive
support to enhance charge transfer in photocatalytic systems,
enabling synergistic adsorption-degradation pathways for
recalcitrant pollutants. For instance, Rheum ribes waste-
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derived biochar-supported Bi,MoOs nanocomposites exhibited
efficient charge separation and visible-light-driven antibiotic
degradation, underscoring biochar's role in facilitating electron
transport and interfacial reactions.® In parallel, biochar has also
been integrated into biological and hybrid remediation strate-
gies. It has been reported as an effective carrier for plant growth-
promoting bacteria in phytoremediation systems, thereby
improving microbial survival, pollutant immobilization, and
remediation efficiency.® Furthermore, nanobioremediation
approaches combining microorganisms with nanostructured
materials have been proposed to enhance metal immobiliza-
tion, redox transformations, and detoxification, particularly
under complex environmental conditions.”

Thermochemical conversion, particularly anaerobic pyrol-
ysis, has emerged as an effective route for valorizing textile
waste into value-added products such as biochar, syngas, and
bio-0il.* Pyrolysis reduces waste volume and toxicity while
enabling energy recovery and material reuse, supporting
sustainable waste management and circular economy
concepts.”** Carbonized textile-derived’* materials typically
exhibit high fixed carbon content and low ash content, making
them suitable for solid-fuel applications.” Several studies have
reported that textile- and polymer-containing wastes can be
converted into chars with calorific values comparable to or
exceeding those of conventional coal-based fuels, indicating
potential for household and small-scale industrial energy use.™
Elevated carbonization temperatures, while improving fuel
quality, can induce structural densification and reduce surface
functionality, which limits environmental remediation
performance.

Biochar has also been extensively investigated as an adsor-
bent for heavy metal removal from aqueous systems. Its
adsorption performance depends on surface chemistry, pore
structure, and mineral composition, which are strongly influ-
enced by feedstock characteristics and pyrolysis conditions.*
Most studies have focused on agricultural residues and forestry
biomass, whereas the conversion of actual garment waste -
often containing cotton-polyester blends, dyes, and finishing
additives — into multifunctional biochar remains underex-
plored. The heterogeneous composition of garment waste can
significantly affect both combustion behavior and adsorption
mechanisms.

Most existing studies treat biochar either as a fuel or as an
adsorbent, with limited consideration of its dual functionality.
Integrating energy recovery with wastewater treatment could
improve the technical and economic feasibility of textile waste
valorization. Carbonized garment waste-derived biochar (CGW),
for example, could be used as a cooking or heating fuel. In
contrast, the same material, whether used before or after partial
utilization, could serve as an adsorbent for heavy metal removal.
Achieving this multifunctionality requires optimization of
carbonization conditions to balance fuel-related properties,
such as calorific value, ash content, and combustion stability,
with adsorption-related properties, including surface area,
functional groups, and pore accessibility.

A further knowledge gap concerns the simultaneous removal
of Pb(u) and Cr(vi) under environmentally relevant conditions.
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Pb(u) adsorption is generally favored at neutral to alkaline pH
through electrostatic attraction and surface complexation,
whereas Cr(vi) removal is often most efficient under acidic
conditions due to enhanced electrostatic attraction and reduc-
tion to Cr(ur)."* In practical wastewater treatment, extreme pH
adjustment is undesirable, and operation near neutral pH is
preferred.'” As a result, the mechanistic understanding of Pb—-Cr
co-removal at near-neutral pH using waste-derived biochars
remains limited.

Classical kinetic and isotherm models may not fully capture
the non-linear interactions among process variables such as pH,
adsorbent dosage, contact time, initial concentration, and
material properties. Machine learning approaches, including
artificial neural networks, random forests, and support vector
machines, have shown strong potential for predicting adsorp-
tion performance and identifying dominant controlling factors
in complex environmental systems.'® Their application to
mixed-metal adsorption systems using textile waste-derived bi-
ochars, particularly in conjunction with fuel performance
evaluation, remains scarce.

Recent advances have demonstrated that biomass-derived
carbon materials (including biochar-like frameworks) can be
engineered with tailored surface chemistry and functionality,
enabling high performance not only in adsorption but also in
catalysis and sustainable energy conversion. For instance,
Huang et al. reported a lignin-derived layered 3D biochar with
controllable acidity, highlighting how rational tuning of acid/
base sites and microstructure can markedly enhance func-
tional performance in catalytic upgrading processes.” In
a related direction, Huang et al. developed a graphene-like
biomaterial-based system anchored with neighboring potas-
sium single atoms, achieving efficient biodiesel production
under mild conditions and demonstrating the growing capa-
bility of bio-derived carbon platforms to deliver advanced,
highly active functional sites while aligning with carbon-
negative or low-carbon concepts.”® Despite this progress, an
integrated assessment that simultaneously valorizes real post-
industrial garment waste into a multifunctional carbon mate-
rial for solid-fuel performance and simultaneous Pb(u)/Cr(vi)
removal at near-neutral pH, combined with machine-learning-
based prediction, remains limited. Therefore, the present
study advances the field by providing a unified framework that
couples textile-waste-to-energy valorization with wastewater
remediation using a single waste-derived carbon material.

Despite these advances, several critical gaps remain. Most
existing studies focus on a single biochar functionality, such as
adsorption or catalytic support, without considering trade-offs
between energy recovery and environmental remediation. In
addition, most adsorption studies are conducted under tightly
controlled conditions, limiting their relevance to real-world
scenarios where multiple contaminants coexist at environ-
mentally relevant pH values. Moreover, the valorization of post-
industrial textile waste into multifunctional carbon materials
remains underexplored. To address these gaps, the present
study converts post-industrial garment waste into a multifunc-
tional biochar via anaerobic pyrolysis. It systematically evalu-
ates its dual performance as a solid fuel and as an adsorbent for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the simultaneous removal of Pb(u) and Cr(vi) from aqueous
solutions. The effects of carbonization temperature on material
properties, energy performance, adsorption behavior, and
underlying mechanisms are elucidated through comprehensive
characterization and machine-learning analysis.

It is hypothesized that the carbonization temperature of
post-industrial garment waste is a critical process parameter
that governs the multifunctional performance of the resulting
biochar, thereby generating an intrinsic trade-off between its
fuel properties and adsorption capacity. Specifically, fixed
carbon content, higher heating value (calorific value), and
combustion stability are expected to be increased when higher
carbonization temperatures are applied, whereas greater
specific surface area and a higher density of surface oxygen-
containing functional groups - particularly favorable for Pb(r)
and Cr(vi) adsorption - are anticipated to be preserved at
moderate carbonization temperatures. Although simultaneous
maximization of both energetic performance and heavy metal
adsorption efficiency in a single biochar sample is unlikely, it is
proposed that a practically viable balance can be achieved
through careful optimization of the carbonization temperature,
enabling integrated applications in waste-derived energy
recovery and wastewater remediation.

Materials and methods

This section describes the experimental design, material prep-
aration, characterization techniques and analytical methods
employed to evaluate the CGW as both a solid fuel and an
adsorbent. The methodological framework was designed to
systematically investigate how carbonization temperature
governs the trade-off between energy recovery and adsorption
performance, thereby enabling the establishment of a struc-
ture-property-function relationship.

Chemicals

Lead nitrate (Pb(NOj),, =99.0% purity, Sigma-Aldrich) and
potassium dichromate (K,Cr,O;, =99.5% purity, Merck) were
used as Pb(u) and Cr(vi) sources, respectively. Nitric acid (HNO3,
65%, Merck) and sodium hydroxide (NaOH, =98%, Sigma-
Aldrich) were employed for pH adjustment. All chemicals
were of analytical grade and used as received without further
purification. Deionized water was used throughout the
experiments.

A synthetic wastewater solution was prepared to simulate
effluents from textile dyeing and finishing operations. The
simulated solution contained lead (Pb**) and chromium (Cr®")
ions, introduced as Pb(NO3), and K,Cr,0-, respectively. A stock
solution of 1000 mg L™' was prepared for each metal, and
subsequent working solutions were obtained by serial dilution
to concentrations ranging from 50 to 500 mg L~ '. These
controlled solutions were used to systematically evaluate the
biochar's adsorption capacity and removal efficiency under
varying physicochemical conditions, including pH, temperature
and contact time.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Preparation of adsorption material from garment waste via
anaerobic pyrolysis

The CGW was synthesized via anaerobic pyrolysis, a thermo-
chemical decomposition process conducted in the absence of
oxygen, thereby converting textile waste into high-value biochar.
The complete experimental workflow is detailed as follows.

Feedstock preparation. The garment waste used as the
carbonaceous precursor was collected from the Thanh Hung
garment factory (Thai Nguyen, Vietnam). The waste primarily
consisted of discarded fabrics and off-cuts generated during
garment manufacturing, with a predominant composition of
cotton fibers blended with polyester. Prior to carbonization, the
textile waste samples were manually sorted to remove non-
fabric contaminants, such as metals, plastics and dyes, thor-
oughly washed to eliminate surface impurities, and air-dried
under ambient conditions to ensure moisture removal. The
cleaned and dried samples were then stored in sealed
containers until use in the pyrolysis process.

Pyrolysis reactor design and configuration. Carbonization of
garment waste was performed in a custom-engineered vertical
anaerobic pyrolysis reactor developed by the research team. The
system was designed to achieve high thermal efficiency and low
emissions, while enabling controlled conversion of garment
waste into carbon-rich biochar with dual applications: as a solid
fuel and as an adsorbent for water treatment. Details on the
reactor design, configuration, and operational description are
provided in the SI to support the main findings of this study (see
SI-1 and Fig. S1 for details).

Fig. S1 illustrates the schematic design and operational
configuration of the reactor. The system features an upper
loading door for introducing pre-dried garment waste and
a lower discharge port for biochar collection after cooling. The
recirculating gas pipeline ensures uniform heat distribution,
while the insulated vertical structure maintains the anaerobic
environment required for efficient carbonization. This config-
uration enables energy recovery from volatile gases, minimizes
greenhouse gas emissions, and yields high-quality biochar
optimized for both energy and environmental remediation
purposes.

The diagram presents the engineering layout of the custom-
built reactor used to CGW. Constructed from stainless steel with
refractory insulation, the system includes a primary liquefied
petroleum gas burner, an organic vapor recirculation loop for
heat recovery, an exhaust gas outlet, and a temperature control
network. This configuration ensures efficient, oxygen-limited
pyrolysis, enabling the production of high-carbon biochar
with dual utility as both a clean-burning fuel and an adsorbent
for wastewater purification.

Pyrolysis procedure. Pre-dried garment waste feedstock was
loaded into the reactor and pyrolyzed at 4 controlled tempera-
tures — 400 °C, 600 °C, 800 °C and 900 °C - with a holding time
of 2 hours per run. The biochar was produced at carbonization
temperatures ranging from 400 to 900 °C to systematically
investigate the temperature-dependent evolution of material
properties and their implications for multifunctional perfor-
mance. This temperature range was selected to capture the
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transition from incomplete carbonization and functional-
group-rich surfaces at lower temperatures to highly carbon-
ized structures with enhanced fixed carbon content and calo-
rific value at higher temperatures. Such a design enables direct
evaluation of the trade-off between fuel-related properties (e.g:,
fixed carbon, ash, and calorific value) and adsorption-related
properties (e.g., surface area, pore structure, and surface func-
tional groups). The heating rate was maintained at approxi-
mately 5-10 °C min " to ensure uniform thermal degradation of
the material. Under anaerobic conditions, the garment waste
underwent sequential decomposition reactions, yielding solid
biochar, combustible gases (CO, H,, CH,, light hydrocarbons),
and a small fraction of bio-oil. The generated vapors were
continuously redirected into the combustion chamber to
sustain the heating process, thus enhancing the overall energy
efficiency of the system.

Post-pyrolysis treatment. After pyrolysis completion, the
system was allowed to cool naturally to ambient temperature to
prevent oxidation and structural collapse of the biochar. The
resulting carbonized products were washed with deionized
water to remove ash and soluble residues, then dried in a Joy-
tech ON-21E oven at 105 °C for 2 hours to obtain a stable, low-
moisture biochar. The produced samples were labeled accord-
ing to their carbonization temperatures: CGW400, CGW600,
CGW800 and CGW900.

Characterization of CGW. The physicochemical properties of
the CGW samples were comprehensively evaluated to assess
their suitability as solid fuels and adsorbents. The primary
analytical parameters included carbon content, volatile matter,
ash content, moisture content and calorific value. Morpholog-
ical and elemental analyses were performed using XRD, SEM
and EDX to examine surface texture, porosity and elemental
distribution. These analyses provided insight into the effects of
carbonization temperature on pore structure formation, surface
chemistry, and adsorption behavior of the garment waste-
derived biochars.

Fuel performance testing of CGW. The fuel performance of
the CGW samples was experimentally assessed to evaluate their
potential as an alternative solid fuel. Four types of biochar -
CGW400, CGW600, CGW800, and CGW900 - corresponding to
pyrolysis temperatures of 400, 600, 800 and 900 °C, respectively,
were tested under identical conditions.

For each test, 0.5 kg of CGW was placed in a domestic coal
stove, and 1 L of tap water (=1 kg) at 22 °C was poured into a 3 L
aluminum pot. The pot was positioned directly above the
burning biochar, and the boiling performance test was initi-
ated. Key performance metrics, including time required to
reach boiling point, total combustion duration, residual water
volume after complete fuel burnout, thermal efficiency, and
specific fuel consumption, were recorded.

For comparative evaluation, commercial honeycomb coal
briquettes were tested following the same procedure. All
measurements were repeated in triplicate, and the average
values were used for subsequent analysis. This comparison
enabled the assessment of the thermal output, combustion
stability, and energy conversion efficiency of CGW relative to
conventional household fuel.
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Adsorption experiments for Pb(u) and Cr(vi) removal. Pb(u)
and Cr(vi) were selected as representative target contaminants
because they are among the most toxic and frequently detected
heavy metals in effluents from textile, electroplating, tanning,
and pigment industries. These two metals commonly coexist in
industrial wastewater but exhibit fundamentally different
chemical behaviors: Pb(u) is typically removed through surface
complexation and ion exchange, whereas Cr(vi) exists as oxy-
anions and may undergo adsorption coupled with reduction to
Cr(m). Investigating Pb(u) and Cr(vi) simultaneously therefore
provides a stringent test of the adsorption versatility and
mechanistic robustness of the biochar materials. To assess the
adsorptive capacity of the CGW, a series of batch adsorption
experiments was conducted using synthetic wastewater con-
taining Pb(u1) and Cr(vi) ions. The stock solutions were prepared
from Pb(NO;), and K,Cr,05, each at an initial concentration of
20 mg L' and subsequently diluted to the desired concentra-
tions for the experimental runs.

All adsorption experiments were performed under controlled
batch conditions, systematically investigating the effects of
carbonization temperature (400-900 °C), solution pH (3-11),
adsorbent dosage (0.01-1.0 g/25 mL), contact time (5-240 min)
and initial metal concentration (10-100 mg L™ '). The suspen-
sions were agitated using a horizontal shaker (HY-4A, China) at
120 rpm to ensure uniform mixing. After each run, the samples
were filtered, and the residual metal ion concentrations were
quantified using atomic absorption spectrophotometry. Each
experiment was conducted in triplicate, and mean values were
used for data interpretation.

The adsorption capacity (g., mg g~ ') of CGW was calculated
based on the concentration difference between initial and
equilibrium states. The obtained data were fitted to kinetic
models (pseudo-first-order, pseudo-second-order and Elovich)
and isotherm models (Langmuir, Freundlich, and Sips) to
elucidate the underlying adsorption mechanisms.

Specific experimental conditions. To systematically evaluate
the adsorption behavior of Pb(u) and Cr(vi) onto CGW, a series
of batch experiments was conducted under controlled condi-
tions. The effect of pyrolysis temperature was first examined by
adding 0.20 g of CGW produced at different carbonization
temperatures (400-900 °C) into 50 mL conical flasks containing
25 mL of a mixed Pb—-Cr solution with an initial concentration of
100 mg L™ " at pH 9. This alkaline pH was intentionally selected
at the screening stage to minimize competition from proton-
ation effects and to promote electrostatic attraction between
negatively charged biochar surfaces and metal species, thereby
enabling clearer differentiation of adsorption performance
among CGW samples produced at different carbonization
temperatures. Such conditions allow the intrinsic influence of
pyrolysis temperature on adsorption capacity to be evaluated
without the confounding effects of pH-dependent surface
chemistry. The suspensions were agitated at 120 rpm for 90 min
to ensure sufficient contact between the adsorbent and the
metal ions. Subsequently, the influence of solution pH on
adsorption performance was investigated by mixing 0.05 g of
CGW (400-900 °C) with 25 mL of a Pb(u)-Cr(vi) solution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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containing 10 mg L™ ". The solution pH was adjusted to 3, 5, 7, 9
and 11 using dilute HNO; or NaOH, and the mixtures were
shaken for 60 min to reach equilibrium. The effect of adsorbent
dosage was evaluated by varying the amount of CGW from 0.01
to 1.0 g in 25 mL of a 10 mg L™ " Pb-Cr mixed solution at the
previously determined optimal pH, while maintaining
a constant contact time of 60 min. To elucidate adsorption
kinetics, the optimal biochar dosage determined in the dosage
experiments was applied and the suspensions were agitated for
5-240 min. The contact time was varied from 5 to 240 min to
distinguish rapid surface adsorption from slower intraparticle
diffusion-controlled stages. Aliquots were withdrawn at pre-
determined time intervals to determine time-dependent metal
uptake. Finally, the effect of initial metal concentration was
assessed by contacting the optimized CGW dosage with 25 mL
of Pb-Cr solutions at initial concentrations of 10-100 mg L™ " at
the optimal pH, with a fixed contact time of 90 min. The
experimental data obtained from these investigations were
subsequently used to develop kinetic, equilibrium isotherm,
and machine-learning-based predictive models describing the
adsorption behavior of Pb(u) and Cr(vi) onto CGW, as discussed
in the following sections.

Adsorption kinetic and isotherm models. The adsorption
performance of Pb(u) and Cr(vi) ions onto the CGW was quan-
titatively analyzed using kinetic and isotherm models to eluci-
date the governing mechanisms of mass transfer and surface
interactions.

The adsorption capacity of CGW at a specific contact time
(g, mg ¢ ') and at equilibrium (g., mg g~ ') was determined
using eqn (1)-(8) in SI-2 of the SI.

To investigate the adsorption rate and mechanism, the
kinetic data were fitted using three established models: the
pseudo-first-order, pseudo-second-order and Elovich models.
Equilibrium adsorption data for Pb(u) and Cr(vi) were further
analyzed using three classical isotherm models - Langmuir,
Freundlich, and Sips - to describe the interactions between the
metal ions and the heterogeneous surface of CGW.

The Langmuir model assumes monolayer adsorption onto
a homogeneous surface, whereas the Freundlich model
describes multilayer adsorption on heterogeneous surfaces. The
Sips isotherm, a hybrid of the two, effectively reduces to the
Langmuir model at low solute concentrations and to the
Freundlich model at high solute concentrations, thereby
providing a comprehensive description of both uniform and
non-uniform adsorption sites.

Machine learning modeling. Artificial neural networks
(ANN), random forests (RF), linear regression (LR) and support
vector machines (SVM) were employed to analyze and predict
adsorption performance, as these algorithms are well-suited for
capturing non-linear relationships among multiple interacting
variables. In adsorption systems involving heterogeneous
materials and competing mechanisms, classical kinetic and
isotherm models may not fully describe the complex depen-
dence on pH, adsorbent dosage, contact time and initial
concentration. The combined use of ANN, RF, LR and SVM
allows both predictive accuracy and comparative assessment of
variable importance, thereby providing complementary insights

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

into the governing factors controlling Pb(u) and Cr(vi)
adsorption.

To enhance the predictive accuracy of adsorption behavior
and minimize experimental effort, machine learning (ML)
models were developed to forecast the adsorption capacity of
Pb(u) and Cr(vi) ions on CGW. All model construction and
evaluation were performed using R software (version 4.3.1, R
Core Team, 2024) within the RStudio environment.*

The dataset comprised 128 experimental observations,
including five independent input variables - carbonization
temperature (Temp., °C), solution pH (pH), adsorbent dosage
(Ads_dos, g), initial metal ion concentration (Pb_con or
Cr_con, mg L") and contact time (time, min) - and one
dependent target variable: adsorption capacity (g., mg g ).
Detailed information on the machine learning models is
provided in Section SI-3 of the SI.

This machine learning framework provides a robust, data-
driven methodology for predicting adsorption behavior,
significantly reducing the need for extensive laboratory experi-
mentation while enabling rapid optimization of process
conditions for heavy metal removal using CGW.

Results and discussion
Characteristics of CGW

Physicochemical properties of CGW. Fig. 1 shows the SEM
images of CGW produced by anaerobic pyrolysis at different
carbonization temperatures (400-900 °C), revealing a clear
temperature-dependent evolution in surface morphology and
structural organization.

At 400 °C (CGW400, Fig. 1a), the biochar retains a fibrous
morphology inherited from the original textile precursor, con-
sisting mainly of elongated and intertwined carbonized fibers.
This structure indicates incomplete carbonization, where
thermal degradation of cotton-dominant fibers occurs without
substantial collapse of the polymeric framework. The relatively
smooth surface and limited pore development suggest insuffi-
cient devolatilization, a characteristic of low-temperature
pyrolysis of lignocellulosic and textile wastes.”*** Increasing
the carbonization temperature to 600 °C (CGW600, Fig. 1b)
leads to partial destruction of the fibrous structure and the
formation of irregular, fractured carbon domains with rough
surfaces and visible cracks. This morphological transition
reflects enhanced release of volatile matter and progressive
depolymerization and condensation reactions, leading to
a more heterogeneous, carbon-enriched matrix. Similar struc-
tural transformations have been widely reported for biochars
derived from textile and biomass wastes at intermediate pyrol-
ysis temperatures.>** At 800 °C (CGW800, Fig. 1c), the biochar
exhibits a well-developed porous structure composed of frag-
mented carbon blocks with abundant cavities and surface
irregularities. The pronounced surface roughness and inter-
connected pore features indicate extensive devolatilization and
structural rearrangement under high-temperature anaerobic
conditions. This morphology is highly favorable for mass
transfer and adsorption processes, providing a structural basis
for the enhanced Pb(u) and Cr(vi) adsorption capacity and
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Fig. 1 SEM image of CGW at 400 °C (a), 600 °C (b), 800 °C (c) and 900 °C (d).

improved fuel performance observed for CGW800, consistent
with previous reports on high-temperature biochars. Further
increasing the carbonization temperature to 900 °C (CGW900,
Fig. 1d) results in denser and more compact carbon agglomer-
ates with relatively smoother surfaces and fewer accessible
pores. Although higher temperatures promote increased carbon
content and structural ordering, excessive thermal severity can
induce partial pore collapse and densification due to sintering
and fusion of carbon domains, thereby limiting the availability
of adsorption-active sites. This phenomenon explains the
marginal performance improvement of CGW900 compared to
CGW800, despite its higher degree of carbonization.**?*®

Fig. 2 presents the EDX spectra and elemental compositions
CGW obtained via anaerobic pyrolysis at carbonization
temperatures of 400, 600, 800, and 900 °C, providing insight
into the temperature-dependent evolution of surface chemical
composition. For CGW400 (Fig. 2a), the EDX spectrum is
dominated by carbon (C, ~76 wt%) and oxygen (O, ~24 wt%),
reflecting incomplete carbonization of the textile precursor at
low temperature. The relatively high oxygen content indicates
the persistence of oxygen-containing functional groups derived
from cellulose-rich cotton fibers, such as hydroxyl, carbonyl and
ether groups. Trace amounts of inorganic elements (Si, Ca) are
detected, originating from additives, fillers, or residual impu-
rities in garment waste. This elemental profile is characteristic
of low-temperature biochars and is consistent with the fibrous
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morphology observed in SEM (Fig. 2a), as well as with previous
reports on textile- and biomass-derived biochars pyrolyzed
below 500 °C.*

At 600 °C (CGW600, Fig. 2b), the carbon content decreases
slightly, accompanied by the appearance of additional hetero-
atoms such as N, Cl, K, Ca, Ti and Fe in minor quantities. The
presence of nitrogen likely originates from residual dyes or
finishing agents in textile waste, while inorganic elements are
associated with fabric additives and pigment residues. The
progressive removal of volatile matter and partial decomposi-
tion of oxygenated groups at this temperature results in a more
heterogeneous surface chemistry, which correlates well with the
fragmented and roughened morphology observed in SEM
(Fig. 1b). Such compositional complexity is commonly reported
for biochars derived from mixed or treated textile wastes.

For CGW800 (Fig. 2¢), a notable increase in oxygen content is
observed relative to CGW®600, together with measurable
nitrogen content and trace inorganic species (Si, S, Cl, Ca). This
elemental distribution suggests the formation of stable surface
oxygen-containing functional groups, such as carboxyl and
phenolic moieties, during high-temperature anaerobic pyrolysis
followed by post-pyrolysis exposure. These functional groups
play a crucial role in metal ion binding via surface complexation
and electrostatic interactions, providing a chemical basis for
the enhanced adsorption capacity for Pb(u) and Cr(vi) in
CGW800. Similar observations have been reported for high-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 EDX spectra of CGW at 400 °C (a), 600 °C (b), 800 °C (c) and 900 °C (d).

temperature biochars exhibiting optimal adsorption perfor-
mance due to a balance between carbonization degree and
surface functionality.”

At the highest carbonization temperature, 900 °C (CGW900,
Fig. 2d), the EDX spectrum shows a pronounced increase in
carbon content (>76 wt%) and a corresponding reduction in
oxygen content, indicating advanced carbonization and
aromatization. Although higher carbon purity is achieved, the
depletion of surface heteroatoms and functional groups may
reduce the density of chemically active sites available for metal
adsorption. In addition, the enrichment of inorganic elements
such as Ca and Ti is attributed to the thermal concentration
effect resulting from extensive volatilization of organic
components.

The inorganic elements identified in the EDX spectra differ
between CGWs produced at different temperatures, as expected
for real post-industrial garment waste. First, clothing waste
typically contains heterogeneous and non-uniformly distrib-
uted inorganic-bearing additives (e.g., pigments, fillers, flame
retardants, finishing agents, and residual salts), and EDX
probes only a near-surface region; therefore, local composi-
tional heterogeneity can lead to different elemental fingerprints
between samples. Second, increasing carbonization tempera-
ture induces thermal decomposition, volatilization and phase
transformation of inorganic-containing compounds. For
example, chloride- and sulfur-containing species may partially

© 2026 The Author(s). Published by the Royal Society of Chemistry

volatilize or transform into other phases at elevated tempera-
tures, while less volatile metal oxides/mineral residues (e.g., Ca-
or Ti-containing phases) may become more prominent. Third,
a “thermal concentration” effect occurs because progressive
devolatilization removes organic matter and enriches the inor-
ganic fraction at higher temperatures, increasing the proba-
bility of detecting certain trace elements. Finally, temperature-
driven restructuring (surface cracking, pore evolution, and/or
densification) can alter the surface exposure of embedded
inorganic particles and thus their detectability by EDX. Collec-
tively, these factors explain why the types and relative intensities
of inorganic signals vary among CGW400-CGW900.

Fig. 3 shows the XRD patterns of garment waste-derived bi-
ochar (CGW) produced via anaerobic pyrolysis at carbonization
temperatures of 400, 600, 800 and 900 °C. For CGW400 (Fig. 3a),
the XRD pattern is dominated by a broad diffraction band
centered at approximately 26 = 22-25°, which can be assigned
to the (002) plane of amorphous carbon, along with a weak and
diffuse feature around 26 = 43° corresponding to the (100)
plane. The broadness and low intensity of these peaks indicate
a highly disordered carbon structure with low aromatic stack-
ing, typical of biochars produced at low carbonization temper-
atures. This result is consistent with incomplete carbonization
and the preservation of oxygen-rich functional groups observed
in SEM and EDX analyses.
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Fig.3 XRD of CWG at 400 °C (a), 600 °C (b), 800 °C (c) and 900 °C (d).

Upon increasing the carbonization temperature to 600 °C
(CGW600, Fig. 3b), the (002) reflection becomes more
pronounced and slightly sharper, accompanied by the emer-
gence of weak additional diffraction features. This indicates the
onset of aromatic-layer condensation and partial structural
ordering, driven by progressive devolatilization and polymer-
chain rearrangement during anaerobic pyrolysis. However, the
persistence of broad diffraction peaks suggests that the carbon
matrix remains predominantly turbostratic and poorly ordered.

At 800 °C (CGWS800, Fig. 3c), the XRD pattern exhibits
a clearer and more intense (002) peak together with discernible
secondary reflections, reflecting a significant increase in short-
range structural ordering and aromatic stacking. The narrowing
of the (002) peak suggests enhanced alignment of graphene-like
layers while retaining a largely disordered framework. This
structural configuration is widely regarded as optimal for
adsorption applications, as it provides a balance between
accessible surface area, pore connectivity, and chemically active
sites. The XRD results at 800 °C strongly support the superior
Pb(un) and Cr(vi) adsorption performance and enhanced fuel
efficiency observed for CGW800.

Further increasing the carbonization temperature to 900 °C
(CGW900, Fig. 3d) results in a reduction in peak intensity and
a broadening of the diffraction features. Although higher
temperatures generally promote increased carbon ordering,
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View Article Online

Paper

excessive thermal treatment can induce structural densification
and partial collapse of disordered carbon domains, leading to
a decrease in detectable crystallinity. This phenomenon is
consistent with SEM observations of denser carbon agglomer-
ates and EDX evidence of reduced surface heteroatom content.
Consequently, the marginal improvement in functional
performance at 900 °C compared to 800 °C can be attributed to
excessive carbon condensation and reduced accessibility of
reactive sites.

Fig. 4 presents the FTIR spectra of CGW produced via
anaerobic pyrolysis at carbonization temperatures ranging from
400 to 900 °C, while the corresponding BET surface area, pore
volume, and average pore size are summarized in Table 1. The
combined analyses provide direct evidence of the temperature-
dependent evolution of surface chemistry and pore structure,
which governs the functional performance of CGW.

For CGW400 (Fig. 4a), a broad absorption band centered at
approximately 3440 cm ™" is clearly observed, corresponding to
O-H stretching vibrations of hydroxyl groups originating from
cellulose-rich cotton fibers. Additional bands at ~1620 cm ™ *
(C=0 stretching of conjugated carbonyl groups), ~1380 cm™*
(C-H bending), and ~1040 cm™* (C-O stretching) indicate the
presence of abundant oxygen-containing functional groups.
This spectral profile is characteristic of incomplete
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Fig. 4 FTIR analysis of CGW at 400 °C (a), 600 °C (b), 800 °C (c) and
900 °C (d).
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Table 1 BET surface area, pore volume and pore size of CGW

BET surface Pore volume Pore size
Materials area (m® g ') (em® g™ (nm)
CGW400 28.53 0.024 8.69
CGW600 56.85 0.046 3.21
CGWS800 14.69 0.019 4.61
CGW900 14.65 0.010 2.65

carbonization at low temperature and is commonly reported for
textile- and biomass-derived biochars pyrolyzed below 500 °C,
where dehydration and devolatilization remain limited.****

When the carbonization temperature is increased to 600 °C
(CGW600, Fig. 4b), the intensity of the O-H stretching band
decreases markedly, reflecting progressive dehydration and the
removal of labile oxygenated groups during anaerobic pyrolysis.
The emergence of absorption bands at ~2935 cm™" (aliphatic
C-H stretching) and ~1718 cm ™' (C=O0 stretching) suggests
partial transformation of cellulose and polyester components
into more condensed carbon structures. Bands in the 1260-
1100 cm ™' range, attributed to C-O and C-O-C vibrations,
indicate the coexistence of residual surface functionalities with
an increasingly carbonized matrix. Similar FTIR evolution with
increasing pyrolysis temperature has been reported for waste-
derived biochars and is associated with enhanced structural
condensation and surface heterogeneity. At 800 °C (CGW800,
Fig. 4c), the FTIR spectrum shows substantial attenuation of
hydroxyl and aliphatic bands, accompanied by more
pronounced features in the range of 1500-1400 cm ', which are
commonly assigned to aromatic C=C vibrations, as well as
persistent bands near ~1717 cm ™" related to stable carbonyl
groups. The retention of moderate-intensity oxygen-containing
functional groups at this temperature indicates the formation
of chemically stable surface moieties capable of participating in
Pb(u) and Cr(vi) adsorption via surface complexation and elec-
trostatic interactions. Previous studies have demonstrated that
such balanced surface chemistry is critical for maximizing
heavy metal adsorption while maintaining structural stability of
biochar.?*3*

For CGW900 (Fig. 4d), most oxygen-related absorption bands
are significantly weakened or nearly absent, indicating
advanced carbonization and aromatization. The dominance of
weak aromatic-related bands reflects a highly condensed
carbon framework with limited surface functional groups.
Although this chemical composition is advantageous for fuel
applications due to its high carbon purity, the depletion of
surface heteroatoms may reduce the density of adsorption-
active sites, explaining the lack of a significant improvement
in adsorption compared to CGW800.%*%

The FTIR observations are strongly supported by the BET
results summarized in Table 1. The BET surface area increases
from 28.53 m*> g ' (CGW400) to 56.85 m> g ' (CGW600),
accompanied by an increase in pore volume from 0.024 to 0.046
m? g7, indicating progressive pore development due to volatile
release and structural rearrangement at intermediate carbon-
ization temperatures. Concurrently, the average pore size

© 2026 The Author(s). Published by the Royal Society of Chemistry
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decreases from 8.69 to 3.21 nm, suggesting the formation of
smaller mesopores, a feature typical of biochars produced at
moderate pyrolysis temperatures. In contrast, further
increasing the carbonization temperature to 800 and 900 °C
results in a pronounced decrease in BET surface area (14.69 and
14.65 m> g~ ', respectively) and pore volume, despite increased
carbon ordering. This trend is attributed to pore collapse and
structural densification induced by excessive thermal severity,
as also evidenced by SEM and XRD analyses. Nevertheless,
CGWS800 retains a moderate average pore size (4.61 nm) and
sufficient surface functionality, enabling effective mass transfer
and metal ion binding, whereas CGW900, with the smallest
pore size (2.65 nm) and lowest pore volume, exhibits reduced
accessibility of adsorption-active sites****

To provide a more intuitive understanding of the textural
properties of CGW, the nitrogen adsorption-desorption
isotherms and the corresponding pore-size distribution curves
are presented in the SI (Fig. S2). All samples exhibit type IV
isotherms with hysteresis loops, indicating the presence of
mesoporous structures. The pore size distribution further
confirms the temperature-dependent evolution of the pore
structure, with CGW600 showing a higher contribution of
mesopores, consistent with its larger BET surface area and pore
volume, as summarized in Table 1.

Fuel-related characteristics of CGW. The fuel-related physi-
cochemical characteristics of CGW produced via anaerobic
pyrolysis at carbonization temperatures of 400, 600, 800, and
900 °C were systematically evaluated through proximate anal-
ysis (carbon content, volatile matter, ash and moisture
contents), calorific value determination, and visual inspection,
as summarized in Fig. 5a-d. The results clearly demonstrate
that the carbonization temperature decisively influences the
fuel quality and combustion behavior of CGW.

As shown in Fig. 5a, the carbon content of CGW increases
markedly from 52.58 wt% at 400 °C to 81.33 wt% at 900 °C,
accompanied by a progressive transformation of volatile matter.
At a low carbonization temperature (400 °C), incomplete
carbonization results in a relatively low carbon fraction and
a high volatile content, leading to unstable combustion and
excessive release of combustible gases during ignition. Similar
behavior has been widely reported for biochars produced from
organic and textile wastes at low pyrolysis temperatures, where
insufficient devolatilization limits fuel efficiency.?® In contrast,
biochars produced at 800-900 °C exhibit substantially higher
carbon content and a more stabilized volatile fraction,
promoting more uniform and sustained combustion. This
trend is consistent with previous studies on textile waste
pyrolysis, where elevated temperatures enhanced carbon
enrichment and fuel stability.?”

The variation in ash and moisture contents with carboniza-
tion temperature is illustrated in Fig. 5b. The ash content
decreases significantly from 5.67 wt% (400 °C) to 1.67 wt% (900
°C). In comparison, the moisture content declines from
4.28 wt% to 1.07 wt% over the same temperature range. Higher
ash content at low temperatures is primarily attributed to
residual inorganic additives, dyes, and polyester-derived
impurities that are not fully decomposed during mild thermal
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treatment, as previously observed for textile waste pyrolysis at
300-500 °C.*® The markedly lower ash and moisture contents
obtained at 800-900 °C are favorable for fuel applications, as
they reduce non-combustible residues and water-evaporation
heat losses, thereby improving combustion efficiency.*

The calorific value of CGW, presented in Fig. 5c, increases
steadily with carbonization temperature, from 6432 kcal kg™ " at
400 °C to 7069 kcal kg™* at 900 °C. The higher heating values
obtained at 800-900 °C are directly associated with increased
carbon content, reduced ash and moisture fractions, and
enhanced aromaticity of the carbon matrix. These values are
comparable to, or even exceed, those of commercial honeycomb
coal (typically 25-30 MJ kg™ "), indicating the strong potential of
CGW as a solid fuel substitute for domestic and industrial
applications. Similar calorific enhancements have been re-
ported for textile waste-derived biochars produced at elevated
pyrolysis temperatures.*

Visual inspection of the CGW (Fig. 5d) further supports the
quantitative analyses. At 400 °C, CGW appears as heteroge-
neous, brownish-black fragments with poor structural integrity.
Increasing the carbonization temperature to 600 °C yields
darker, more granular particles, while CGW800 and CGW900
exhibit uniform, glossy black biochars with well-developed
porous textures. The improved physical appearance and struc-
tural coherence at higher temperatures are consistent with
advanced carbonization and pore development, which are

9484 | RSC Adv, 2026, 16, 9475-9499

known to enhance combustion behavior and heat transfer
efficiency.?*

The results in Fig. 5 indicate that CGW produced at 800-
900 °C exhibits optimal fuel-related characteristics, including
high carbon content (76.35-81.33 wt%), low ash (1.20-
1.37 wt%), minimal moisture (<1.07 wt%) and high calorific
value (6906-7069 kcal kg '). These properties ensure efficient
and stable combustion while potentially reducing pollutant
emissions (e.g., CO and SO,) compared with conventional solid
fuels, as reported for biochars derived from organic wastes.*
Nevertheless, excessive carbonization at 900 °C may induce
partial microstructural collapse, compromising mechanical
strength without providing substantial additional gains in fuel
performance. Consequently, 800 °C can be considered the
optimal carbonization temperature, yielding CGW with fuel
properties comparable to those of biomass-derived biochars
and suitable as a sustainable alternative solid fuel for domestic
and industrial combustion systems.

Fuel performance of CGW. From the preparation and phys-
icochemical characterization of CGW described earlier, it is
evident that this material exhibits promising characteristics for
use as a heating fuel. Such an application aligns with waste-to-
energy strategies by converting waste residues into useful
products, thereby mitigating dependence on fossil fuels. As an
initial proof-of-concept evaluation, CGW was therefore tested in
water-boiling experiments to determine its viability as a prac-
tical fuel under operationally relevant temperatures. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance of CGW used as a cooking fuel in a water boiling test

Fuel mass Water Boiling  Total combustion Remaining water mass Thermal Specific fuel consumption
No. Type of fuel (kg) mass (kg) time (s) time (s) after fuel burnout (kg) efficiency (%) (kg fuel/kg water)
1 CGW400 0.5 1 192 2410 0.4 60 0.83
2 CGW600 0.5 1 189 2582 0.36 64 0.78
3 CGW800 0.5 1 186 2786 0.3 70 0.71
4 CGW900 0.5 1 186 2785 0.3 70 0.71
5 Coal 0.5 1 240 1226 0.54 54 0.93

briquette®

¢ Coal briquette refers to a commercial solid fuel manufactured from mined coal powder.

practical applicability of CGW as a household cooking fuel was
evaluated through a controlled water-boiling test using CGW
produced at different carbonization temperatures (CGW400-
CGW900) and compared with a commercial coal briquette. The
experimental results are summarized in Table 2, while their
interpretation is directly linked to the physicochemical fuel
properties discussed in Fig. 5.

As shown in Table 2, the time required to reach the boiling
point decreases progressively from 192 s for CGW400 to 186 s
for CGW800 and CGW900, whereas the coal briquette requires
240 s under identical conditions. This improvement can be
attributed to the combined effects of higher fixed carbon
content, lower ash and moisture content, and a more developed
porous structure in CGW produced at higher carbonization
temperatures. The porous carbon framework enhances oxygen
diffusion and heat transfer during combustion, thereby accel-
erating ignition and heat release, as previously reported for
biochars derived from organic and textile wastes.*>*

The total combustion duration increases from 2410 s
(CGW400) to 2786 s (CGWS800) and remains comparable for
CGW900 (2785 s), which is significantly longer than that of the
coal briquette (1226 s). Prolonged combustion reflects a more
stable burning regime, mainly governed by the oxidation of
fixed carbon rather than rapid volatilization. The dominant
combustion reaction can be simplified as:

C(S) + O, — CO, + Heat (1)

At lower carbonization temperatures, residual volatile matter
undergoes rapid oxidation:

C.H, + (x + ﬁ) 0,—xCO, + %HZO 2)
leading to short-lived flames and less efficient heat utilization.
In contrast, CGW800 and CGW900, with lower volatile fractions
and higher carbon content, exhibit controlled char combustion,
which sustains heat release over a more extended period and
improves thermal utilization efficiency.*

The remaining water mass after complete fuel burnout
further confirms the enhanced heat transfer efficiency of high-
temperature CGW. While only 0.30 kg of water remains for
CGW800 and CGW900, 0.54 kg remains when the coal briquette
is used. This indicates that a larger fraction of the released
thermal energy is effectively transferred to the water rather than
being lost through incomplete combustion or ash

© 2026 The Author(s). Published by the Royal Society of Chemistry

accumulation. Such behavior is consistent with the lower ash
content (1.20-1.37 wt%) of CGW800-900, which minimizes
thermal insulation effects caused by non-combustible residues.

The thermal efficiency (n) of the cooking process is expressed
as:

n= mwey(Ty — Ti) 3)

my x HHV
where m, is the water mass (kg), ¢, is the specific heat capacity
of water (4.18 k] kg~* K™%), Ty, and T; are the boiling and initial
temperatures, respectively, m is the fuel mass, and HHV is the
higher heating value of the fuel.

Based on this evaluation, the thermal efficiency increases
from 60-64% for CGW400-600 to 70% for CGW800-900,
significantly exceeding that of the coal briquette (54%). Like-
wise, the specific fuel consumption decreases from 0.83 kg kg™*
water (CGW400) to 0.71 kg kg™ ' water (CGW800-900),
compared to 0.93 kg kg~ " water for the coal briquette, high-
lighting the superior fuel utilization efficiency of CGW.**

Therefore, CGW800 and CGW900 exhibit optimal cooking
fuel performance, characterized by rapid water boiling, pro-
longed combustion, high thermal efficiency and low fuel
consumption, clearly outperforming the coal briquette under
identical operating conditions. However, the nearly similar
performance of CGW800 and CGW900 suggests that 800 °C is
the optimal carbonization temperature, as higher temperatures
do not yield significant gains and may induce partial micro-
structural collapse. These findings confirm that CGW800 is
a technically viable and sustainable alternative to conventional
coal briquettes for domestic and small-scale industrial cooking
applications.

Adsorption performance of CGW toward Pb(u) and Cr(vi) in
aqueous solution

The above experiments confirm that CGW possesses favorable
combustion characteristics, making it highly suitable as a fuel
when prepared at 800-900 °C. Beyond fuel applications, CGW
also offers potential as an adsorbent for environmental pollut-
ants. Therefore, this section evaluates its use as an adsorbent
for Pb(ur) and Cr(vi) removal, aiming to assess the valorization of
cotton gin waste in heavy metal remediation and to determine
suitable operational conditions for potential real-world
applications.
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Effect of initial pH on Pb(u) and Cr(vi) adsorption by CGW.
The initial solution pH exerts a critical influence on the
adsorption behavior of Pb(u1) and Cr(vi) onto CGW, as it directly
affects both the surface charge and functional group speciation
of CGW and the aqueous speciation of metal ions. As illustrated
in Fig. 6, the adsorption capacities of Pb(n) and Cr(vi) vary
significantly with pH over the range of 3-11, with CGW600
consistently exhibiting the highest adsorption capacities among
all samples, indicating that moderate carbonization provides
the most favorable physicochemical conditions for metal
uptake.

For Pb(u) adsorption (Fig. 6a), the adsorption capacity
increases as the pH increases from 3 to 7 for all CGW samples.
At pH 3, Pb(u) uptake is relatively low, with adsorption capac-
ities of 5.00, 5.40, 3.81, and 3.38 mg g~ ' for CGW400, CGW600,
CGW800 and CGW900, respectively. Under these strongly acidic
conditions, excess protons (H') compete with Pb*" ions for
surface functional groups, particularly carboxyl and hydroxyl
moieties, which remain protonated mainly and thus exhibit
limited affinity toward metal cations.** As the pH increases
toward neutrality, progressive deprotonation of these functional
groups occurs:

~COOH < -COO™ + H* (4)

(5)

The formation of negatively charged surface sites enhances
Pb(u) adsorption through electrostatic attraction and surface
complexation, which can be represented as:

-OH < -0~ + H*

2(-CO07) + Pb** — (~COO),Pb (surface complex) (6)

Consequently, the maximum Pb(u) adsorption capacities are
observed at pH 7, reaching 7.64 mg g~ for CGW600, 7.24 mg
g~ ! for CGW400 and 6.82 mg g~ * for CGW800 and CGW900. The
superior performance of CGW600 at neutral pH can be attrib-
uted to its highest BET surface area (56.85 m”> g ') and pore
volume (0.046 cm® g~'), which provide a greater number of
accessible adsorption sites and facilitate intraparticle diffusion.

9486 | RSC Adv, 2026, 16, 9475-9499

Although CGW800 and CGW900 possess higher carbonization
degrees, their substantially lower surface areas limit the avail-
ability of adsorption-active sites. At alkaline pH (9-11), Pb(u)
adsorption capacities decrease slightly (e.g., 6.07-6.25 mg g~
for CGW600), which can be partly attributed to the formation of
hydroxo species and precipitation reactions such as:

Pb>* + 20H™ — Pb(OH)(s) 7)

Hereby reducing the contribution of true surface
adsorption.*

In contrast, the adsorption behavior of Cr(vi) (Fig. 6b)
exhibits a reverse pH dependence due to the anionic nature of
Cr(v1) species in aqueous solution. At pH 3, Cr(vi) adsorption
capacities are relatively high, reaching 9.12 mg g~ * for CGW600,
compared with 8.14 mg g~ ' for CGW400, 7.65 mg g ' for
CGW800, and 7.69 mg g~ for CGW900. Under acidic condi-
tions, Cr(vi) predominantly exists as HCrO,  and Cr,0,> ,*
while protonation of CGW surface hydroxyl groups generates
positively charged sites according to:

HCrO, + 7H" + 3¢~ — Cr** + 4H,0 (8)
followed by immobilization of Cr(ur) via surface complexation or
precipitation:

Cr*" + 30H™ — Cr(OH)(s) (9)

Although chromium speciation was not directly analyzed in
this study, the pronounced pH dependence and higher
adsorption capacities under acidic conditions are consistent
with the widely reported mechanism for biochar-based adsor-
bents. At higher pH, increased deprotonation makes the surface
more negative and intensifies electrostatic repulsion toward
chromate anions, while OH™ competes for surface sites -
together leading to the observed decline in Cr(vi) uptake at pH
9_11.45,47

Overall, the results clearly demonstrate that CGW600
exhibits the highest adsorption capacities for both Pb(u) and
Cr(v1) across the investigated pH range, achieving peak values of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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7.64 mg g * for Pb(u) at pH 7 and 9.14 mg g~ * for Cr(v1) at pH 5.
This superior performance arises from the synergistic combi-
nation of abundant surface functional groups and the highest
accessible surface area and pore volume among the CGW
samples. While CGW800 may be optimal for fuel applications
due to its higher carbon content and calorific value, CGW600 is
the optimal material for adsorption-based water treatment,
underscoring the importance of tailoring the carbonization
temperature to specific end-use applications in the valorization
of textile waste.

Pb and Cr adsorption kinetics and isotherms. The adsorp-
tion kinetics of Pb(n) and Cr(vi) onto garment waste-derived
biochar (CGW) were investigated to elucidate the rate-
controlling mechanisms and to differentiate further the
adsorption performance of CGW produced at different
carbonization temperatures. The experimental kinetic data
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(Fig. 7) were fitted using the pseudo-first-order (PFO), pseudo-
second-order (PSO), and Elovich models, and the correspond-
ing kinetic parameters are summarized in Table 3.

As shown in Fig. 7, the adsorption of both Pb(u) and Cr(vi) on
all CGW samples exhibits a characteristic two-stage kinetic
behavior, consisting of a rapid uptake during the initial 20-
30 min followed by a slower approach to equilibrium, which is
typically reached after approximately 90-120 min. The initial
fast stage is attributed to the abundant availability of external
surface sites and strong driving forces arising from high
concentration gradients, whereas the subsequent slower stage
is governed by diffusion into internal pores and the progressive
occupation of less accessible sites. Such kinetic features are
widely reported for biochar-based adsorbents and indicate
a combined contribution from surface adsorption and intra-
particle diffusion.*®
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Fig. 7 Kinetic analysis of Pb (a—c) and Cr (d—f) removal by CGW.
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Table 3 Kinetic model parameters for Pb and Cr adsorption using CGW
CGW400 CGW600 CGW800 CGW900
Pb Cr Pb Cr Pb Cr Pb Cr
Pseudo-first-order model
Ge (mg gfl) 7.76 £ 0.19 7.70 + 0.11 9.01 £+ 0.25 8.96 + 0.16 7.54 £ 0.16 7.49 4+ 0.09 7.52 £ 0.10 7.51 £ 0.08
ky 0.0363 £+ 0.0404 £ 0.0025 0.0588 + 0.0555 + 0.0432 + 0.002 0.0453 £+ 0.0420 + 0.0444 + 0.002
0.0031 0.0042 0.0047 0.0024 0.0016
R? 0.9886 0.98954 0.9703 0.9765 0.9905 0.9917 0.9962 0.9931
Pseudo-second-order model
Gm,cal (mg 8.79 £+ 0.25 8.79 +£ 0.25 9.94 + 0.37 9.95 + 0.37 8.44 + 0.24 8.44 + 0.24 8.47 £ 0.25 8.47 + 0.26
—1
g )
k, 0.0053 + 0.0053 + 0.0069 + 0.0069 + 0.0065 + 0.0065 + 0.001 0.0063 + 0.0063 +
0.0008 0.00008 0.0014 0.0014 0.0010 0.0010 0.00105
R? 0.9794 0.9795 0.9463 0.9464 0.9743 0.9743 0.9721 0.9721
Elovich model
a 0.743 £ 0.26 0.744 £ 0.262 1.571 £ 0.864 1.571 £ 0.864 0.916 + 0.373 0.916 £+ 0.373 0.901 £ 0.375 0.9008 *+ 0.375
b 0.535 £ 0.069 0.535 + 0.069 0.535 £ 0.089 0.535 + 0.089 0.587 + 0.081 0.588 + 0.081 0.583 + 0.082 0.584 + 0.082
R? 0.9315 0.9315 0.8628 0.8628 0.9136 0.9136 0.9094 0.9094
Geexp (Mgg ") 8.34 £0.23  7.34 £ 031 9.43+0.26 878+0.18  7.84+021 7274011  7.81+0.13  7.43+0.12

For Pb(u) adsorption, the experimentally determined equi-
librium adsorption capacities (ge,exp) follow the order CGW600
(9.43 + 0.26 mg g~ ') > CGW400 (8.34 + 0.23 mg g~ ') > CGW800
(7.84 £ 0.21 mg g7 ') = CGW900 (7.81 £ 0.13 mg g '). This
trend is consistent with the adsorption profiles shown in
Fig. 7a-c and confirms that CGW600 achieves the highest Pb(u)
uptake. Among the kinetic models, the pseudo-first-order
model provides an excellent fit, with high coefficients of deter-
mination (R> = 0.9703-0.9962). In particular, CGW600 exhibits
arelatively high PFO rate constant (k; = 0.0588 # 0.0042 min "),
indicating faster Pb(u) uptake than the other samples. More-
over, the PFO-calculated equilibrium capacity for CGW600 (g. =
9.01 4 0.25 mg g~ ') is in close agreement with the experimental
value, suggesting that Pb(u) adsorption is primarily governed by
surface-site occupation and concentration-gradient-driven
mass transfer, rather than being strictly limited by chemical
reaction kinetics.*

Although the pseudo-second-order model yields higher
calculated adsorption capacities (gmca = 9.94 & 0.37 mg g~ " for
CGW600), its lower R? values (0.9463-0.9795) and the noticeable
deviation between calculated and experimental capacities
indicate that PSO slightly overestimates the adsorption
capacity. This implies that while surface interactions contribute
to Pb(u) uptake, chemisorption is not the sole rate-limiting step.
The Elovich model, typically associated with adsorption on
energetically heterogeneous surfaces, shows the lowest R’
values (0.8628-0.9315), suggesting that Pb(u) adsorption on
CGW is better described by a relatively uniform distribution of
accessible sites,* particularly for CGW600.

A similar kinetic behavior is observed for Cr(vi) adsorption
(Fig. 7d-f). The experimental equilibrium capacities follow the
order CGW600 (8.78 + 0.18 mg g~ ') > CGW400 (7.34 + 0.31 mg
g7')>CGW900 (7.43 £ 0.12 mg g~ ') = CGW800 (7.27 £ 0.11 mg
g~ ") (Table 3), again demonstrating the superior performance of

9488 | RSC Adv, 2026, 16, 9475-9499

CGW600. The PFO model provides the best overall description
of Cr(vi) adsorption kinetics, with high R® values (0.9765-
0.9931) and PFO-calculated capacities for CGW600 (g. = 8.96 +
0.16 mg g~ ) that closely agree with the experimental data. The
relatively high rate constant for CGW600 (k; = 0.0555 +
0.0047 min~") reflects rapid initial Cr(vi) uptake, which is
consistent with strong electrostatic attraction between proton-
ated CGW surfaces and anionic chromate species under the
selected experimental conditions."®

The PSO model yields higher calculated capacities for Cr(vi)
(up to 9.95 + 0.379.95 mg g~ ' for CGW600), but again shows
lower goodness-of-fit than the PFO model. This suggests that,
although surface reactions and possible redox interactions may
occur, the overall Cr(vi) adsorption kinetics are primarily gov-
erned by external mass transfer and surface-site accessibility
rather than by a single chemisorption-controlled step. The
Elovich parameters further indicate surface heterogeneity, with
CGW600 exhibiting the highest initial adsorption rate constant
(e =1.571 4 0.864 mg g ' min~ "), reflecting the abundance of
readily accessible active sites on this material.

The systematic overestimation of g. by PSO model does not
necessarily indicate that chemisorption is the rate-limiting step.
PSO fitting is highly sensitive to data points at late stages of
adsorption and to experimental uncertainty near equilibrium;
thus, deviations in g, may arise from model-structure limi-
tations and linearization effects rather than reflecting a domi-
nant chemisorption-controlled pathway. In the present system,
the superior fit of the PFO model (higher R* and closer agree-
ment between ge cq and ge exp) SUggests that adsorption kinetics
are primarily governed by surface-site accessibility and mass-
transfer processes (film/intraparticle diffusion), consistent
with the observed two-stage uptake behavior. Nevertheless,
chemical interactions (e.g., surface complexation/ion exchange
for Pb(u) and reduction-assisted immobilization for Cr(vi)) may

© 2026 The Author(s). Published by the Royal Society of Chemistry
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still contribute as supporting processes, particularly in the later
stage as the system approaches equilibrium. Still, they are
unlikely to be the sole rate-controlling step.

The consistently superior kinetic performance of CGW600
for both Pb(u) and Cr(vi) can be directly linked to its textural and
chemical properties. CGW600 possesses the highest BET
surface area and pore volume among all samples, facilitating
rapid diffusion of metal ions to adsorption sites, while still
retaining a sufficient density of oxygen-containing functional
groups to promote electrostatic attraction, surface complexa-
tion, and, in the case of Cr(vi), potential reduction-assisted
immobilization.** In contrast, CGW800 and CGW900, despite
higher carbonization degrees, exhibit reduced surface areas due
to pore densification at elevated temperatures, thereby limiting
both adsorption rates and equilibrium capacities.

View Article Online
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From an integrated perspective, the combined kinetic
modeling and experimental results demonstrate that Pb(u) and
Cr(vi) adsorption on CGW is best described by the pseudo-first-
order model, indicating that surface accessibility and mass
transfer dominate the adsorption process. Among the investi-
gated materials, CGW600 emerges as the optimal adsorbent,
achieving the highest experimental capacities and the fastest
adsorption rates for both contaminants. These findings further
support selecting CGW600 for subsequent adsorption isotherm
and thermodynamic analyses, while reinforcing the conclusion
that a moderate carbonization temperature is critical for
maximizing adsorption performance in textile waste-derived
biochars.

Adsorption isotherms. The equilibrium adsorption behavior
of Pb(u) and Cr(vi) onto CGW was investigated using Langmuir,
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Table 4 Parameters and correlation coefficients of Pb and Cr adsorption isotherm models with CGW

CGW400 CGW600 CGWS800 CGW900

Pb Cr Pb Cr Pb Cr Pb Cr
Langmuir model
Gmax (mg gfl) 15.80 + 0.52 15.53 £+ 0.62 23.18 +1.48 19.68 + 1.08 15.96 + 0.64 15.60 £ 1.06 16.93 £+ 0.87 15.59 + 1.34
Ky, (L mgfl) 0.221 £ 0.036 0.183 4+ 0.034 0.097 4+ 0.022 0.216 + 0.052 0.181 + 0.035 0.143 £ 0.041 0.075 £ 0.013 0.147 £ 0.054
R? 0.9531 0.9393 0.9326 0.9073 0.9344 0.8644 0.9597 0.7941
Freundlich model
Ky ((mg gfl)/ 5.912 +£1.178 5.387 £1.069 5.199 £+ 1.301 7.083 4+ 1.458 5.588 4+ 1.166 4.847 + 1.253 3.219 £ 0.775 4.991 £ 1.437
(mg LY
Np 4+ 0.89 4 £+ 0.892 2.963 £ 0.628 4 £ 0.966 4+ 0.935 3.819 £ 1.053 2.773 £0.499 3.917 £+ 1.238
R? 0.7131 0.7652 0.8066 0.7375 0.7409 0.6955 0.8601 0.6343
Ships model
Im 14.56 £ 0.29 14.03 + 0.35 19.56 £+ 0.73 18.19 + 0.93 14.35 £+ 0.18 13.44 + 0.12 14.30 £ 0.45 13.61 + 0.59
b 0.099 £+ 0.027 0.067 4+ 0.024 0.023 4+ 0.012 0.088 + 0.058 0.047 4+ 0.011 0.0056 £ 0.0018 0.021 + 0.009 0.0048 + 0.008
n 0.621 £+ 0.070 0.585 4+ 0.081 0.555 4+ 0.081 0.626 + 0.158 0.533 + 0.041 0.359 + 0.022 0.601 £ 0.069 0.361 £ 0.107
R? 0.9849 0.9787 0.9763 0.9327 0.9924 0.9954 0.9876 0.9036

Freundlich, and Sips isotherm models, as illustrated in Fig. 8
with the corresponding fitted parameters summarized in Table
4. For all CGW samples, the adsorption capacity increases
rapidly at low equilibrium concentrations (Cc). It gradually
approaches a plateau at higher C., indicating progressive
occupation of available adsorption sites followed by saturation.
This characteristic trend suggests adsorption on a finite
number of active sites, a feature typical of biochar-based
sorbents.>

Across all CGW samples and for both metals, the Sips model
provides the best overall fit, with consistently high coefficients
of determination (Pb: R*> = 0.9763-0.9924; Cr: R> = 0.9036-
0.9954). By contrast, the Langmuir fits are moderate (Pb: R*> =
0.9326-0.9597; Cr: R*> = 0.7941-0.9393), while the Freundlich
fits are relatively poor (Pb: R* = 0.7131-0.8601; Cr: R*> = 0.6343—
0.7652). The clear superiority of Sips strongly suggests that
adsorption occurs on energetically heterogeneous surfaces but
still exhibits finite-site saturation at higher concentrations -
precisely the mixed behavior Sips is designed to capture
(Langmuir-like at high C., Freundlich-like at low C.). This
interpretation aligns well with the biochar literature, where Sips
models frequently outperform Langmuir/Freundlich models for
metal ions due to heterogeneous surface functional groups and
mineral phases.*

For Pb(u), the maximum adsorption capacity derived from
the Langmuir model (¢max) is markedly higher for CGW600
(23.18 + 1.48 mg g~ ) than for CGW400 (15.80 + 0.52 mg g~ 1),
CGWS800 (15.96 + 0.64 mg g *), and CGW900 (16.93 =+ 0.87 mg
g~ "). Consistently, the Sips capacity parameter g, also identifies
CGW®600 as the best performer (19.56 4 0.73 mg g~ '), while the
remaining samples are clustered around 14.30-14.56 mg g .
This ranking mirrors the kinetic outcomes (Table 3) where
CGW600 achieved the highest g ox, for Pb(u), and it is mecha-
nistically coherent with the textural/chemical advantages of
CGW600 (highest BET surface area and pore volume while

9490 | RSC Adv, 2026, 16, 9475-9499

retaining sufficient oxygenated groups). Such “moderate-
temperature” biochars commonly maximize adsorption
because they balance (i) accessibility of pores/surface area with
(ii) retention of complexation-capable functional groups,
whereas harsher carbonization can reduce functional group
density and/or accessibility via pore rearrangement.*

The Langmuir affinity constant K;, for Pb(u) is lower for
CGW600 (0.097 + 0.022 L mg ') than for CGW400 (0.221 +
0.036 L mg™ ") and CGW800 (0.181 + 0.035 L mg ™), indicating
that CGW600 achieves its superior capacity primarily through
a larger population of effective adsorption sites rather than
uniformly stronger affinity. This is a common signature of
heterogeneous adsorbents: high-capacity materials may exhibit
broader distributions of site energies, with strong binding on
some sites and weaker binding on others, yielding high overall
uptake but moderate average affinity in a single-parameter
Langmuir description. The Sips heterogeneity parameter n
further supports this view, with n < 1 for Pb(u) across all samples
(e.g., CGW600: 0.555 + 0.081), indicating heterogeneous
adsorption energies rather than ideal monolayer uniformity.>

A similar trend is observed for Cr(vi) adsorption. For Cr(vi),
the same central conclusion holds: CGW600 exhibits the high-
est equilibrium capacity among all samples. Langmuir ¢mayx
values follow CGW600 (19.68 £ 1.08 mg g~ ') > CGW400 (15.53 +
0.62 mg g~') = CGW900 (15.59 + 1.34 mg g~ ') = CGWS00
(15.60 + 1.06 mg g~ "), while the Sips ¢y, values show CGW600
(18.19 £ 0.93 mg g~ ') substantially exceeding the others (13.44-
14.03 mg g ). Importantly, for Cr(vi) the Langmuir affinity
constant K;, is relatively high for CGW600 (0.216 + 0.052 L
mg '), implying that CGW600 provides not only more adsorp-
tion sites but also favorable interactions with chromate species
under the tested conditions.® Mechanistically, Cr(vi) removal
on biochar often involves a coupled adsorption-reduction—
immobilization pathway, in which anionic chromate is first
adsorbed and then partially reduced to Cr(m), which is

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00384b

Open Access Article. Published on 18 February 2026. Downloaded on 6/14/2026 11:34:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

subsequently stabilized on the surface via complexation/
precipitation. This multi-step nature inherently generates
heterogeneity in apparent adsorption energies and is consistent
with Sips-type behavior. Prior mechanistic work has shown that
biochar's inorganic fraction and surface functionalities can
participate in Cr(vi) reduction and subsequent formation of
Cr(m) species (e.g., hydroxides/oxides). At the same time,
Langmuir-type saturation may still emerge at high concentra-
tions due to limited reactive/adsorptive sites.** The Sips
heterogeneity parameter nnn for Cr(vi) further indicates more
substantial heterogeneity for high-temperature samples (e.g.,
CGWS800: 0.359 + 0.022; CGW900: 0.361 + 0.107) compared
with CGW600 (0.626 + 0.158), suggesting that while CGW800/
900 may retain subsets of strong sites, their overall accessible
site population is smaller (consistent with their lower g,).
Conversely, CGW600 combines higher capacity with a more
favorable overall site distribution, consistent with its superior
performance observed in both pH and kinetic results.
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The fitted isotherm behavior observed here - Sips > Lang-
muir > Freundlich - is consistent with many reports on heavy-
metal adsorption by biochars, where surface heterogeneity
(multiple functional groups, mineral phases, and pore hierar-
chies) makes two-parameter models insufficient, while Sips
captures both heterogeneity and saturation. In particular, the
finding that a moderate carbonization temperature (600 °C)
maximizes adsorption capacity aligns closely with the broader
biochar literature summarized in recent reviews, which
emphasize that adsorption performance depends on a balance
between surface chemistry and accessible porosity rather than
carbon content alone. Taken together with the kinetic analysis
(Fig. 7 and Table 3), the isotherm results confirm that CGW600
is the optimal adsorbent among the investigated CGW mate-
rials, achieving the highest capacities for both Pb(u) and Cr(vi)
and exhibiting equilibrium behavior best captured by the Sips
model - consistent with adsorption on heterogeneous surfaces
with finite saturation.

LR (Pb)
(b ) Test: R? = 0.666 | RMSE = 2.915 | MAE = 2.421
30+
»n
(]
=
S 204
3 s :
L 4
g 10-
o 5}
<
0 o
[}
0 10 20 30
Actual values
d SVM (Pb)
Test: R* = 0.948 | RMSE = 1.15 | MAE = 0.966
35+
30+
3 254
=
©
> 204
°
B
2 154
°
o
Q. 104
5-
®
[}
0- T T T T T T T
0 5 10 15 20 25 30 35

Actual values

Fig. 9 The prediction of ML models: ANN (a); LR (b); RF (c); SVM (d) for Pb adsorption capacity by CGW.
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Machine learning model for Pb and Cr adsorption capacity
prediction. The predictive capabilities of four distinct machine
learning algorithms — ANN, LR, RF and SVM - were rigorously
evaluated to estimate the adsorption capacity of Pb(u) and Cr(vi)
onto the CGW adsorbent. Model performance was quantified
using R*, RMSE, and MAE.

For predicting Pb(u) adsorption capacity, the ANN model
demonstrated superior performance compared to the other
algorithms. As illustrated in Fig. 9, the ANN model achieved the
highest accuracy (R* = 0.99) and the lowest error rates (RMSE =
0.533, MAE = 0.428). This aligns with previous studies which
have consistently shown that ANN architectures are highly
effective in modeling the non-linear behavior of heavy metal
adsorption processes.*® The RF and SVM models also demon-
strated strong predictive performance, with R* values of 0.961
and 0.948, respectively. In sharp contrast, the LR model failed to
capture the data's complexity, yielding an R* of 0.666 and an
RMSE of 2.915.
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A similar trend was observed for the prediction of Cr(vi)
adsorption capacity (Fig. 10). The ANN algorithm again proved
to be the most reliable model, attaining an R> of 0.987 and an
RMSE of 0.558. The hierarchy of model accuracy for Cr(vi) fol-
lowed the order: ANN > RF (R*> = 0.956) > SVM (R*> = 0.936) > LR
(R* = 0.691). These findings are consistent with the comparative
analyses by Salazar-Rojas et al. (2022)*°* and Parveen et al
(2017),”” who reported that ensemble methods (such as RF) and
non-linear models (such as SVM and ANN) significantly
outperform linear regression in predicting adsorption efficien-
cies due to the complex, multivariate nature of solid-liquid
interface interactions.

The visual distribution of predicted versus actual values
reinforces these statistical findings. In the scatter plots for ANN,
RF and SVM, the data points are tightly clustered around the
bisector line (1:1 line), indicating a high degree of precision.
Conversely, the LR model displays a wide dispersion of data
points away from the diagonal. This suggests that the adsorp-
tion process involves complex, non-linear interactions that
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Fig. 10 The prediction of ML models: ANN (a); LR (b); RF (c); SVM (d) for Cr adsorption capacity by CGW.

9492 | RSC Adv, 2026, 16, 9475-9499

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00384b

Open Access Article. Published on 18 February 2026. Downloaded on 6/14/2026 11:34:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

linear algorithms cannot adequately model. In contrast, non-
linear models, such as ANNs, are well-suited to capture the
intricate topology of adsorption isotherms and kinetics.

To elucidate the influence of specific experimental parame-
ters on the adsorption efficiency, a feature importance analysis
was conducted. This analysis identifies which input variables -
initial concentration (Pb_con/Cr_con), adsorbent dosage
(Ads_dos), time, temperature (Temp.), and pH - most signifi-
cantly affect the model outputs.

For Pb(u) (Fig. 11), initial metal concentration (Pb_con)
emerged as the most influential factor across all models
(importance scores > 0.85 in RF and SVM), followed by adsor-
bent dosage (Ads_dos, ~0.70) and pH (~0.55). At the same time,
contact time and temperature contributed less (<0.40). This
hierarchy reflects the dominance of mass transfer in Pb(u)
uptake, where higher concentrations drive steeper gradients
and dosage modulates site availability, consistent with
Langmuir-type saturation observed in isotherm studies.*® For
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0
e}
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= o
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3
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Importances
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Cr(v1) (Fig. 12), pH ranked highest (~0.80), underscoring its role
in speciation and electrostatic interactions, with initial
concentration and dosage following closely (~0.65-0.75),
aligning with the pH-dependent reduction-adsorption
pathway.” The consistency in importance rankings across
models enhances interpretability, with RF providing the most
robust feature selection due to its ensemble-based permutation
importance.

The superior performance of RF and SVM over ANN and LR
highlights the efficacy of non-parametric approaches in
handling the inherent complexities of biochar adsorption
systems, such as surface heterogeneity and variable interac-
tions, as corroborated by prior studies on heavy metal
remediation.®*> The models’ high R* values surpass those re-
ported in similar ML applications for biochar-based adsorbents
(e.g., R* ~0.90), attributable to the comprehensive dataset and
tailored preprocessing. Furthermore, the variable importance
insights offer mechanistic validation: for Pb(u), concentration-
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Fig. 11 The prediction of Importance plot: ANN (a); LR (b); RF (c); SVM (d) for Pb adsorption capacity by CGW.
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Fig. 12 The prediction of Importance plot: ANN (a); LR (b); RF (c); SVM (d) for Cr adsorption capacity by CGW.

driven physisorption predominates, while Cr(vi) is more sensi-
tive to pH-mediated chemisorption, supporting the multi-
mechanism framework proposed earlier. By integrating these
ML predictions, future process designs can optimize parame-
ters such as dosage and pH to maximize efficiency, promoting
sustainable textile waste valorization and advancing circular
economy principles in environmental engineering.

Mechanism of Pb and Cr adsorption using CGW. To eluci-
date the adsorption mechanisms governing simultaneous Pb(u)
and Cr(vi) removal, structural and surface characteristics of
CGW600 before and after adsorption were systematically
compared using EDX, XRD, and FTIR analyses (Fig. 3-5 and S2).
This comparison provides direct experimental evidence sup-
porting the proposed mechanisms and allows differentiation
between dominant and secondary processes.

Anaerobic pyrolysis induces a temperature-dependent
evolution in the morphology and surface chemistry of CGW.
At moderate carbonization (CGW600), the fibrous textile-

9494 | RSC Adv, 2026, 16, 9475-9499

derived structure transforms into a heterogeneous porous
carbon matrix with the highest BET surface area (56.85 m> g )
and pore volume (0.046 cm® g~ '), providing abundant acces-
sible adsorption sites. SEM observations confirm the develop-
ment of fractured carbon domains and mesoporous structures,
while XRD patterns indicate predominantly amorphous carbon
with moderate aromatic ordering, which enhances site acces-
sibility without the pore densification observed at 900 °C.

The EDX spectrum of pristine CGW600 (Fig. 2) is dominated
by C and O, with minor mineral elements originating from the
textile matrix. After adsorption (Fig. S3a), distinct Pb and Cr
peaks emerge, confirming the successful immobilization of
both metals on the biochar surface. The presence of these
elements together with slight variations in oxygen-containing
components suggests that adsorption involves interaction
with surface functional groups rather than simple physical
deposition. This observation provides direct evidence for
surface complexation and ion-exchange processes, particularly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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for Pb(u), which preferentially binds to oxygen-containing
functional groups such as hydroxyl and carbonyl groups.

XRD patterns further clarify structural stability and metal
retention pathways. The pristine CGW600 exhibits a broad
diffraction peak at 20 = 24-26° (Fig. 3), characteristic of
amorphous carbon. After adsorption (Fig. S3b), the overall
amorphous structure remains largely unchanged, indicating
that the carbon matrix maintains structural integrity during
metal uptake. Minor changes in peak intensity and weak addi-
tional reflections suggest surface coordination or limited
precipitation of metal-associated phases. The absence of sharp
crystalline peaks corresponding to bulk Pb or Cr oxides indi-
cates that large-scale crystallization is unlikely, and that metals
are primarily retained via surface binding and dispersion within
the pore structure. Therefore, precipitation-driven mechanisms
are considered secondary rather than dominant.

FTIR spectra provide further evidence for functional group
involvement. Comparison of spectra before adsorption (Fig. 4)
and after adsorption (Fig. S3c) reveals shifts and intensity
reductions in bands corresponding to ~-OH (~3400 cm '), C=0
(~1700 ecm™), and C-O/C-N (~1000-1300 cm *). These
changes indicate direct interaction between metal species and
surface functional groups. The attenuation and shift of these
bands support the formation of surface complexes and possible
ion exchange between metal ions and functional groups on the
biochar surface. Such evidence strongly supports surface
complexation as a dominant adsorption pathway for Pb(u).**

Pb(u) adsorption onto CGW is dominated by electrostatic
attraction and inner-sphere surface complexation, particularly
at the selected operational pH of 7. At near-neutral pH, partial
deprotonation of carboxylic and phenolic groups generates
negatively charged sites.*® These sites strongly coordinate Pb>*
ions, forming surface complexes such as:

CGW — COO™ + Pb** —» CGW — COO — Pb* (10)
or bidentate inner-sphere complexes:
2(CGW — O7) + Pb*" — (CGW — O),Pb (11)

This mechanism is consistent with the experimentally
observed increase in Pb(u) adsorption capacity from 3.38-
5.40 mg ¢ " at pH 3 to 6.82-7.64 mg g~ ' at pH 7, as well as with
the excellent fit of the pseudo-first-order kinetic model (k; =
0.0588 min~" for CGW600), indicating that surface-site avail-
ability and mass transfer dominate Pb uptake rather than
precipitation processes.*

Additionally, ion exchange contributes to Pb immobiliza-
tion, whereby Pb>" displaces weakly bound alkaline or alkaline-
earth cations (e.g., Ca®", K*) detected by EDX:

CGW — Ca** + Pb** » CGW — Pb*" + Ca®* (12)

The Sips isotherm model (g,,, = 19.56 mg g ', n = 0.555 for
CGW600) further confirms adsorption on energetically hetero-
geneous surfaces, involving a combination of functional-group
binding and pore filling within mesopores (average pore size =
3.21 nm). Similar mechanistic pathways have been reported for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Pb(u) adsorption on oxygen-rich biochars derived from agri-
cultural and textile wastes.*

In contrast to Pb(u), Cr(vi) exists predominantly as anionic
species (CrO,>~ and HecrO4 ) at pH 7, rendering electrostatic
attraction to negatively charged CGW surfaces unfavorable.
Nevertheless, substantial Cr removal is achieved, indicating
that Cr(vi) adsorption proceeds via a coupled adsorption-
reduction-immobilization mechanism rather than simple
electrostatic binding.*

Initially, Cr(v) interacts with neutral or weakly protonated
surface sites and defect-rich aromatic domains through specific
adsorption and hydrogen bonding.®* Subsequently, partial
reduction of Cr(vi) to Cr(ui) occurs via electron donation from
surface functional groups and the conjugated carbon matrix:

CrO2— + 3¢ + 8H" — Cr’*" + 4H,0 (13)

Although bulk solution pH is neutral, localized acidic
microenvironments near surface functional groups facilitate
this reduction process, as reported for numerous biochar
systems. The generated Cr(m) species are then immobilized
through surface complexation or precipitation:

CGW — COO™ + Cr** - CGW — COO - cr** (14)

(15)

This mechanism explains the sustained Cr(vi) adsorption at
PpH 7 and is consistent with the superior fit of the Sips isotherm
(gm = 1819 mg g ' for CGW600) and pseudo-first-order
kinetics, reflecting heterogeneous surface reactions coupled
with diffusion-controlled uptake. Similar redox-assisted Cr(vi)
removal mechanisms have been extensively documented for
biochar-based adsorbents.*>**

One of the most notable findings of this study is the effective
simultaneous removal of Pb(u) and Cr(vi) at pH 7 using
CGW600, which is more representative of practical wastewater
treatment conditions than the strongly acidic environments
typically required for efficient Cr(vi) removal in many reported
systems. The favorable performance under near-neutral condi-
tions can be attributed to the balanced physicochemical prop-
erties of CGW600, produced at a moderate carbonization
temperature, which preserve both the pore structure and
surface functional groups. Oxygen-containing functional
groups identified by FTIR provide active binding sites for Pb(u)
through surface complexation and ion exchange. In contrast,
the heterogeneous surface chemistry and residual mineral
components facilitate Cr(vi) retention through a combination of
adsorption, localized electrostatic interactions, and possible
redox-assisted immobilization. The coexistence of diverse
functional groups and accessible pore structures enables
parallel adsorption pathways for both cationic Pb(u) and
anionic chromate species, reducing competitive inhibition
during co-adsorption. This multifunctional surface environ-
ment explains the effective Pb-Cr removal at neutral pH. It
highlights the practical applicability of textile waste-derived
biochar for real wastewater treatment, where operation under

Cr¥* + 30H™ — Cr(OH)s|
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near-neutral conditions is preferred to minimize chemical
consumption and operational complexity.

Beyond predictive accuracy, the ML analysis provides addi-
tional scientific insight into the governing factors controlling
the simultaneous adsorption of Pb(u) and Cr(vi). Variable-
importance evaluations from the ANN, RF, and SVM models
consistently identify pH, adsorbent dosage, and initial metal
concentration as the most influential parameters affecting
adsorption performance. This finding is mechanistically
meaningful rather than purely statistical. The dominant role of
pH revealed by the ML models is consistent with the experi-
mentally observed dependence of adsorption on surface charge
conditions, metal speciation, and protonation-deprotonation
behavior of functional groups. Similarly, the strong influence of
adsorbent dosage reflects the availability of active binding sites
and the accessibility of pores, supporting the proposed roles of
surface complexation and pore-filling mechanisms. The
importance of initial metal concentration further indicates that
adsorption capacity is governed by the balance between avail-
able functional groups and competitive occupation of hetero-
geneous surface sites during simultaneous Pb-Cr removal. The
ML results clarify the relative contributions of different mech-
anisms by quantitatively confirming that adsorption perfor-
mance is primarily controlled by surface chemistry and site
availability rather than by structural transformations or
precipitation processes. This interpretation aligns with the
spectroscopic and structural evidence discussed above, which
indicates that functional group interactions and dispersed
surface binding dominate over bulk crystalline phase forma-
tion. Therefore, the ML analysis complements and extends the
experimental findings by providing a quantitative framework
that links operational parameters to underlying adsorption
mechanisms. Rather than serving solely as predictive tools, the

View Article Online
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ML models strengthen mechanistic interpretation by identi-
fying the controlling variables governing simultaneous heavy
metal removal under near-neutral conditions. These findings
align closely with recent ML-based mechanistic studies on
heavy metal adsorption by biochars.®

Therefore, CGW600 provides an optimal balance between
surface functionality, porosity, and structural stability, enabling
efficient simultaneous removal of Pb(u) and Cr(vi) at pH 7. Pb(u)
is primarily immobilized via electrostatic attraction, surface
complexation, and ion exchange, whereas Cr(vi) removal
proceeds through specific adsorption coupled with partial
reduction to Cr(m) and subsequent stabilization. The conver-
gence of experimental modeling and ML analysis confirms that
adsorption on CGW is inherently heterogeneous and multi-
mechanistic, making CGW600 a promising, sustainable adsor-
bent for treating mixed-metal textile wastewater.

Table 5 compares the Pb(u) and Cr(vi) adsorption perfor-
mance of CGW600 with that of representative biochar- and
carbon-based adsorbents reported in the literature. Many high-
capacity systems rely on strong chemical activation or func-
tional composite design, such as KOH-activated biochar, which
achieves Langmuir capacities of 140.0 mg g~ ' for Pb(u) and
127.2 mg g~ * for Cr(vi) at their respective optimum pH values.
Likewise, engineered composites (e.g., FeS/chitosan/biochar or
magnetic biochars) frequently show enhanced Cr(vi) uptake
(80-104 mg ¢~ '), but typically under acidic conditions and with
material complexity that may limit scalability.” In contrast,
many biomass-derived biochars that target a single metal report
high Pb(u) adsorption only when pH is tuned and/or the feed-
stock is mineral-rich.*’ A key strength of the present study is the
effective simultaneous removal of Pb(u) and Cr(vi) at pH 7,
which is closer to practical wastewater conditions and avoids
intensive pH adjustment. At neutral pH, Pb(u) can be

Table 5 Comparison of reported adsorption capacities for Pb(i) and Cr(v) using biochar/carbon-based adsorbents

Capacity Pb(n) Capacity Cr(vi)

No. Adsorbent Target Optimum pH (mg g™ (mgg™) System type References

1 CGW600 Pb + Cr 7 23.18 19.68 Multi-metal This work
(garment waste biochar) simultaneous

2 KOH-activated Douglas Pb + Cr “pH of maximum 140.0 127.2 Single-metal 67
fir biochar adsorption”

3 Cassava root husk biochar Pb + Cr(v1) 6-7 44.27 28.37 Multi-metal 68
loaded with ZnO NPs (+others) simultaneous

4 Hybrid biochar from Pb + Cr(v1) — 15.22 36.63 Multi-metal 69
biomass + plastic waste simultaneous

5 Corncob biochar Cr(v) 2.0 — 38.1 Single-metal 50

6 Spent mushroom substrate Pb(u) 2-6 326 (PC700)/398 — Single-metal 49
biochar (SC700)

7 Modified atermelon Pb(u) pH varied 60.87 — Single-metal 70
seed biochar

8 Corn stalk biochar Pb(u) 5.5 124.7 — Single-metal 71

9 Fe;0,@Si0,-NH, modified Cr(v) Acidic favored — 27.2 Single-metal 72
biochar (magnetic)

10 FeS/chitosan/biochar Cr(vi) pH affects — 103.93 Single-metal 73
composite strongly

11 Magnetic biochar Cr(v) — — 80.96 Single-metal 74
adsorbents
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immobilized via surface complexation/ion exchange with
oxygen-containing functional groups, whereas Cr(vi) removal is
often challenging because chromate species remain anionic
and electrostatic attraction is weakened. The ability of CGW600
to remove both species concurrently at pH 7 suggests that its
heterogeneous surface chemistry and pore structure provide
parallel uptake pathways for cationic and anionic contami-
nants, enabling practical co-removal without extreme pH
control. Compared with other multi-metal studies (e.g., cassava
root husk biochar loaded with ZnO nanoparticles), which typi-
cally report optimum performance around pH 6-7 but often
involve multiple metals and engineered additives, CGW600
offers a simpler, textile-waste-derived route while maintaining
competitive capacities for both Pb and Cr under neutral
conditions.®®

Practical implications and trade-offs between fuel and
adsorption functions. The results clearly demonstrate that
carbonization temperature plays a decisive role in determining
whether carbonized garment waste (CGW) is better suited for
fuel applications or for adsorption-based remediation. Biochars
produced at higher temperatures (800-900 °C) exhibit superior
fuel-related properties, including higher fixed carbon content,
higher calorific value, and improved combustion stability. In
contrast, biochar produced at a moderate temperature (600 °C)
retains a more developed pore structure and higher density of
surface functional groups, resulting in enhanced adsorption
performance for Pb(u) and Cr(vi).

From a practical perspective, these findings indicate that
a single biochar batch cannot simultaneously maximize both
fuel efficiency and adsorption capacity. This reflects an inherent
trade-off between carbon structural ordering required for
energy applications and surface functionality required for
adsorption. Nevertheless, the production framework remains
practically viable, as textile waste-derived biochar can be selec-
tively tailored toward either energy recovery or wastewater
remediation by adjusting carbonization temperature. Such
flexibility enables application-specific optimization within
a unified waste valorization strategy rather than requiring a one-
size-fits-all material.

Conclusion

This study demonstrates the effective valorization of post-
industrial garment waste into a multifunctional biochar via
anaerobic pyrolysis, providing a unified approach that inte-
grates waste-to-energy recovery with wastewater remediation.
The results clearly show that the carbonization temperature
governs the multifunctional performance of the resulting
material, resulting in a measurable trade-off between fuel-
related properties and adsorption capacity. Biochar produced
at high temperatures (800-900 °C) exhibited excellent fuel
characteristics, including high carbon content (>76 wt%), low
ash (<1.4 wt%), and high calorific values (6906-7069 kcal kg %),
achieving thermal efficiencies of approximately 70% in practical
water-boiling tests. These values are comparable to or higher
than those of conventional coal briquettes, confirming the
suitability of high-temperature CGW as a sustainable solid fuel.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In contrast, CGW600 demonstrated optimal adsorption
performance, with maximum Langmuir capacities of 23.18 mg
g~ for Pb(u) and 19.68 mg g ' for Cr(vi), outperforming the
other CGW samples due to its higher surface area (56.85 m* g~ ")
and pore volume (0.046 cm® g~ ). Notably, simultaneous Pb-Cr
removal was achieved at pH 7 with equilibrium adsorption
capacities of 9.43 4 0.26 mg g~ * for Pb(i) and 8.78 + 0.18 mg
g~ for Cr(vi), demonstrating effective co-removal under near-
neutral conditions that are more relevant to real wastewater
treatment than the strongly acidic conditions typically required
for Cr(vi) adsorption. Compared with many reported biochar-
based systems that require separate optimization conditions
for cationic and anionic metals, the present CGW600 system
enables efficient dual-metal removal within a single operational
window.

Mechanistic analysis, supported by FTIR, XRD, EDX, and
adsorption modeling, indicates that Pb(u) uptake is primarily
governed by surface complexation and ion exchange, whereas
Cr(vi) removal involves adsorption coupled with redox-assisted
immobilization. Machine learning analysis further revealed
that pH, adsorbent dosage and initial concentration are the
dominant factors controlling adsorption performance,
providing quantitative confirmation of the experimental find-
ings and offering a predictive framework for process
optimization.

The novelty of this study lies in the integrated evaluation of
garment waste-derived biochar as both a solid fuel and a dual-
metal adsorbent, together with machine-learning-assisted
interpretation of adsorption behavior. Unlike most previous
studies that focus on a single functionality, this work estab-
lishes a practical temperature-dependent framework for
tailoring biochar toward either energy recovery or environ-
mental remediation. The findings highlight the feasibility of
converting textile waste into value-added carbon materials that
address both solid waste management and the treatment of
heavy-metal-contaminated wastewater. From a practical stand-
point, optimizing the carbonization temperature enables flex-
ible deployment of CGW as either a clean-burning household
fuel or an effective adsorbent operating under near-neutral
conditions, thereby supporting circular economy strategies in
textile-producing regions.

This study confirms the existence of a temperature-
dependent trade-off between fuel performance and the
adsorption capacity of garment waste-derived biochar. While
a single biochar cannot simultaneously optimize both func-
tions, controlled carbonization enables flexible, application-
oriented utilization within an integrated textile waste valoriza-
tion framework.
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