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Novel coal fly ash-chitosan composite for highly
efficient, cost-effective and stable removal of lead
and chromium from industrial wastewater

Khandgave Santosh Sopanrao and Inkollu Sreedhar @ *

In the present study, a novel and economical adsorbent was synthesized from a coal fly ash-chitosan
composite to remove Pb2* and Cr®* from aqueous solutions. The characterization of the adsorbent under
optimal conditions revealed that it was mesoporous and rich in different functional groups, which
enhanced its adsorption properties. The optimal conditions for the adsorption process were achieved at
three levels. At the first level, the optimal conditions for fly ash calcination (300 °C for 2 h), H3PO,4
concentration (0.4 mol L™), MFA-CS ratio (3:1), and effective morphology (nanopowder) for Pb?* and Cré*
removal were achieved. At the second level, response surface methodology achieved adsorption capacities
of 339.27 mg g™* for Pb?" removal and 242.84 mg g™* for Cr®* removal under optimal conditions. The third
level involved pH standardization, which further enhanced the adsorption capacities to 352.19 mg g™* for
Pb?* removal and 265.13 mg g* for Cr®" removal. These results were well fitted by the pseudo-second-
order kinetic and Langmuir isotherm models, demonstrating that the adsorption progressed via monolayer
chemisorption. Removal efficiencies of 86.78% and 67.09% were obtained for Pb?* and Cr®*, respectively,
during their simultaneous removal. Thermodynamic studies confirmed the spontaneity of the adsorption
process. The adsorbent demonstrated reusability, retaining its performance over 15 regeneration cycles. In
column studies, maximum adsorption capacities of 255.61 mg g™* for Pb?* and 42.08 mg g™* for Cr®* were
achieved, described well by the Thomas model. This cost-effective adsorbent, driven by ion exchange and
surface complexation mechanisms, holds significant promise for wastewater treatment.

This work explores the development of a cost-effective, green, efficient and stable adsorbent composite from industrial waste (coal fly ash) to remove heavy

metals from industrial waste water. This work involves dual advantages of waste valorization and environmental remediation. This study paves the way for

enhanced sustainability through circular economy and water recovery.

1. Introduction

occurrence in industrial effluents from sources such as battery
manufacturing, mining, electroplating, and tanning.'

Heavy metals in industrial wastewater, such as mercury, lead,
chromium, and copper, pose significant health risks, including
organ damage, neurological disorders, and developmental
issues, to humans when present beyond permissible limits (Fig.
S171). Lead (Pb*") and chromium (Cr®") removal was selected for
this study considering their high toxicity and frequent
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Compared with many other heavy metals, Pb>" and Cr®* pose a
greater risk to human health and the environment because of
their high severe toxicological effects.” These metals are
particularly harmful, and their concentrations exceeding
permissible limits (0.05 mg L™ for Pb>* and Cr®") are associated
with serious health issues, including neurological damage and
cancer. Their widespread use, environmental persistence, and
elevated health risks make them priority pollutants,
underscoring the importance of their effective removal for
public and environmental health.

Lead and chromium, commonly released by industries
such as battery manufacturing, mining, electroplating, and
tanning, are particularly harmful, with levels exceeding their
permissible limits (0.05 mg L™ for Pb>" and Cr®") leading to
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serious health effects such as neurological damage and
cancer, making their removal essential for public health and
environmental protection." Common methods for removing
lead and chromium from wastewater include chemical
precipitation and membrane filtration; however, adsorption
is preferred because of its simplicity, cost-effectiveness, and
high efficiency in targeting a wide range of metal ions. Unlike
other methods, adsorption does not generate harmful by-
products and can be easily regenerated for reuse, making it a
sustainable and eco-friendly solution for heavy metal
elimination.>*

Fly ash, a residual material from coal combustion, is widely
recognized as a cost-effective and abundant adsorbent with
favourable properties including high surface area and porous
morphology, which enhance its suitability for wastewater
treatment applications.> Chitosan, a naturally derived
biopolymer from chitin, is biodegradable and possesses
abundant functional groups (-NH,, -OH, -COOH, etc.) that
contribute to its strong affinity toward heavy metals via
mechanisms such as ion-exchange and complexation.” When
combined, fly ash and chitosan form a composite that benefits
from both the mechanical stability and porosity of fly ash and
the functional activity of chitosan, resulting in an efficient,
sustainable, and cost-effective material for the remediation of
toxic metals.® Recent studies have highlighted the promising
capabilities of fly ash-chitosan composites in removing heavy
metals from aqueous systems. For instance, a fly ash-coated
chitosan composite in a ratio of 8/1 achieved a Cr®* adsorption
capacity of 36.22 mg g, with the removal mechanism primarily
driven by ion exchange between Cr®" species and the protonated
amino groups on chitosan, supported by the porous fly ash
structure.” In another study, an EDTA-modified fly ash-chitosan
composite exhibited a maximum Pb*" adsorption capacity of
2.5 mg g ', where metal removal was attributed to surface
complexation facilitated by EDTA groups, although the overall
capacity was limited by reduced surface accessibility.® A zeolite
adsorbent synthesized from coal fly ash demonstrated an
exceptional Pb>" adsorption capacity of 500 mg g™, suggesting
that thermal activation and aluminosilicate restructuring
significantly enhanced the surface functionality and facilitated
monolayer chemisorption governed by specific binding
interactions.® In soil-contaminated water systems, a chitosan-
coated fly ash-supported biochar composite in a ratio of 4/1
achieved 33.21% Cr® removal®, with the moderate efficiency
probably influenced by complexity and the presence of
competing ions in the soil leachate.” Furthermore, a chitosan
biopolymer supported on alkali-activated fly ash achieved a Pb**
removal efficiency of 98%, which was attributed to the increased
surface basicity and pore development during alkali treatment
that improved electrostatic attraction and metal ion diffusion.'
Chitosan coating on ceramic alumina was effective in removing
Cr®, achieving a high capacity of 153.85 mg g™ via monolayer
adsorption, as indicated by Langmuir isotherm fitting,
emphasizing the importance of uniform active sites for heavy
metal uptake.'" A chitosan—fly ash composite cross-linked with
tripolyphosphate showed a maximum capacity of 165.8 mg g~
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for reactive red 120 dye at 45 °C, with the Freundlich isotherm
fitting indicating multilayer adsorption onto a heterogeneous
surface, and chemical crosslinking was noted to enhance the
mechanical stability of the composite."> A carbonized zeolite/
chitosan composite synthesized via pyrolysis at 500 °C
demonstrated adsorption capacities of 111.35 mg g™* for Cu**
and 104.75 mg g ' for Cr®", with optimal performance observed
at pH 8.1 and 9.6, respectively. The kinetic data followed
pseudo-second-order behaviour, suggesting chemisorption as
the dominant rate-limiting mechanism."® These developments
highlight the potential of the fly ash-chitosan composite as an
efficient and sustainable adsorbent for the removal of heavy
metals from wastewater.

The majority of studies on heavy metal removal have been
conducted using batch systems, which are valuable for
preliminary assessments but do not accurately represent
column operations relevant to industrial applications. The
column studies are essential for understanding real-time
adsorption  performance, breakthrough behaviour, and
scalability. A few researchers have investigated the column
adsorption to gain insights into the removal mechanisms and
regeneration behaviour. For example, the breakthrough curves
for Pb**, Cr*’, Cu*", and Ni*' removal using chitosan-based
adsorbents were modelled using the Thomas, Adams-Bohart,
and Yoon-Nelson equations, with effective regeneration
achieved using 0.1 mol dm™ nitric acid under dynamic
conditions."* A novel nanofiltration membrane composed of
vinyl resin (VR), cellulose nanofibrils (CNF), and titanium alpha
aluminate (TAAL) nanoparticles for efficient removal of
methylene blue (MB) from industrial wastewater achieved a
remarkable 98.6% removal efficiency for 30 ppm MB dye, with a
maximum adsorption capacity of 125.8 mg g—."> Although the
study focused on dye removal, it exemplifies the growing
interest in dynamic systems and the potential for developing
advanced, generable materials for column applications. In
another study, amidoxime chelating resin was tested at a flow
rate of 1.0 mL min', with breakthrough volumes recorded at
190 mL for Cu**, 150 mL for Ni**, and 80 mL for Pb>*. The resin
retained over 85% of its initial adsorption capacity after five
regeneration cycles using 0.2 M HNO,.'® Similarly, a granular
activated carbon derived from coconut shell was employed for
Pb>" removal. Batch studies were initially used to screen
adsorbents before transitioning to column tests, which showed
that breakthrough time and capacity were influenced by bed
height, hydraulic loading rate, and initial concentration. The
spent adsorbent was successfully regenerated using HNO;."”
Pumice and brown coal were also examined for Cr’** and Cr®*
removal, with optimum performance observed at a flow rate of
5 mL min " and significant effects of pH, concentration, and
bed height on adsorption capacity.'® Despite these valuable
contributions, comprehensive studies on heavy metal removal
in the column mode using low-cost, eco-friendly, and
regenerated adsorbents are still limited. This highlights a
significant gap and emphasizes the need for further
investigation into column studies to enable practical, scalable,
and sustainable water treatment solutions.

This journal is © The Royal Society of Chemistry 2025
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This study develops a novel H;PO,-modified fly ash-chitosan
composite (MFA-CS) aimed at the efficient removal of Pb>" and
Cr®" from wastewater, employing a hierarchical three-level
optimization strategy including RSM to maximize the
adsorption capacity. Comprehensive thermo-kinetic analyses
using conventional and non-conventional models, column
adsorption experiments with breakthrough curve modelling,
and detailed mechanistic investigations were also conducted.
Additionally, the composite's performance was evaluated for
simultaneous removal of multiple heavy metals, reflecting real-
conditions. Cost analysis also
incorporated to assess the economic feasibility of the
adsorption process, providing practical insights into scalability
and application potential. The study further evaluated the
adsorbent stability over 15 regeneration cycles, offering key
insights into its durability and reusability. By addressing these
critical aspects, this research contributes significantly to the
development of an effective, robust, and sustainable adsorbent
for heavy metal remediation in wastewater treatment.

world wastewater was

2. Materials and experimental methods

2.1 Chemicals and reagents

Phosphoric acid (85% purity), lead acetate trihydrate (99%
purity, AR grade), potassium dichromate (99.9% purity, AR
grade), sodium hydroxide pellets (97% purity), and chitosan
(high molecular weight, 90% degree of deacetylation) were
procured from Sisco Research Laboratories Pvt. Ltd. (SRL).
Hydrochloric acid (35-37% purity, AR grade) was procured
from Finar company. Sulphuric acid (98% purity, AR grade)
and acetic acid (99.5% assay) were acquired from SDFCL
company. Nitric acid (70% purity, AR grade) was obtained
from Qualigens company. The use of high-purity reagents
ensures  reproducibility and  aligns with  recent
standardization practices reported in the literature."’

2.2 Preparation method of MFA-CS adsorbent

The coal fly ash was initially washed thoroughly and then
subjected to oven drying at 110 °C to obtain dried coal fly
ash. The dried fly ash was then subjected to calcination in a
muffle furnace at an optimum temperature of 300 °C for 2 h,
followed by washing and drying. A total of 2 g of the calcined
fly ash was then soaked in a H3zPO, acid solution (0.4 mol
L™ for 26 h followed by washing and drying. The resulting
material was designated as modified fly ash (MFA). Then, 3 g
of chitosan was added into 150 ml of CH;COOH (3% v/v)
solution. This solution underwent orbital shaking for 12 h to
produce a uniform gel. The MFA was then incorporated into
the chitosan solution at an optimum ratio of 3/1 (MFA:CS)
and stirred for 24 h to ensure homogeneity. Three
morphological forms of MFA-CS were synthesized, and are
illustrated in Fig. 1. For the nanopowder, a NaOH solution
(3.0 g per 100 mL H,0) was added to the MFA-CS solution to
induce precipitation, followed by drying and grinding. Beads
were formed by introducing the MFA-CS solution dropwise
into NaOH using a syringe, followed by retaining the

This journal is © The Royal Society of Chemistry 2025
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hydrogel beads in the solution for 26 h, washing and drying.
For film preparation, the homogeneous MFA-CS solution was
poured into a Petri dish and left to dry at room temperature
for 48 h to form a thin film. The concise synthesis protocols
were referred from the study of treatment of oily produced
water using coagulant mixtures.>’

2.3 Analytical and characterization equipment

Heavy metal concentrations in the solution were analysed by
Atomic Absorption Spectroscopy (AAS) (Shimadzu, Japan) at
wavelengths of 324.8 nm for Pb** and 357.9 nm for Cr®*. The
thermal stability and decomposition behaviour of the adsorbent
were assessed by Thermogravimetric Analysis (TGA) (Shimadzu,
Japan) at a heating rate of 5 °C min™" over a temperature range
of 30-1000 °C. The pore volume, surface area, and pore
diameter of the adsorbent were measured using the Brunauer-
Emmett-Teller (BET) method (Microtrac Bel, Japan), which
records nitrogen gas adsorption and desorption at various
relative pressures to generate adsorption and desorption
isotherms. Functional groups present on the adsorbent surface
were identified by Fourier Transform Infrared (FTIR)
spectroscopy (Jasco, Japan) within the wavenumber range of
4000-400 cm™". The surface morphology and microstructural
features of the MFA-CS composite before and after adsorption
were examined by field emission scanning electron microscopy
(FE-SEM) (FEI, USA). The elemental composition and
distribution across different surface locations were determined
by energy-dispersive X-ray (EDX) spectroscopy (Oxford
Instruments, UK). The phase identification and crystallite size
of MFA-CS were analysed using an X-ray powder diffractometer
(XRD) (Rigaku, Japan) over a 26 range of 5° to 90°.

2.4 Batch and column studies

In the first-level optimization, the calcination of coal fly ash was
performed at a temperature ranging from 250 °C to 400 °C
inside a muffle furnace for 2 h to determine the optimal
temperature for Pb** and Cr®" removal. Subsequently, the
calcination time was optimized by varying the duration from 1
to 3 h at a fixed temperature of 300 °C to maximize the metal
removal efficiency. The molar concentration of H;PO, was also
optimized by adjusting it between 0.3 mol L™ and 0.5 mol L™
to achieve maximum Pb** and Cr®" adsorption. Furthermore,
the MFA-CS composite ratio was investigated at 1/1, 1/2, 1/3,
and 3/1 to determine the most effective composition for metal
removal. The impact of adsorbent morphology was assessed
using three different forms: nanopowder, beads, and film to
identify the most efficient structure for Pb** and Cr°
adsorption. This hierarchical approach is validated and
commonly employed in similar material development studies.>*
The mathematical equations describing the adsorbent
performance are provided in Table S1.f

The second-level optimization was performed using the
Box-Behnken method of RSM, where trials were performed
with an MFA-CS amount ranging from 1 to 10 g L™, 20 to
180 min time, and a metal load from 100 to 1000 mg L™ for
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Fig. 1 Process flow for MFA-CS production.

17 trials to maximize the Q. for Pb*>" and Cr®" removal. The
third-level optimization focused on pH studies within the
range of 2.0 to 6.0 to achieve the maximum Q. for both the
metals, and the point of zero charge (pHp,.) was determined.
The isotherm studies were performed at RSM optimal
parameters for Pb>" and Cr®" by changing the metal load
from 100 to 1000 mg L™ and tested against five non-linear
isotherm models. Kinetic studies were carried out for 20 to
240 min under RSM optimal conditions and analysed using
four non-linear kinetic models. The mathematical equations
of kinetic and isotherm models are included in Table S2. All
adsorption experiments were repeated thrice, and the
analysis of error was reported. The simultaneous removal of
Pb>* and Cr®" was assessed at 100 mg L' Pb** or Cr®
concentration, 30 min time, 1 g L' MFA-CS amount, and pH
5.0. Thermodynamic variables (AG°, AS°, and AH°) were
calculated for both the metals at a temperature ranging from
25 °C to 50 °C to evaluate the spontaneity of the adsorption.
The regeneration tendency of MFA-CS was tested using four
eluting agents: HNO;, HCl, NaOH, and H,SO, at a metal
concentration of 0.1-1 mol L™ to find the optimal desorption
substance. The adsorption-desorption cyclic study was
carried out for up to 15 cycles using H,SO, (0.4 mol L") for

Pb** and 0.6 mol L' HNO; for Cr®" removal. This

1980 | Environ. Sci.. Water Res. Technol., 2025, 11, 1977-2001
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regeneration studies demonstrated the long-term reusability
of MFA-CS, minimizing the dependence on new adsorbents
and enhancing the system sustainability.

A series of column experiments were conducted to
investigate the removal performance of Pb*>" and Cr®" ions
under varying operational conditions. The study primarily
examined the effects of three parameters: inlet flow rate,
initial metal concentration, and bed height. To assess the
impact of flow rate, untreated metal ion solution was
introduced in an upward flow direction at rates ranging from
5 to 15 mL min~', while maintaining a constant bed height
of 10 cm and a fixed initial metal concentration of 500 mg
L', Effluent samples were collected at regular time intervals
between 50 and 1100 min to determine the concentration
ratio (C/C,). Subsequently, the influence of initial metal
concentration was evaluated by varying it from 250 to 1000
mg L' at a constant flow rate of 10 mL min™" and a fixed
bed height of 10 cm. Breakthrough data were similarly
recorded across the same time intervals for both Pb** and
Cr®" ions. Furthermore, the effect of bed height was explored
by varying the column height from 5 to 15 cm, keeping the
flow rate constant at 10 mL min ‘. In these trials, the
concentration of Pb*>" was maintained at 750 mg L™, while
Cr®" was kept at 500 mg L™'. The experimental setup,

This journal is © The Royal Society of Chemistry 2025
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including the configuration of the column set up, is
illustrated in Fig. S2. Breakthrough curves were plotted
using the C,/C, values to analyse the dynamic behaviour of
the column under different conditions and to determine the
optimal operating parameters. The nomenclature, parameter
definitions, and relevant mathematical expressions used in
the analysis are provided in Table S3.f To further interpret
the experimental results, the data were fitted using two
widely accepted adsorption models: Yoon-Nelson and
Thomas, as described in Table S4.f The presentation of
column experiments was streamlined following the format
and clarity previously demonstrated in the literature.*>

3. Results and discussion

3.1 Characterization of adsorbent physico-chemical
properties

3.1.1 BET analysis. The best-performing adsorbent, MFA-
CS nanopowder, was selected for BET analysis. Before
analysis, the adsorbent samples experienced an initial
treatment at 250 °C for 3 h to remove moisture. Later,
nitrogen gas was introduced at 77 K to obtain adsorption-
desorption isotherms, as demonstrated in Fig. 2. The
observed isotherm corresponded to the type-4 classification
(IUPAC norms), indicating the presence of mesopores.”® At a
relative pressure (0.019 to 0.42), micro-pores were filled,
signifying single-layer adsorption. The adsorption of
multilayers commenced as the pressure elevated, resulting in
the development of additional nitrogen layers. At a higher
relative pressure, N, condensation was observed in the
mesopores, which demonstrated changing pore sizes.>***

The N, adsorption-desorption isotherm of the MFA-CS
composite displays a prominent hysteresis loop in the relative
pressure range of 0.48 to 0.99, which is indicative of the
mesoporous structure. This hysteresis arises from the capillary
condensation of nitrogen within mesopores during adsorption,

21

Pore property MFA-CS-Pb* | MFA-CS-Cr™
Pore diameter (um) | 54.31 32.03 a8

Pore volume (cmg) | 0.097 0.057 0.075

Surface area (m¥/g) | 139.84 8247 10838

MFA-CS

—e— Adsorption
—— Desorption

—
£
1

=
1

Quantity adsorbed (cm*/g STP)

0 T T
0.0 0.4 0.8 1.2

Relative pressure (P/P,)
Fig. 2 Adsorption-desorption BET studies on MFA-CS.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

followed by delayed evaporation during desorption due to pore
network effects.® Specifically, the presence of ink-bottle-shaped
pores, characterized by narrow necks connected to wider cavities,
results in nitrogen being trapped during desorption until a lower
relative pressure is reached, leading to the observed gap between
the adsorption and desorption branches.*® Such pore structures
also promote the multilayer adsorption and restricted desorption
pathways. Similar adsorption patterns have been reported for
heavy metal ion elimination from wastewater using porous
carboxymethyl chitosan beads,”” nanofiltration membrane for
dye removal,”® and polyvinyl alcohol-chitosan composites.’
Following the adsorption of Pb** and Cr°" on the MFA-CS
adsorbent, a reduction in surface area was observed: 41.02%
(from 139.84 m” g " to 82.47 m” g ") for Pb*" and 22.49% (from
139.84 m> g™ to 108.38 m* g*) for Cr®". This could indicate that
metals possibly engaged the pores and shaped a covering on the
surface. A similar pattern was noticed in pore diameter
reduction, with the reduction of 41.02% (from 54.31 nm to 32.03
nm) and 24.17% (from 54.31 nm to 41.18 nm) following the
adsorption of Pb** and Cr°', respectively, which signifies the
effective adsorption on the adsorbent surface. A comparative
surface property reported in the literature is briefed in Table S5.f

3.1.2 Surface morphology and compositional analysis. The
surface morphology assessment through FE-SEM and
elemental composition analysis using EDX are presented in
Fig. 3 and Table S6,f respectively. These analyses were
performed on pristine-modified fly ash (MFA) and on the
best-performing MFA-CS nanopowder before and after Pb*"
and Cr®" metal adsorption. EDX readings were captured at
three different locations on the MFA-CS surface and reported
the average values. The structural characteristics of pristine
MFA are mentioned in Table S6tf and morphology in
Fig. 3(A), revealing an elemental composition of 32.08%
carbon, 6.13% nitrogen, 22.65% oxygen, 4.87% phosphorus,
18.69% silicon, and 2.18% calcium. In contrast, the pristine
MFA-CS nanopowder adsorbent is mentioned in Table S6}
and its morphology in Fig. 3(B), which exhibited a
composition of 31.61% carbon, 5.63% nitrogen, 32.49%
oxygen, 3.55% sodium, 16.52% silicon, 3.74% phosphorus,
and 1.92% calcium. The increased oxygen content in MFA-CS
indicates the incorporation of oxygen-containing functional
groups from chitosan, enhancing the adsorption capability.®

After the adsorption of Pb** and Cr®" metals, morphological
changes were observed in the best-performing MFA-CS
nanopowder, as shown in Fig. 3(C) and (D). The porous
structure became less distinct as metal ions accumulated in the
adsorption sites, resulting in the development of a smooth,
film-like layer on the surface. The EDX results confirmed the
effective metal adsorption, and the weight percentages of
14.96% + 1.05 for Pb*" and 7.61% = 0.75 for Cr®" on the
adsorbent surface were observed. These values were obtained
from measurements at three different locations on the
adsorbent surface, and the corresponding statistical analysis,
including standard deviations, is provided in Table S6.f The
approach adopted for quantitative elemental analysis is in line
with best practices highlighted in recent studies based on
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copper ion removal from wastewater using magnetic gamma
alumina nanoparticles.>® A reduction in carbon, nitrogen, and
oxygen contents was also observed post-adsorption (Table S6),
which indicates the surface saturation and potential
replacement of functional groups by metal ions.*® These
outcomes are aligned with the earlier studies on metal
mitigation using various adsorbents, including chitosan—
polyvinyl alcohol-zeolite composites,®® magnetic EDTA-
modified chitosan-SiO,-Fe;0, adsorbents,*” and
carboxymethyl-chitosan composites.*® The observed structural
and compositional changes highlighted the effectiveness of the
MFA-CS nanopowder for the Pb®>" and Cr®" metal adsorption,
making it a promising material for wastewater treatment.

3.1.3 Thermal stability. The thermal stability of the MFA-CS
composite, before and after metal ion adsorption, was evaluated
using TGA, as shown in Fig. 4. The TGA profile revealed a
characteristic three-stage degradation pattern, indicative of
distinct physicochemical transformations within the composite
matrix. In the first stage, a weight loss of 22.37% was observed
between room temperature and 150 °C. This loss is probably
due to the evaporation of physically adsorbed water molecules,
residual solvents, and loosely bound volatile organic
compounds. This stage reflects the hydrophilic nature of the
composite and indicates the presence of surface-accessible
functional groups capable of hydrogen bonding.'> The second
stage, occurring between approximately 150 °C and 400 °C,
showed a significant weight loss of 47.15%. This degradation
was associated with the thermal depolymerisation of chitosan-
coal fly ash composites and separation of functional groups

1982 | Environ. Sci.: Water Res. Technol., 2025, 11, 1977-2001
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such as carboxyl, hydroxyl, and amine groups. These groups are
crucial for metal ion binding, and their decomposition suggests
substantial structural reorganization. The process probably
includes the scission of glyosidic linkages in chitosan and the
breakdown of chemically bonded organic moieties that
interacted with metal ions during adsorption.”?* In the final
stage, from 400 °C to 600 °C, a further 23.25% weight loss was
recorded. This phase corresponds to the thermal decomposition
of more stable carbonaceous residues and inorganic leftovers

—— MFA-CS
—— MFA-CS-Pb*
—— MFA-CS-Cr®"

100

80

60

Weight (%)

40

20

0 T T T
0 200 400 600 800

Temperature (°C)

Fig. 4 TGA of MFA-CS.
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remaining after the earlier stages. It probably involves the
collapse of cross-linked polymer networks, oxidation of carbon
backbones, and volatilization or transformation of inorganic
mineral content derived from coal fly ash.>**** This multistep
degradation trend is consistent with the thermal behaviours
reported for other composites in environmental remediation,
such as polyvinyl alcohol-modified chitosan,® chitosan-biochar
composite,>  and  cellulose  nanofibril-vinyl  resin
nanocomposites,’> and a comparable three-stage degradation
profile during the development of nanofiltration membranes
was observed. Collectively, these findings affirm the good
thermal integrity of the MFA-CS composite, supporting its
suitability for practical applications in aqueous-phase metal ion
removal under different thermal conditions.

3.1.4 Crystallinity studies. The degree of crystallinity of
MFA-CS, pre- and post-metal adsorption, was studied using
XRD, as represented in Fig. 5.

This pattern exhibited a high degree of crystallinity,
quantified at 62.47%. Upon adsorption of heavy metals, a
notable decrease in the degree of crystallinity was observed,
with values reduced to 40.31% for Pb®" and 49.42% for Cr°*.
This reduction was accompanied by a broadening of peaks and
a decline in intensity, indicating structural disruptions within
the composite.®® The diminished crystallinity indicates that
metal ions occupied the available pore spaces and interacted
with the functional groups, potentially weakening hydrogen
bonds and altering the lattice structure of the composite.’>®
The XRD spectra further revealed distinct peaks associated with
metal-laden phases. For Pb**, diffraction peaks in the range of
27-30° corresponded to lead phosphate, suggesting the
formation of insoluble lead phosphate species.*”*® Similarly,
characteristic peaks at 39.91° for chromium hydroxide and

View Article Online
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50.98° for chromium phosphate were identified. The gradual
decline in peak intensity after metal adsorption confirmed the
formation of surface precipitates, likely consisting of metal
hydroxides, phosphates, or complexed species.® These
observations indicated that metal removal in MFA-CS occurred
predominantly via surface precipitation and complexation
mechanisms, wherein Pb®>" and Cr®" react with the available
functional groups of phosphate, hydroxyl, etc., within the
composite. Similar trends of XRD patterns have been reported
for heavy metal ion removal from wastewater using fly ash-
coated chitosan’ and orange peel biochar.>®

3.1.5 FTIR spectroscopy analysis. The FTIR spectra of MFA-
CS before and after metal adsorption (Pb*>" and Cr®"), shown in
Fig. 6(a—c), were recorded in the range of 4000-400 cm . The
pristine MFA-CS displayed a broad absorption band between
3942 and 3410 cm ™", attributed to the O-H stretching vibrations
from hydroxyl groups.® Following adsorption, this band became
less intense and shifted to the 3864-3345 cm™' range,
suggesting hydrogen bonding and surface complexation with
metal ions.”" A peak within 3380-3025 ¢cm™, assigned to the
N-H stretching vibration of amine groups, also showed
smoothing and broadening post-adsorption, probably due to
electrostatic interactions with metal ions.*® Characteristic peaks
in the 2375-1910 cm™ region, which can be associated with
triple bond stretching (C=C) or N=—C—O moieties, were
observed to shift toward 2305-1840 cm™ after adsorption,
indicating possible coordination or electrostatic interaction.*’
Similarly, the band observed in the 1575-1385 cm™ range,
ascribed to the asymmetric and symmetric C—=O stretching
vibrations of carboxylate (-COO-) groups, shifted to 1510-1315
em™, implying metal-ligand complex formation.** The C-H
stretching vibration at 2973.10 cm™ in the unmodified sample

Intensity (cps)

@) 27.91 —— MFA-CS
21.26
51.21
(b) —— MFA-CS-Pb*"
2038 27.05

50.66

©

21.04 3729

39.91 50.98

—— MFA-CS-Cr®*

Fig. 5 XRD analysis: (a) MFA-CS; (b) MFA-CS-Pb?*; (c) MFA-CS-Cr®*.
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Fig. 6 FTIR analysis: (a) MFA-CS; (b) MFA-CS-Pb?*; (c) MFA-CS-Cr®*.

showed minor shifts to 2964.37 cm™ (Pb®") and 2971.98 cm™
(Cr®"), possibly due to hydrogen bonding interactions.*' A peak
at 952.03 cm™", assigned to aromatic C-H bending, shifted to
943.76 and 949.38 cm™* for Pb*" and Cr®" adsorbed samples,
suggesting changes in local bonding environments.**> Notably,
strong absorption bands between 1250 and 1025 cm™' were
associated with P-O and C-O-P stretching vibrations,
confirming the presence of phosphorus-containing functional
groups in the modified fly ash matrix.**> The band near 1160
em™, in particular, supports the incorporation of phosphate
species on the surface of MFA-CS, as also suggested by similar
spectral features in nanocomposite systems.”’ These spectral
shifts and intensity variations demonstrate the interaction of
-OH, -COOH, and -NH, functional groups with Pb*" and Cr°*
ions, indicative of adsorption through surface complexation,
hydrogen bonding, and electrostatic attraction.

3.2 First-level optimization

3.2.1 Optimization of the calcination temperature of coal
fly ash. The optimization of the calcination temperature of coal
fly ash is crucial to achieving maximum adsorption capacity for

1984 | Environ. Sci.: Water Res. Technol., 2025, 11, 1977-2001

heavy metal removal while minimizing energy consumption.*
In this study, the calcination temperature was varied between
250 °C and 400 °C, with increment of 50 °C, for a duration of 2
h. The concentration of metals was changed from 50 mg L™ to
500 mg L™ to assess the adsorption performance of Pb>" and
Cr®, as graphically represented in Fig. 7. The results specify
that Q. was increased when the temperature elevated from 250
°C to 300 °C for both the metals. This enhancement is due to
the improved surface area (52.63 m> g™ to 85.63 m> g™') and
carbon content (65.40% to 73.69%) of the coal fly ash, as
presented in Table S7,f which enhanced the active site
availability for metal adsorption.” The increase in temperature
facilitated the removal of volatile organic compounds and
enhanced carbonization, leading to a more efficient adsorbent
structure.***® The Q. showed a marginal increase for both
metals at 350 °C, which indicates that the carbon content
(73.69% to 76.30%) and surface area (85.63 m> g™' to 92.98
m? g7") reached the near-optimal conditions for metal binding.
However, at 400 °C, Q. declined with the increase in metal
concentration, due to the excessive thermal treatment, which
can cause partial structural collapse that reduced the metal
binding efficiency.” The optimal calcination temperature was

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Optimization of the fly ash calcination temperature for metal removal: (a) Pb?* and (b) Cr®* removal.

determined as 300 °C, at which Q,, values of 188.96 mg g for
Pb** and 117.64 mg g for Cr®" were achieved at 500 mg L™
concentration. A similar trend has been observed in studies
utilizing various adsorbents for the heavy metal removal,
including chitosan-coated fly ash,” biochar derived from poultry
manure,® and biochar obtained from orange peel.*’

3.2.2 Optimization of calcination time of coal fly ash.
Determining the optimal calcination time is critical for
improving the physicochemical properties of fly ash while
ensuring the energy efficiency, thereby making the thermal
activation process both sustainable and economically
viable.** In this work, the calcination duration was
systematically varied from 1 h to 3 h at a fixed optimum
temperature of 300 °C. The effect of this thermal treatment
was evaluated over a wide concentration range of metal ions
(50-500 mg L) for both Pb** and Cr°’, to assess the
adsorption performance of the modified fly ash. The
resulting adsorption capacities (Q.), illustrated in Fig. 8(a) for
Pb>" and Fig. 8(b) for Cr®’, demonstrate a significant
dependence on calcination time. As the calcination duration
increased from 1 h to 2 h, a substantial improvement in Q.
was observed from 171.05 mg g™* to 186.38 mg g~* for Pb>"
and from 96.38 mg g™* to 117.64 mg g~ for Cr®" at 500 mg
L™ metal ion concentration. This enhancement is primarily
attributed to the kinetics of thermally induced surface
activation. During this phase, the decomposition of surface-
bound hydroxyl groups and the volatilization of organic
matter occurred, along with the release of structural water.*’
This promotes the evolution of porous structures by opening
up blocked or inaccessible pore networks.?” At this stage, the
calcination kinetics favour surface restructuring without
exceeding the thermal threshold that leads to material
degradation. The increased surface properties enhance the
interaction between the fly ash surface and the target metal
ions, thereby improving the Q. values.*® However, extending
the calcination time to 3 h results in a decline in adsorption
capacity, with Q. decreasing to 155.03 mg g for Pb®>" and
83.06 mg g for Cr®". This decline can be attributed to the

This journal is © The Royal Society of Chemistry 2025

onset of structural collapse.?” Prolonged heating can cause
agglomeration of fine particles, which leads to a reduction in
pore accessibility.*” Additionally, excessive thermal exposure
can cause the crystallization of amorphous aluminosilicate
phases into more inert, less reactive crystalline forms,
thereby decreasing the number of active binding sites.*
These changes are indicative of kinetic saturation, where
further thermal input no longer contributes to activation but
induces irreversible structural transformations that diminish
adsorption performance.*

Furthermore, the kinetic studies of Pb*" and Cr®" removal
using fly ash calcined at 300 °C adsorbent was investigated to
assess the effect of contact time (20 min to 180 min) on Q.
and fitted using the PFO and PSO models. The corresponding
model fits are shown in Fig. 8(c) and (d), respectively. The Q.
value of both metal ions showed a notable increase up to 120
min, after which a decline was observed. This trend suggests
that the active sites on the adsorbent surface became
saturated after 2 h, leading to a subsequent reduction in
adsorption efficiency possibly due to desorption or surface
rearrangements. Therefore, selecting a 2 h calcination time
ensured optimal physicochemical enhancement of fly ash for
maximizing the metal ion adsorption capacity. The PSO
model exhibited a superior fit with the experimental data, as
indicated by the high correlation coefficients (R> = 0.96 for
Pb** and R® = 0.91 for Cr®"), compared to the PFO model,
which indicates that the adsorption process was primarily
governed by chemisorption mechanism rather than physical
interactions between the metal ions and adsorbent surface."’

3.2.3 Optimization of the phosphoric acid concentration.
The optimization of phosphoric acid (H;PO,) concentration
in modifying fly ash is crucial for obtaining enhanced heavy
metal uptake using a minimum acid concentration.’® This
study investigated the impact of varying H;PO,
concentrations from 0.3 mol L™ to 0.5 mol L™ on the
adsorption performance of calcined fly ash for Pb** and Cr®
removal, and the outcomes are shown in Fig. 9. The data
have indicated that increasing the H;PO, concentration from
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Fig. 8 Optimization of the fly ash calcination time and kinetic modelling for metal removal: (a) Pb%* removal; (b) Cr®* removal. (c) Pseudo-first-
order kinetic model for Pb?* and Cr®*. (d) Pseudo-second-order kinetic model for Pb?* and Cr®*.

0.3 mol L™ to 0.4 mol L™ led to improvement in metal
removal. For Pb**, Q. increased by 12.58%, from
210.49 mg ¢! to 236.98 mg g '. Similarly, Cr*" removal
exhibited an increase of 22.46%, from 118.43 mg g ' to
145.03 mg g . The enhancement in adsorption capacity can
be endorsed to increased surface functionalization due to the
formation of phosphate groups, which further enhanced pore
development and active adsorption sites.*’

However, a further increase in H;PO, concentration to 0.5
mol L™ resulted in a decline in Q.. The Q. value for Pb**
decreased by 11.17% (236.98 mg g™* to 210.49 mg g™*), while
for Cr®", it decreased by 8.46% (145.03 mg g to
132.76 mg g '). This reduction can be linked to excessive
phosphoric acid loading, which caused pore blockage due to
the precipitation of phosphate complexes on the fly ash
surface, thereby reducing the availability of active adsorption
sites and limiting metal ion accessibility, ultimately
diminishing the Q. value." Based on these findings, the
optimum H;PO, concentration for modifying fly ash to
maximize Pb*>" and Cr®" removal was determined to be 0.4
mol L™, Similar findings on the effect of phosphoric acid

1986 | Environ. Sci.: Water Res. Technol.,, 2025, 11, 1977-2001

concentration on heavy metal removal have been reported in
the literature using different adsorbents such as acid-treated
coco peat biochar®® and phosphoric acid-modified bentonite-
chitosan composite.>

3.2.4 Optimization of coal fly ash-to-chitosan ratio in the
composite. The optimization of the composite ratio of
modified fly ash (MFA) and chitosan (CS) is essential for
maximizing Q., as it affects the structural properties and
functional group availability, which are essential for metal
ion binding and cost-effective wastewater treatment.** In
this study, the adsorbent performance was analysed for four
MFA:CS ratios—1/1, 1/2, 1/3, and 3/1, with results
illustrated in Fig. 10 for Pb®>" and Cr®" removal. The results
indicated that Q. decreased with the increase in chitosan
content, with Pb*" removal values of 297.12 mg g * for the
1/1 ratio, 273.06 mg g for 1/2, and 261.48 mg g " for 1/3,
while the 3/1 ratio exhibited the highest Q. value of
324.17 mg g " at 500 mg L' metal concentration. This trend
indicates that an increased proportion of modified fly ash
and decreasing chitosan content enhanced the surface
properties for the metal removal. A similar pattern was

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Optimization of HsPO,4 concentration for metal removal: (a) Pb?* and (b) Cr®*removal.

observed for Cr®" removal, with Q. of 182.72 mg g™ * for 1/1,
178.49 mg g ' for 1/2, 155.41 mg g ' for 1/3, and a
significantly higher Q. value of 216.28 mg g ' for the 3/1
MFA:CS ratio at 500 mg L' metal concentration. The
increased adsorption with a higher MFA content can be
linked to its superior porosity and surface area that
facilitated the metal ion retention.®® Considering these
findings, the optimal composite ratio of MFA:CS was
determined to be 3/1 for further studies to achieve
maximum metal removal. Similar results have been reported
in studies on heavy metal elimination using chitosan-
magnetic biochar composites,®® chitosan-coated fly ash-
biochar,’ and chitosan-coated MgO-biochar.>"

3.2.5 Optimization of the morphology. Understanding the
different morphological characteristics of the MFA-CS
adsorbent is important, as the morphology directly influences
the surface properties of the adsorbent for heavy metal
removal.”® This study evaluated three distinct morphologies:

(a) Optimization of composite ratio for Pb** |—&— MFA:CS (3:1)
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Fig. 10

This journal is © The Royal Society of Chemistry 2025

nanopowder, beads, and film, and the synthesis procedure is
outlined in section 2.2. The adsorption performance results,
presented in Fig. 11 for Pb®>" (Fig. 11a) and Cr®" (Fig. 11b),
revealed that Q. for Pb** was highest for nanopowder at
324.17 mg g, followed by beads at 235.49 mg g™ and film at
212.76 mg g . A similar trend was observed for Cr®" removal,
with Q. of 216.28 mg g™ for nanopowder, 157.08 mg g for
beads, and 132.97 mg g for film morphology. The superior
adsorption capacity of the nanopowder can be endorsed to its
higher surface area (139.84 mg g' for nanopowder,
101.29 mg g * for beads, and 81.95 mg g™ for film) and pore
volume (0.097 cm® g™ for nanopowder, 0.078 cm® g™* for beads,
and 0.062 cm® g™ for film), allowing more active sites to engage
with metals.>**> These findings highlight the importance of
choosing an optimal morphology for enhancing the adsorption
performance, with nanopowder showing a higher potential for
heavy metal removal compared to the beads and film.
Therefore, nanopowder morphology chosen in the various heavy

300

(b) Optimization of composite ratio for Cr’* [ —A— MFA:CS (3:1)
—— MFA:CS (1:1)
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Optimization of the MFA-CS composite ratio for metal removal: (a) Pb?* and (b) Cr®*removal.

Environ. Sci.: Water Res. Technol., 2025, 11, 1977-2001 | 1987


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00257e

Open Access Article. Published on 16 June 2025. Downloaded on 12/7/2025 12:28:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
@ Effect of morphology on Pb** removal A— Nanopowder]
400 + —&— Beads
—&— Film

300 + - h

Cl

)

g 4 =

o 200 - i
100

0 T T T T T
0 100 200 300 400 500

Metal concentration (mg/l)

View Article Online

Environmental Science: Water Research & Technology

(b) Effect of morphology on Cr® removal
—&— Nanopowder
300 —&— Beads
—&— Film
% 200 4
) =
E
=
100
0 T T T T T
0 100 200 300 400 500

Metal concentration (mg/l)

Fig. 11 Effect of the morphology for metal removal: (a) Pb?* and (b) Cr®* removal.

metal removal studies involved MnOx-modified cocopeat
biochar,> phosphoric acid-modified red gram biochar-MnO,
nanocomposite,”  polyvinyl  alcohol-modified  chitosan
nanocomposite,® and carboxymethyl chitosan composite.>®

3.3 Second-level optimization

The second-level optimization targeted contact time (A),
MFA-CS feed dosage (B), and initial metal ion concentration
(C) with the objective of maximizing adsorption capacity (Q.),
while minimizing both batch time and adsorbent dosage.
The Box-Behnken design (BBD) under RSM was employed to
statistically evaluate and optimize these process parameters.
The experimental range was defined as contact time from 20
to 180 min, metal ion concentration from 100 to 1000 mg
L™, and MFA-CS dosage from 1 to 10 g L™". A total of 17
experiments, including five replicates at the centre points,
were conducted to ensure the estimation of pure error and
robustness of the model. The experimental results are
presented in Table S8f The mathematical quadratic
equations that describe the Q. value for Pb*" and Cr®" are
represented by eqn (1) and (2), respectively.

Pb?": Q. = 237.12 + 5.75A + 19.43B — 43.95C — 1.95AB
+14.20AC - 14.16BC - 10.70A* - 12.75B>
+37.68C% Ry =0.91; p = 0.16; F=20.25 (1)

Cr®": Q. = 182.66 + 6.894 + 17.60B — 32.47C — 5.71AB - 4.92AC

- 11.19BC - 0.40584% — 13.32B> + 18.74C%; R,>
=0.87; p = 0.21; F=13.78 (2)

Table 1 Analysis of variance in RSM

The P-values for both metals were found to be less than 0.25,
and the F-values exceeded 1.0, endorsing the significance of
the models.**** Additionally, the R> values close to 1.0
indicate a strong fit and reliable predictive ability of the
models. The graphical depictions of residuals Vs forecasted
Q. and actual Vs forecasted Q., as displayed in Fig. S3 and
S4t for both Pb** and Cr®", respectively. Furthermore, the 3-D
effects of dual factors on Q. for both Pb*' and Cr®" are
illustrated in Fig. S5 and S6.f The optimal conditions resulted
from the RSM studies as 20 min contact time, 1 g L™
adsorbent dosage, and 1000 mg L™ metal ion concentration,
for both Pb** and Cr®". Under these optimal conditions, the
Q. values were obtained as 339.27 mg g ' for Pb>" and
242.84 mg g~ for Cr®", respectively. To confirm the accuracy
of these optimal conditions, three experimental replicates
were performed (runs 18-20), as shown in Table S8 The
assessment of the replicated experiments is summarized in
Table 1, including the validation of optimum conditions.

3.4 Third-level optimization: pH effect

The study of pH effect on the adsorbent performance is
essential, as industrial effluents often exhibit significant
variability in pH levels. The optimization of pH conditions
can enhance the efficacy of an adsorbent in removing heavy
metals, as highlighted in numerous studies.”*”> In this study,
the pH was varied from 2.0 to 6.0 at optimal parameters
identified by the RSM analysis, with the results depicted in
Fig. 12(a). High H' ions compete with metals for adsorption
location on the MFA-CS surface at low pH, leading to

Run no. Objective o Variance  Average value of Q. (mg g™")
6,9, 10,12,13  Precision check for Pb** (5.5 g L™, 100 min, 550 mg L") 3.20 10.27 236.12
6,9, 10,12,13  Precision check for Cr®* (5.5 g L™, 100 min, 550 mg L") 2.07  4.30 182.66
18, 19, 20 Validation of optimum conditions for Pb** (1000 mg L™, 1 g L ™!, 20 min) 3.57 12.73 339.27
18, 19, 20 Vvalidation of optimum conditions for Cr*" (1000 mg L™, 1 ¢ L', 20 min) ~ 030.30  10.90 242.84
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resistance and reduced adsorption performance.® As the pH
rises, the H' ions decrease, reducing competition and
improving the adsorption of heavy metals.>®>’

At pH values above 6.0, the formation of metal hydroxide
precipitates was observed, probably due to the decreased
solubility of metal ions and the enhanced formation of
metal hydroxide complexes, as reported previously.***® The
MFA-CS adsorbent exhibited optimal performance at pH
5.0, where the Q. value reached 352.19 mg g™ for Pb*" and
265.13 mg g ' for Cr®". This enhanced adsorption under
mild acidic conditions can be attributed to favourable
electrostatic interactions between the negatively charged
functional groups on MFA-CS and the metal ions.”® To
validate the influence of pH, the pHp,. was determined, as
shown in Fig. 12(b). The pH,,. values were found to be 5.51
for Pb®>" and 5.62 for Cr®". Below the pH,, values, the
surface of MFA-CS becomes positively charged, leading to
increased proton (H') competition with metal cations for
binding sites.®® This ion competition significantly reduces
Q. as fewer active sites are available for metal ion
binding.®" This trend is aligned to various studies on heavy
metal elimination using materials such as biochar-chitosan
composites and Cajanus cajan biochar.’*°" Additionally, it is
evident that at lower pH, high concentrations of H' not
only outcompete metal ions but also disrupt coordination
interactions by protonating donor atoms on the adsorbent
surface, thereby reducing the complexation efficiency.”®*°
This underscores the importance of maintaining an optimal
pH range to balance ion-exchange, surface charge, and
metal ion speciation for maximum adsorption efficiency.

3.5 Isotherm, kinetic, and thermodynamic studies

3.5.1 Adsorption isotherm analysis. The isotherm analysis
was conducted using 5 non-linear models (Table S27) for a
Pb>* or Cr®" concentration of 100-1000 mg L', at optimal
parameters determined through the RSM analysis: 1000 mg
L metal concentration, 1 g L' MFA-CS feed, and 20 min

This journal is © The Royal Society of Chemistry 2025

contact time for both Pb®>" and Cr®'. The obtained isotherm
profile fittings are presented in Fig. 13, with calculated
variables and R” values provided in Table 2. The study
indicated that the Langmuir isotherm yielded the highest R?
values (0.99) for both Pb*" and Cr®’, suggesting monolayer
adsorption on the MFA-CS surface.”®® The Langmuir
isotherm separation factor (Ry) was found to be less than 1.0,
signifying that the adsorption was favourable and
spontaneous for both the metals.> The activation energy (E.)
values were determined from the D-R isotherm to be 28.30
kJ mol™* for Pb** and 27.58 k] mol™ for Cr®', suggesting that
the adsorption primarily occurred through chemisorption
rather than physisorption.®> The Q,, predicted by the
Langmuir model were 367.65 mg g ' for Pb*" and
277.52 mg g for Cr®", demonstrating the capability of MFA-
CS in mitigating these metals. A comparison of MFA-CS's
adsorption capacity with other adsorbents is briefed in
Table 3. As given in Table 3, various reported adsorbents for
the removal of Pb*" and Cr®" have demonstrated a wide range
of adsorption capacities influenced by their composition and
surface modifications. For example, a cross-linked alginate-
rice husk ash-graphene oxide-chitosan nanocomposite
achieved a maximum adsorption capacity of 242.5 mg g™* for
Pb*" removal, which can be attributed to the combined effect
of an increased surface area and abundant active sites.*®
Similarly, electrospun DTPA-modified chitosan-polyethylene
oxide nanofibers achieved an adsorption capacity of
142.0 mg g ' for Pb*" removal, benefiting from enhanced

chelation properties.®®  Regarding Cr®" removal, a
phosphogypsum-distiller grain composite attained an
~1 65

adsorption capacity of 157.9 mg g ,”” while the ZnO-
chitosan nanocomposite reached 69.5 mg g .°® In
comparison, the MFA-CS composite developed in this study
demonstrated substantially higher adsorption capacities for
both Pb*" (352.19 mg g™") and Cr®" (265.13 mg g '). This
superior performance resulted from a carefully optimized
H;PO, modification of coal fly ash that improved the

composite's surface characteristics. Furthermore, hierarchical
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optimization of

key parameters

including

calcination
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ash-to-chitosan ratio in the composite, and morphology was

temperature, calcination time, H;PO, concentration, coal fly = conducted to maximize the adsorption capacity. These
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Table 2 Isotherm model fitting results
Isotherm Parameters Pb** cr®*
Langmuir Qm (mg g™ 367.65 277.52
Ky, (L mg™) 0.015 0.013
Ry, 0.22 0.24
R? 0.99 0.99
Freundlich Ke (L g™ 104.67 73.55
n (unitless) 5.61 5.32
R? 0.98 0.98
Temkin Kr(Lg™) 0.83 0.64
by (J mol™) 46.99 60.03
R? 0.97 0.98
D-R Qm (mg g™ 330.91 247.61
B (mol® k] %) 6.42 x 10" 6.57 x 10"
E, (k] mol™) 28.30 27.58
R? 0.67 0.62
Jovanovic Qm (mgg™ 332.81 250.11
K (Lmg™") 0.009 0.009
R? 0.96 0.95

findings highlight the outstanding adsorption capability and
potential practical utility of the MFA-CS to remove Pb** and
Cr®" from the wastewater.

3.5.2 Kinetic studies. The kinetic studies used 4 non-
linear models, as outlined in Table S2,f with graphical
representations of the fittings provided in Fig. 14 and
model parameters summarized in Table 4. The adsorption
capacity for both the metals exhibited a time-dependent
increase, ultimately stabilizing at equilibrium. The kinetic
analysis identified two separate phases: an initial rapid
adsorption phase occurring within the first 100 min for
Pb?" and Cr®", and a subsequent slower phase that
gradually approached equilibrium. This trend aligned with
the observed initial adsorption rate constants (%), where the
relatively small value of K, compared to # suggests a fast
initial adsorption rate that decelerated over time.”*”* The
initial fast adsorption phase was probably initiated by the
abundance of available active locations on the MFA-CS
surface, coupled with the high metal ion concentration in
solution and minimal mass transfer resistance.”® These
factors facilitate the swift occupation of external adsorption
sites. As adsorption progresses, the diminishing availability

Table 3 Comparative analysis of adsorbents for Pb?* and Cr®* elimination

View Article Online

Paper

of adsorption sites contributed to the reduced rate,
restricting the movement of metals into the pores of the
MFA-CS.** The findings have specified that the pseudo-
second-order (PSO) gave the best fit (R*> = 0.99), implying
that Pb** and Cr®" on the MFA-CS surface predominantly
occurred via chemisorption.®”

Although the intra-particle diffusion (IPD) model yielded
lower R values (0.63 for Pb*" and 0.64 for Cr®"), it revealed
a three-stage adsorption process, which provides further
insights into the diffusion mechanisms. The first stage,
characterized by a steep slope, corresponds to primary
surface adsorption. This rapid phase is driven by the
availability of free binding sites on the outer surface of the
adsorbent, where the metal ions are initially captured.”* The
second stage, marked by a reduced slope, signifies the intra-
particle diffusion phase, where metal ions begin to
penetrate the pores of the MFA-CS. During this phase, the
rate of adsorption slows down due to the increased
resistance to diffusion as the ions move deeper into the
material.>’* The reduction in the slope during this stage
indicates that the adsorption rate becomes more diffusion-
controlled, as the metal ions struggle to diffuse further into
the material's internal structure.’® Finally, the third stage is
represented by a stagnating slope, which suggests that the
adsorption process is nearing equilibrium. At this point, the
number of available binding sites for further adsorption is
reduced, and the rate of adsorption slows significantly.”
This progression of adsorption stages reflects the combined
impact of external surface adsorption, intra-particle
diffusion, and the final equilibrium attainment, all of which
are governed by the diffusion mechanism within the
adsorbent material.>® This three-stage adsorption process
aligns with the findings of similar kinetic studies on heavy
metal elimination, such as wusing polyvinyl alcohol-
impregnated chitosan,® bentonite-chitosan composites,>’
chitosan magnetic biochar composites,*® and KMnO,-
modified cocopeat biochar.*?

3.5.3 Thermodynamics of adsorption. The thermodynamic
parameters, AH°, AS°, and AG°, were determined using eqn
(3) and (4) for Pb** and Cr®" at four different temperatures:
25 °C, 30 °C, 40 °C, and 50 °C. These calculations were

Adsorbent Qm (mgg™) Target metal References
Cucumber peel 133.60 Pb** 67

Wood ash amended biochar 61.50 Pb** 68
Banana stem 179.90 Pb>" 69
Electrospun DTPA-modified chitosan/polyethylene oxide nanofibers 142.0 pPb** 64

Cross linked alginate-rice husk ash-graphene oxide-chitosan nanocomposite 242.50 Pb** 63
Entrapped silica nanopowder within calcium alginate 83.33 Pb** 70
MFA-CS 352.19 Pb** This study
Carbon-coated montmorillonite nanocomposite 12.40 cr* 71
ZnO-chitosan nano-biocomposite 69.50 cr®* 66

Fly ash coated by chitosan 36.22 cr* 7
Azospirillum biofertilizer 5.58 cr®* 72
Phosphogypsum and distillers grains composite 157.9 cr®’ 65
MFA-CS 265.13 cr* This study

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Kinetic studies: (a) PFO; (b) PSO; (c) Elovich; (d) Weber and Morris (IPD) model.

conducted under the optimal conditions identified through
the RSM for both Pb®>" and Cr®’. The fitness plot is shown

Table 4 Kinetic model fitting results

Kinetic model Parameters Pb** crt*
Pseudo first order Q. (mgg™ 405.87 307.69
K; (L min™") 0.09 0.08
R? 0.98 0.97
RMSE 16.41 13.16
Pseudo second order Q. (mg g™") 424.05 322.32
K, (g mg" min™") 4.67 10" 5.74x 107"
h 83.97 59.63
R? 0.99 0.99
RMSE 8.78 7.04
Elovich model a(mg g min™) 162162.08 61428.52
B (g mg™) 0.033 0.041
R? 0.99 0.99
RMSE 5.61 4.36
IPD model wenm (Mg g7t min*?)  19.98 15.29
c 167.60 125.24
R? 0.63 0.64
RMSE 71.30 53.31

1992 | Environ. Sci.. Water Res. Technol., 2025, 11, 1977-2001

in Fig. 15, while the relating parameter results are detailed

in Table 5.
w-(9)-(0)E)

AG® = AH® — TAS® (4)

where Kq is the thermodynamic equilibrium constant.

The results indicated that the AG® values were consistently
negative (-13.81 to -15.97 k] mol "), suggesting that adsorption
onto the MFA-CS surface occurred spontaneously.”® The
positive AH® values (2.93 to 3.29 kJ mol ™) validated that the
adsorption was endothermic. The positive AS° values (57.37 to
58.53 J mol™ K ') can suggest a rise in randomness at the
interphase  boundary, further driving the adsorption
spontaneously."’ These thermodynamic findings align with
earlier studies on heavy metal elimination using the Saraca
asoca bark powder,”" chitosan magnetic biochar composite,*
and polyvinyl alcohol modified chitosan.>” The methodology for
the estimation of various thermodynamic parameters has been

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00257e

Open Access Article. Published on 16 June 2025. Downloaded on 12/7/2025 12:28:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Water Research & Technology

7.0
= Pb’": Experimental results
®  Cr®: Experimental results
6.5 - Pb*: In (K,,) = 7.04 +353.42 (1/T) ; R* = 0.99; RMSE = 0.008
Cr'*:n (Ku|) =6.90 +395.91 (1/T) 5 R?=10.99; RMSE = 0.07
6.0
T s e S
%
= '\o\.\:
5.5+
5.0
4.5 T T T T T T
0.00310  0.00315  0.00320  0.00325  0.00330  0.00335  0.00340
T (K™

Fig. 15 Thermodynamic studies for Pb®* and Cr* removal.

Table 5 Thermodynamic parameters for Pb?* and Cr®" mitigation using
MFA-CS

Target Temperature AH°® AS° AG°
metal (K) (K mol™) (K mol™* K™") (k] mol™)
Pb** 298.15 2.93 0.058 -14.51
303.15 -14.80
313.15 -15.39
323.15 -15.97
cr®* 298.15 3.29 0.057 -13.81
303.15 -14.10
313.15 -14.67
323.15 -15.24

adopted from a similar study of wastewater treatment using
activated carbon-nanocellulose composite.””

3.6 Simultaneous adsorption

Multi-metal adsorption experiments were conducted using a
100 mL aqueous solution containing Pb*>" and Cr®" ions at a
concentration 200 mg L' under optimized conditions: pH
5.0, contact time of 20 min, and MFA-CS dosage of 1 g L™".
The composite demonstrated simultaneous removal
efficiencies of 86.78% for Pb*" and 67.09% for Cr°,
confirming its effectiveness in treating real effluents
containing multiple metal ions. However, the observed
reduction in Cr®" removal compared to single-metal systems
highlights the influence of co-existing ions and the
competitive nature of the adsorption process. In multi-metal
systems, metal ions compete for the same active adsorption
sites, especially when the adsorbent has a limited number of
functional groups such as -NH,, -OH, and -COOH, as
present in the MFA-CS composite.”® Pb*" displayed a
stronger affinity for the adsorbent surface than Cr®’, which
can be explained by several physicochemical factors. Pb** has
a higher electronegativity (2.33) than Cr®" (1.66), and a larger

This journal is © The Royal Society of Chemistry 2025
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ionic radius (1.19 A compared to 0.52 A), both of which
contribute to stronger electrostatic interactions and
complexation with the active sites.”® Additionally, Cr®
species have a higher hydration energy, making them less
likely to shed their hydration shell and interact with the
adsorbent surface, thereby decreasing their overall
adsorption efficiency.”” The faster adsorption kinetics of Pb*"
also allows it to occupy the available adsorption sites more
rapidly than Cr®". This competitive advantage reduces the
effective number of sites available for Cr®*, contributing to its
lower removal in the binary system.’ These findings align
with the previous studies on competitive adsorption of heavy
metals including those using metal-organic frameworks,®
chitosan-magnetic biochar composites,> and polyvinyl
alcohol-modified chitosan, which also reported the
preferential adsorption of metal ions based on size, charge,
hydration energy, and interaction mechanism. These results
emphasize the importance of accounting for competitive
interactions in multi-metal systems, especially when
designing adsorption-based treatment strategies for real
industrial or environmental effluents.

3.7 Regeneration

Regenerating the adsorbent using an appropriate desorbing
agent is crucial for enhancing the sustainability and cost-
effectiveness of the adsorption process by enabling the
repeated use of adsorbents while maintaining the high
removal efficiency.””*" To determine the most suitable
eluent, desorption experiments were conducted using 0.2
mol L' solutions of HCl, H,SO,, HNO,, and NaOH, with
desorption efficiencies for Pb®>" and Cr°" explained in
Fig. 16(a). The outcomes indicated that H,SO, exhibited the
highest desorption efficiency (Rges) for Pb** (88.48%),
whereas HNO; was most effective for Cr®" (86.12%). Further
optimization was performed by changing the H,SO, and
HNO; concentrations from 0.1 to 1 mol L™, as shown in
Fig. 16(b). The highest Rqes was attained at 0.4 mol L™
H,S0, for Pb** (96.02%) and 0.6 mol L™ HNO; for Cr®
(94.12%). These optimal concentrations ensure sufficient
metal desorption while preventing excessive leaching of
active functional groups from the adsorbent. At higher
concentrations, an excessive removal of loosely bound species
occurred, leading to a decline in overall Res.>**>° To evaluate
the reusability of the adsorbent, cyclic regeneration tests were
conducted using the optimized concentrations of 0.4 mol L™
H,SO, for Pb*" and 0.6 mol L' HNO; for Cr®', and the
results are presented in Fig. 16(c). The MFA-CS adsorbent
exhibited good stability, retaining desorption efficiencies of
85.24% and 44.71% after the 3rd and 15th cycles for Pb*"
and 84.36% and 37.12% after the 3rd and 15th cycles for
Cr®". The decline in Ryes over multiple cycles can be linked to
progressive surface saturation, partial loss of active sites, and
potential structural degradation of the adsorbent.”” However,
the significant retention of desorption efficiency after the
15th regeneration cycle highlights the robustness and
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Fig. 16 Regeneration studies: (a) determination of the desorbing agent. (b) Determination of the optimum concentration of the desorbing

material. (c) Cyclic capability of MFA-CS.

practical applicability of MFA-CS for repeated use in heavy
metal removal processes.

3.8 Economic examination

The preliminary cost analysis conducted in this study (Table
S9t) provides an estimate of the production cost for 1 g of
MFA-CS adsorbent, which amounts to ¥655.95. Chitosan
accounts for approximately 82.32% of the total cost,
indicating that bulk-scale chitosan production and
procurement optimization could significantly reduce the
overall material cost. A comparative cost assessment (Table
S10t) with other adsorbents reported in the literature shows
that MFA-CS holds promise as a cost-effective and scalable
option for wastewater remediation.

However, for real-world implementation and industrial
scalability, a comprehensive techno-economic analysis (TEA) is
essential. Such an analysis would not only evaluate raw material
and utility costs but also include capital investment, process
scale-up parameters, operational and maintenance costs, labour,

1994 | Environ. Sci.: Water Res. Technol., 2025, 11, 1977-2001

waste handling, and lifecycle analysis. Furthermore, sensitivity
analysis could be used to identify cost drivers and assess
economic robustness under different market and operational
conditions. These aspects are crucial for determining the overall
economic feasibility and competitiveness of the MFA-CS
adsorbent in large-scale wastewater treatment applications. A
detailed TEA is proposed as a critical area for future study to
support potential commercialization.

3.9 Mechanisms of adsorption

The adsorption mechanisms on the MFA-CS composite
involve the simultaneous operation of surface complexation,
ion-exchange, and electrostatic attraction; however, their
relative contributions vary based on metal speciation, pH, and
surface chemistry.”® FTIR analysis revealed notable shifts and
intensity changes in functional groups such as -NH,, -COOH,
and -OH after metal adsorption, confirming the dominance
of surface complexation. These functional groups serve as
electron donors, forming coordination bonds with Pb>" and

This journal is © The Royal Society of Chemistry 2025
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Cr®" species, indicating that chemisorption governs the
process.”® The PSO kinetic model fit and the activation energy
values (16-40 k] mol ') from the D-R isotherm further support
the prevalence of chemical interactions over physical ones.**
Ion-exchange also played a significant role, particularly at pH
5 to 6, where protons and naturally present cations (e.g., Na',
Ca**, Mg*", and K") on the adsorbent surface were replaced by
the incoming heavy metal ions.®*®* This exchange was more
favourable for Pb*" due to its larger ionic radius (1.19 A) and
lower hydration energy, which facilitated its replacement of
surface cations and enhanced its uptake.** Cr®", being smaller
and more hydrated, exhibited a lower ion-exchange potential,
which partly explains its lower removal efficiency. Electrostatic
attraction primarily influenced the initial adsorption stage,
especially for Cr®* species in the form of HCrO;~ or CrO,>,
under acidic pH where the adsorbent surface is protonated
and positively charged.*> This mechanism enhanced the
proximity of Cr®" to active sites but did not govern the overall
uptake. In contrast, for Pb**, electrostatic effects were less
influential due to the cation-cation repulsion at lower pH
values. Additionally, the relatively low R*> values (0.63 and
0.64) obtained from the IPD kinetic model suggest that the
adsorption was largely driven by chemisorption compared to
diffusion-controlled mechanisms.”® In summary, while all
three mechanisms coexisted, surface complexation was the
predominant pathway, supported by ion-exchange in
contributing to metal binding strength and selectivity and
electrostatic attraction assisting in the initial migration of
ions toward the adsorbent surface. A comprehensive
illustration of the potential adsorption mechanisms occurring
on the MFA-CS surface is presented in Fig. 17, emphasizing
the interplay of ion-exchange, surface complexation, and
electrostatic pull in the adsorption process. The pictorial
representation of the mechanism has been taken from a study
of methylene blue degradation using silica coated Fe;O4
magnetic nanoparticles.®*

View Article Online
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3.10 Column studies

3.10.1 Effect of column parameters on adsorption
performance. The column setup utilized in this study is
depicted in Fig. S2,f while the experimental procedure is
detailed in section 2.4. The adsorption capability of the
column was evaluated at different flow rates, initial metal ion
concentrations, and bed heights to determine their influence
on the adsorption capacity of Pb®>" and Cr®’. As shown in
Fig. 18(a) of breakthrough curve, increasing the flow rate
from 5 mL min™" to 10 mL min " led to a significant increase
of 47.41% in the Q,, value of Pb*’, from 65.93 mg g to
97.19 mg g '. However, a further increase in flow rate to 15
mL min "' resulted in only a slight increase of 8.01%,
reaching 104.97 mg g™'. This trend can be linked to the
enhanced mass transfer of Pb>" ions at higher flow rates,
reducing external diffusion resistance and increasing the
accessibility of adsorption sites. However, outside a certain
flow rate, reduced residence time limits the adsorption
efficiency due to inadequate contact time between the
adsorbent and metal ions.* For Cr®’, a similar trend was
observed initially, with the adsorption capacity increased
from 31.56 mg g to 42.08 mg g ' when the flow rate was
enhanced from 5 mL min ' to 10 mL min'. However, the
adsorption capacity declined to 32.91 mg g " at a flow rate of
15 mL min~". This reduction occurred due to the decreased
residence time, which prevents Cr®" ions from fully
interacting with the adsorbent surface, leading to incomplete
adsorption.*®

The adsorption capacity of Pb>* exhibited a nonlinear
response to changes in initial metal concentration, as shown
in Fig. 18(b). The maximum ¢, increased from 74.54 mg g™*
at 250 mg L™ to 97.19 mg g at 500 mg L™" and further to
128.50 mg g ' at 750 mg L™". However, at 1000 mg L', the
adsorption capacity slightly decreased to 110.62 mg g™". This
behaviour can be explained by the initial rise in mass

Intra-particle diffusion

and
physisorption

Surface
complexation °

Surface precipitation

Fig. 17 Potential adsorption mechanisms on the MFA-CS surface.
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height.

transfer driving force at higher concentrations, which
enhances adsorption. However, at excessively high
concentrations, the available active sites became saturated,
leading to a decline in further adsorption.'* For Cr®,
maximum g. increased from 36.07 mg g ' at 250 mg L™
42.08 mg g~" at 500 mg L™ but then dropped to 25.25 mg g
at 750 mg L™ and slightly recovered to 27.65 mg g™* at 1000
mg L. The decline at higher concentrations indicates
competitive interactions among Cr®" ions for active sites,
potentially leading to saturation and reduced adsorption
efficiency.®®

The variation in bed height had an impact on adsorption
performance, as presented in Fig. 18(c). For Pb*', the
adsorption capacity was highest at 5 cm (255.61 mg g ') but
decreased to 128.5 mg g ' at 10 cm and remained relatively
stable at 130.47 mg g ' at 15 cm. The initial high
adsorption capacity at 5 cm indicates that the adsorption
sites were more readily accessible with a smaller bed
height, leading to efficient adsorption. However, as the bed

1996 | Environ. Sci: Water Res. Technol., 2025, 11, 1977-2001

height increased, mass transfer limitations and increased
intra-particle diffusion resistance have reduced the
effectiveness of adsorption.®” In the case of Cr®, the Q.
initially increased from 30.07 mg g at 5 cm to
42.08 mg g~* at 10 cm, which indicates an optimal balance
between contact time and diffusion resistance. However, at
15 cm, the capacity declined to 31.21 mg g™, possibly due
to the reduced efficiency in metal ion transport through the
larger bed height, leading to lower adsorption
effectiveness.®’ Q,, values of 255.61 mg g™' for Pb*" and
42.08 mg g~ for Cr®" were obtained in the column studies
with the optimal column parameters. The breakthrough
parameters at the optimum conditions of metal
concentration, bed height, and flow rate are given in Table
S11% for both Pb** and Cr®" metals.

3.10.2 Breakthrough curve modelling. The results of the
column studies were attempted to fit wusing two
mathematical models: Yoon-Nelson and Thomas. The
model formulae are listed in Table S4, with fitting results

This journal is © The Royal Society of Chemistry 2025
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depicted in Fig. 19 for the Yoon-Nelson model and Fig. 20
for the Thomas model, covering the removal of both Pb**
and Cr®" metals. The model parameters calculated for both
the metals are given in Table 6. From the results, it is
evident that the Thomas model demonstrated the best fit
(R* = 0.99) across all variations in flow rate, bed height, and
metal concentration for both Pb*" and Cr®’, compared to
the Yoon-Nelson model. For Pb*', the Yoon-Nelson rate
constant (Kyn) changed between 0.013 and 0.027 min ",
while the required time for 50% breakthrough (zr) ranged
from 440.18 to 870.29 min. For Cr®’, the Kyx values ranged
from 0.013 to 0.02 min™", with 7 values varying from 125.38
to 545.38 min. The rate constant (Ky,) for Pb*" varied
between 0.27 and 3.45 mL min~" mg', while the ¢, ranged
from 64.12 to 250.43 mg g . For Cr®", the Kyy, values ranged
from 0.26 to 3.26 mL min™* mg‘l, and ¢, varied between
24.38 and 41.63 mg g . From the breakthrough curves, the
Thomas model exhibited a better relationship with the
experimental data than the Yoon-Nelson model, as
evidenced by consistently higher R® values. This indicates

This journal is © The Royal Society of Chemistry 2025

that the Thomas model, which assumes Langmuir kinetics,
more accurately describes the adsorption process under
column operation. The superior fit of the Thomas model
specified that adsorption followed a PSO kinetic behaviour,
with the chemisorption mechanism.**!

4. Conclusions

The MFA-CS adsorbent proved to be a highly efficient material
for the mitigation of Pb** and Cr®* from aqueous solutions. The
three-level optimization studies yielded Q, values of
352.19 mg g ' for Pb*" and 265.13 mg g~ for Cr®" in batch
studies, with adsorption behaviour well defined by the
Langmuir isotherm and PSO models, highlighting a
chemisorption-driven monolayer  adsorption process.
Thermodynamic studies have proven that the adsorption
occurred spontaneously and endothermically. Notably, MFA-CS
confirmed reusability up to 15 regeneration cycles. In column
studies, the adsorbent achieved Q,, values of 255.61 mg g™* for
Pb** and 42.08 mg g™ for Cr®, with breakthrough curves well

Environ. Sci.. Water Res. Technol, 2025, 11, 1977-2001 | 1997
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Table 6 Breakthrough curve modelling in column studies

Model Flow rate (mL min™") Initial concentration (mg L) Bed height (cm)

parameters 5 10 15 250 500 750 1000 5 10 15
Yoon-Nelson (Pb**)

Kyn 0.017 0.013 0.013 0.027 0.013 0.021 0.013 0.017 0.02 0.03
T 870.29 700.15 540.42 870.15 700.10 560.25 440.18 600.95 565.82 800.38
R* 0.96 0.95 0.97 0.98 0.96 0.97 0.99 0.97 0.98 0.97
Yoon-Nelson (Cr®")

Kyn 0.016 0.015 0.014 0.013 0.015 0.02 0.018 0.02 0.015 0.015
T 440.25 340.55 220.85 545.38 340.45 170.92 125.38 152.62 320.87 377.18
R* 0.96 0.97 0.99 0.98 0.95 0.97 0.96 0.98 0.95 0.97
Thomas (Pb*")

K 3.45 2.74 2.73 1.08 0.27 0.41 0.27 0.88 1.03 1.51
9o 64.12 95.48 110.98 72.48 95.87 124.38 105.73 250.43 125.37 128.68
R? 0.99 0.99 0.98 0.99 0.99 0.99 0.98 0.99 0.99 0.99
Thomas (Cr®")

Ky 3.26 3.13 3.03 0.26 0.31 0.47 0.54 1.14 0.78 0.80
9o 30.47 40.97 30.15 33.68 41.07 24.38 26.37 28.37 41.63 30.58
R* 0.99 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99

defined by the Thomas model. The MFA-CS adsorbent offers a
promising solution for wastewater treatment applications,

1998 | Environ. Sci.: Water Res. Technol.,, 2025, 11, 1977-2001

driven primarily by the ion exchange, electrostatic attraction,
and surface complexation mechanisms.

This journal is © The Royal Society of Chemistry 2025
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