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ABSTRACT: This study presented a novel and cost-effective adsorbent
developed from phosphoric acid-modified biochar—chitosan nanocomposite for
the efficient removal of Cu**, Ni**, and Zn?>* from wastewater. The biochar was
synthesized at an optimized pyrolysis temperature of 550 °C for 2 h, followed by
modification with phosphoric acid and composed of chitosan, resulting in a
mesoporous PGB—CS composite (9.18 nm pore diameter) that exhibited a high
surface area (167.98m?/g), low crystallinity, good thermal stability, and
abundant surface functional groups such as amine, carboxylic, and hydroxyl.
The adsorption parameters were optimized using the Box—Behnken design of
response surface methodology, obtaining maximum adsorption capacities of
221.56 mg/g for Cu*', 175.47 mg/g for Ni**, and 127.46 mg/g for 7Zn>* under
optimal conditions. The pH study further improved the adsorption capacities to
249.78 mg/g for Cu®, 191.48 mg/g for Ni?*, and 14591 mg/g for 7Zn>*. The

€

adsorption process followed pseudo-second-order kinetics, indicating chemisorption, and confirmed the Langmuir isotherm,
suggesting monolayer adsorption. Thermodynamic parameters confirmed the spontaneous and endothermic nature of the
adsorption. Real industrial effluent from a battery manufacturing industry demonstrated removal efficiencies of 83.19% (Cu®"),
61.94% (Ni**), and 52.34% (Zn>"). The adsorbent maintained stability and reusability over 8 regeneration cycles, with desorption
efficiencies of $3.17%, 51.97%, and 51.07% for Cu’*, Ni**, and Zn*", respectively, using H,SO,, HNO,, and HCL. The synthesis cost
was estimated as USD 8.13/g (Rs. 682.14/g), indicating strong economic potential. Adsorption mechanisms were attributed to
surface complexation, ion exchange, and electrostatic attraction. The developed adsorbent provided a sustainable and efficient

approach for treating heavy-metal-contaminated industrial wastewater.

1. INTRODUCTION

The presence of heavy metals in wastewater beyond
permissible limits has significant consequences on human
health and aquatic ecosystems. Exposure to such contaminants
leads to serious health problems, including neurological
disorders, kidney damage, and cancer.! Therefore, it was
essential to adopt sustainable and cost-effective technologies to
mitigate heavy metal contamination in industrial wastewater
and safeguard both public health and the environment.”* The
various treatment methods such as membrane filtration, ion
exchange, electrocoagulation, adsorption, etc., were employed
to address heavy metal removal from wastewater.”> Among
these, adsorption emerged as the most widely used technique
due to its economic viability, low sludge generation, and ease
of regeneration.” Adsorption involves the accumulation of
contaminants onto the surface of solid adsorbents via physical
or chemical interactions, and its performance is largely
influenced by factors such as surface area, pore structure,
surface charge, and the presence of functional groups.” '
Chitosan, derived from chitin, offered several advantages
including biodegradability, nontoxicity, and the presence of
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abundant functional groups (—OH, —COOH, —NH,) along
its polymer backbone, making it a promising candidate for
heavy metal adsorption.'” However, due to its high crystallinity
and limited mechanical strength, chitosan often required
chemical modification or blending with other materials to
enhance its adsorption efficiency."”

Several studies have investigated the use of chitosan-based
composites for the removal of heavy metals from an aqueous
solution. A poly(acrylic acid)-modified chitosan—biochar
composite has demonstrated excellent adsorption performance
and achieved adsorption capacities of 111.11 mg/g for Cu*,
114.94 mg/g for Zn**, 99.01 mg/g for Ni**, 476.19 mg/g for
Pb**, 370.37 mg/g for Cd**, 138.89 mg/g for Mn**, 135.14
mg/g for Co?", and 312.50 mg/g for Cr’*. These results were
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obtained largely due to the surface complexation facilitated by
carboxyl and hydroxyl functional groups from poly(acrylic
acid) and chitosan, as well as the porous structure of the
biochar, which improved mass transfer and ion diffusion."*
Similarly, a carbonized zeolite/chitosan composite synthesized
by pyrolysis at 500 °C exhibited adsorption capacities of
111.35 mg/g for Cu®* and 104.75 mg/g for Cr®". The strong
performance was observed at pH 8.1 for Cu** and 9.6 for Cr®*
removal facilitated by ion-exchange and chemisorption
mechanisms."® Additionally, a chitosan—polyethylene glycol
composite effectively removed cadmium and achieved an
adsorption capacity of 265 mg/g;' a nitrogen-doped chitosan-
ferric adsorbent attained an adsorption capacity of 183.85 mg/
g for Cu®* removal with chemisorption on a monolayer surface,
which was the dominant mechanism."” Porous carboxymethyl
chitosan beads demonstrated Co** removal with an adsorption
capacity of 46.25 mg/g, primarily driven by the surface
complexation and electrostatic interactions."® The introduction
of carboxymethyl groups has increased the negative surface
charge and improved the affinity toward the divalent metal
ions.'® A chitosan material grafted with hydroxyethyl
methacrylate and acrylic acid showed a Cu®" adsorption
capacity of 15649 mg/g at a 1000 mg/L initial metal
concentration and 4.5 g/L dosage.19 The formation of a
chelating network involving the hydroxyl and carboxylic groups
on the §rafted chains contributed to strong metal binding
affinity."” In another study, arginine-functionalized magnetic
chitosan nanoparticles achieved 83.25 mg/g for Ni** removal
at a 100 mg/L metal ion concentration using a 6 g/L dosage.”
This was due to the high surface area of nanoparticles and the
presence of amine and carboxyl groups from arginine, which
promoted rapid adsorption via electrostatic interaction and
coordination bonding.” Similarly, the chitosan—biochar
composite removed Zn** with an adsorption capacity of
117.50 mg/g under optimal pH and dosage conditions.”’ The
high performance was attributed to the synergistic interaction
between the amine groups of chitosan and the microporous
structure of biochar, which facilitated ion exchange and surface
adsorption.”!

Phosphoric acid-modified chitosan adsorbents have been
increasingly studied for their enhanced performance in heavy
metal remediation. For example, phosphoric acid-modified
bentonite—chitosan composite beads achieved adsorption
capacities of 362.24 mg/g for Cu®*, 279.51 mg/g for Ni*,
and 210.54 mg/g for Zn** removal from an aqueous solution.””
The high adsorption capacity confirmed the composite’s
practical viability, with phosphate and amine functional groups
providing multiple active binding sites for metal ions.””
Similarly, a phosphorus-modified corn biochar significantly
enhanced the adsorption performance, achieving maximum
capacities of 145.48 mg/g for Pb** and 14.53 mg/g for cd*,
which were 6.46 times and 3.67 times higher than those of the
unmodified biochar.”* This improvement was attributed to the
introduction of phosphate functional groups, which increased
surface acidity and created additional active binding sites for
metal ions. In another study, coconut shell carbon was
modified with chitosan and an oxidizing agent (phosphoric
acid) to produce a composite adsorbent, achieving a Zn**
adsorption capacity of 60.41 mg/g.”* The enhanced perform-
ance was attributed to the availability of active sites for metal
ion binding through surface complexation, electrostatic
attraction, and ion-exchange mechanisms. Similarly, a simple
and cost-effective method was employed to synthesize single-

calcium-atom biochar-supported nanoscale zerovalent iron
composites using shrimp shell biomass for the efficient
removal of tris(2-chloroethyl) phosphate through Fenton-like
oxidation.”> Under the optimized conditions, the system
achieved rapid adsorption and complete degradation of the
contaminant within 30 min, exhibiting notable stability across a
broad pH range. In a related study, a poly(vinyl alcohol)-
anchored L-cysteine composite was utilized for the removal of
heavy metals such as Hg, Cr, Pb, and Cd from wastewater,
displaying maximum adsorption capacities of 48.5, 25.0, 45.25,
and 44.25 mg/g, respectively.”® The adsorption followed the
Langmuir isotherm and pseudo-first-order kinetic model, and
effective regeneration was achieved using nitric acid.
Furthermore, olive pit-derived activated carbon was assessed
as an adsorbent for methylene blue removal, where activation
using phosphoric acid proved more effective than sulfuric
acid.”” The optimal performance was observed at a particle size
of 0.6 mm, a temperature of 30 °C, and an alkaline pH (~8),
with equilibrium attained within 60—120 min. Additionally, a
poly(vinyl alcohol)-based composite functionalized with 1-2-
amino-3-mercaptopropionic acid showed efficient adsorption
of Hg®, Cr’*, Pb*, and Cd**, with adsorption capacities
reaching up to 49.6 mg/g under mild conditions (pH 4-5.5,
room temperature, and 15—20 min contact time).”

These studies have demonstrated that phosphoric acid-
modified biochar—chitosan composites offered several benefits
including easy synthesis, enhanced surface area, various metal
ion binding capabilities, and cost-effectiveness, making it a
promising adsorbent for heavy metal removal from waste-
water.”” The limited studies investigated the application of
various adsorbents for the treatment of real industrial effluents.
For example, phosphoric acid-modified bentonite—chitosan
composite beads were used to treat battery manufacturing
effluent and achieved removal efficiencies of 88.59% for Cu**,
72.30% for Ni*, and 62.07% for Zn** usinzg an adsorbent
dosage of 1 g/L and a contact time of 30 min.”* Similarly, rice
husk, an untreated agricultural byproduct, exhibited relatively
low removal efficiencies of 24.49% for Cu** and 37.38% for
Ni** from industrial wastewater, which was attributed to its
limited number of active sites and low surface reactivity.”’ In
contrast, fly ash, a byproduct of coal combustion rich in
aluminosilicates, demonstrated significantly higher removal
efficiencies of 94.88% for Cu®* and 94.54% for Ni** from
industrial wastewater due to its high surface area, porosity, and
ion-exchange capacity.”” In another study, poly(vinyl alcohol)-
modified chitosan was used to treat battery effluent and
resulted in removal efficiencies of 79.09% for Cu>*, 50.73% for
Ni*, and 46.90% for Zn**, highlighting the effectiveness of
surface functionalization in enhancing metal ion binding.31 A
wood sawdust was used to treat electroplating wastewater,
achieving a 38.3% removal of Cu®" and 14.0% of Zn*,
indicating that it has limited adsorption performance for the
treatment of industry wastewater.”” Similarly, magnesium
oxide nanoparticles have removed 70.80% of Ni** from textile
and tannery effluents, which was attributed to their high
surface reactivity and strong electrostatic interactions with the
divalent metal ions.”> These findings emphasized the
importance of adsorbent selection and surface modification
strategies to enhance the treatment efficiency of heavy metals
in real industrial wastewater.

In the existing literature, most of the studies have focused on
the removal of a single heavy metal from aqueous solution
using various adsorbents, with limited attention given to the
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Figure 1. Synthesis method of the PGB—CS adsorbent.
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simultaneous multimetal removal from both aqueous and real
industrial wastewaters. This study addressed this gap by
developing a novel phosphoric acid-modified groundnut
(Arachis hypogaea) shell biochar—chitosan composite (PGB—
CS) and evaluated its performance using a systematic three-
level optimization approach. In the first level, biochar synthesis
conditions (pyrolysis temperature and pyrolysis time) were
optimized to obtain favorable surface properties. In the second
level, process variables such as contact time, metal concen-
tration, and adsorbent dosage were optimized using response
surface methodology (RSM). In the third level, pH was
optimized and validated through a point of zero charge
(Pszc)' Although many adsorption studies have focused on
pseudo-first-order (PFO) and pseudo-second-order (PSO)
kinetic models, along with Langmuir, Freundlich, and Temkin
isotherms, the present study adopted a more comprehensive
modeling approach. In addition to the PFO and PSO models,
the kinetic data were evaluated using the Elovich and Weber—
Morris (intraparticle diffusion) models to gain further insight
into the adsorption mechanism. Similarly, the adsorption
equilibrium was analyzed using Dubinin—Radushkevich (D—
R), Jovanovic, and Harkins—Jura (H—]) isotherm models, in
addition to the commonly applied Langmuir, Freundlich, and
Temkin models. In addition, thermodynamic analysis con-
firmed that the adsorption process was spontaneous, feasible,
and endothermic in nature. The adsorption of heavy metals
using PGB—CS was primarily governed by surface complex-
ation, electrostatic attraction, and ion-exchange mechanisms.
Many studies evaluated regeneration only up to three cycles,
whereas this study demonstrated that PGB—CS was effective
up to eight regeneration cycles. Furthermore, the adsorbent

exhibited a low production cost of USD 8.13/g (Rs. 682.14/g),
making it a cost-effective and practical candidate for industrial-
scale wastewater decontamination.

2. MATERIALS AND METHODS

2.1. Materials. Groundnut (A. hypogaea) shell, selected for
its lignocellulosic composition and carbon-rich framework, was
procured from a local market in Hyderabad, India. It served as
the precursor for biochar synthesis aimed at the eflicient
removal of heavy metals from aqueous and industrial
wastewaters. The chemicals used in this study included
phosphoric acid (85% extra pure), copper chloride (98%
pure), zinc chloride (97% assay), nickel nitrate hexahydrate
(98% pure), sodium hydroxide pellets (97% assay), and high
molecular chitosan, which were purchased from Sisco Research
Laboratories (SRL, India). Nitric acid (69—72% assay) was
obtained from Qualigens, glutaraldehyde was obtained from
Otto Chemik, hydrochloric acid (36.5-38% pure) was
obtained from Finar, and H,SO, (98% assay) and CH;COOH
(99.5% assay) were obtained from SDFCL. Real industrial
wastewater containing a mixture of heavy metals was sourced
from HBL Power Systems Limited, Hyderabad, India, to assess
the field applicability of the synthesized adsorbent.

2.2. Synthesis Method of PGB—CS. Groundnut (A.
hypogaea) shell was initially washed, dried, ground, and sieved
to a particle size range of 75—150 pm. Pyrolysis was carried
out in a muffle furnace (LK Lab, LF-MS230, Korea) at a
temperature of 550 °C for 2 h in an earthen pot setup. This
temperature and time combination was selected based on the
first-level optimization results that yielded the best structural
and adsorption properties."> The product was allowed to cool
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Table 1. List of Adsorption Isotherms and Kinetic Models

isotherm/kinetic model
Langmuir isotherm

Freundlich isotherm

nonlinear form

Kyg,,Ce 1
= andR; = ——
9. 1+ K C, L7 1+KC
— 1/n
qz - KFCe

notations

q.: equilibrium adsorption capacity (mg/g); g,,; maximum adsorption capacity (mg/g); Ry:
separation factor; K;: Langmuir constant (L/mg); C;: adsorbate initial concentration (mg/L

Kg and 1/n are the Freundlich constants

Temkin isotherm q, = %ID(KTQ)

q, = q, exp(—fe?)

Dubinin—Radushkevich where,

(D-R) isotherm . .
e= RTln(l + E)JE“ =77

Jovanovic isotherm q,=4,(1 — exp(KC))
Harkins—Jura (H-J) _ Apy
isotherm 4. Byyy —In(C,)

Pseudo-first order g9, = qe(l — exp(—kit)

Elovich model q,= %ln(l + afit)

Weber and Morris
(Intraparticle diffusion
model

q, = kysuVt + C

f: D—R constant related to the adsorption energy (mol?/kJ?); e: Polanyi potential (kJ/mol); E,:
mean free energy of adsorption (kJ/mol)

kweas: constant concerning the diffusion rate (mg/g-min

R: Universal gas constant (8.314 J mol™ K™); T: temperature (K); by: Temkin constant related to
the heat of adsorption (J/mol); Ky: Temkin equilibrium binding constant (L/mg); C,:
equilibrium metal concentration (mg/L)

(3

a

K;: Jovanovic constant (L/mg)
By and Ay (mg/g)* are Harkins—Jura constants

gy time-dependent adsorption capacity (mg/g); k;: equilibrium rate constant in (min™")

a: rate related to the initial adsorption (mg g™! min™"); f: constant to desorption (g-mg)

~12), C is the intercept constant (mg/g)

naturally for 10 h and was referred to as groundnut (A.
hypogaea) shell biochar (GB). To enhance surface functionality
and porosity, GB was modified using phosphoric acid.”* It was
mixed with H;PO, in a 1:6 (g/v) ratio and kept there for 24 h.
The mixture was then filtered, washed multiple times to
neutralize, and dried to obtain phosphoric acid-modified
groundnut (A. hypogaea) shell biochar (PGB). Separately,
chitosan (CS) was dissolved in a 3% (v/v) CH;COOH (3 mL
in 100 mL of water) solution at 2 g per 100 mL and stirred at
220-230 rpm for 8 h to form a uniform gel. Further, PGB was
added to the chitosan solution in a 3:1 ratio and stirred for 1 h
to ensure uniform dispersion. The addition of 3.0 mL of
glutaraldehyde improved the mechanical stability of the
composite via cross-linking.”> The resulting gel was precipi-
tated in 3% w/v NaOH (3.0 g in 100 mL water) solution,
followed by filtration, washed multiple times, dried, and
ground to form the final composite as a phosphoric acid-
modified groundnut (A. hypogaea) shell biochar—chitosan
(PGB—CS). A schematic of the synthesizing process is
presented in Figure 1.

2.3. Characterization Methods. The characterization of
the adsorbent and sample analysis was examined using various
analytical techniques. Atomic absorption spectroscopy (AAS)
was conducted using a Shimadzu AA-7000 (Japan) equipment
to quantify the concentration of metal ions before and after
adsorption. Thermogravimetric analysis (TGA) was performed
on a Shimadzu DTG-60 (Japan) equipment to evaluate the
thermal stability and decomposition behavior of the material.
The specific surface area and pore characteristics were
determined using the Brunauer—Emmett—Teller (BET)
method with a Microtrac Bel BEL SORP mini II (Japan)
equipment. Functional groups present on the adsorbent
surface were identified using a Fourier transform infrared
spectrometer (FTIR) (Jasco-4200, Japan). Morphological
features were examined through field emission scanning
electron microscopy (FE-SEM) using an FEI Apreo LoVac
(USA), and elemental composition was analyzed via energy-
dispersive X-ray spectroscopy (EDX) using Oxford Instru-
ments (England). The surface chemical states and elemental
bonding environments were characterized using X-ray photo-
electron spectroscopy (XPS) using a Thermo Fisher Scientific

K-a instrument (UK). Additionally, the crystalline structure of
the material was investigated using X-ray powder diffraction
(XRD) on a Rigaku ULTIMA-IV (Japan).

2.4. Experiments. To experimentally validate the
adsorptive performance of the PGB—CS adsorbent, a multi-
stage approach was undertaken. In the first level of
optimization, pyrolysis of groundnut (A. hypogaea) biomass
(GB) was carried out in a controlled muftle furnace within a
temperature range of 500—600 °C. The purpose was to
determine the optimum pyrolysis temperature that yields the
highest adsorption capacity (g.). Once the optimal temper-
ature (550 °C) was identified, a time-based study was
performed in the range of 1-3 h to evaluate the influence of
the pyrolysis time on ¢q,. The mathematical expressions used to
calculate the adsorption capacity (g,) and removal efficiency
(R) were calculated using eqs 1 and 2, respectively

_ (C, - CV
e m (1)
G ()

Here, C; (mg/L) and C, (mg/L) are the initial and final metal
concentrations, respectively, V is the solution volume (L), and
m (g) is the adsorbent mass.

In the second level of optimization, a statistical approach
using response surface methodology (RSM) was employed to
fine-tune the adsorption parameters. Using Design-Expert 13.0
software, 17 experimental runs were designed by varying the
adsorbent dosage (1—10 g/L), contact time (20—180 min),
and initial metal concentration (100—1000 mg/L). The aim
was to maximize the adsorption capacity (q,) by optimizing
conditions with minimal contact time and adsorbent dosage
while handling a high initial metal concentration. The RSM
optimized conditions were identified as a 1000 mg/L metal
concentration, 36 min batch time, and 1 g/L of adsorbent
dosage for Cu**, and 20 min batch time, 1000 mg/L metal
concentration, and 1 g/L adsorbent dosage for both Ni** and
Zn**, respectively. Isotherm experiments were subsequently
conducted to describe the equilibrium behavior of heavy metal
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Figure 2. Adsorption—desorption isotherm of the PGB—CS adsorbent.

adsorption. These were performed at the RSM optimum
conditions with varying metal concentrations from 100 to 1500
mg/L. The experimental data was fitted to six different
nonlinear isotherm models to determine the best one.
Similarly, kinetic studies were performed at fixed metal
concentrations of 1000 and 1 g/L adsorbent dosages under
RSM optimum conditions, with sampling done at time
intervals ranging from 10 to 100 min. Furthermore,
experimental data was attempted to fit with the four kinetic
models. The list of isotherms and kinetic models used in this
study is given in Table 1.

Each batch experiment was conducted in triplicate to ensure
reliability, and average values were reported. The associated
error analysis, including the standard deviation (o), was
computed. The ¢ was determined using eq 3

Z:;l (‘xi - E)Z
N 3)

Here, x; is the individual data value, % is the average value, and
N is the number of data values.

In the third level of optimization, the effect of pH on the
adsorption capacity of Cu**, Ni**, and Zn** was studied over a
pH range of 2.0—6.0. The point of zero charge (pH,,.) was
determined by using a mass titration method in 0.1 mol/L of
NaNO; across the same pH range. To assess selective
adsorption, a ternary mixture containing 200 mg/L of each
metal ion was treated under batch conditions (pH 5.0, 1 g/L
dosage, and 20 min contact time), and individual g, values
were determined for each metal ion. Furthermore, the
applicability of the adsorbent was validated using real industrial
effluent obtained from a battery manufacturing unit. The
effluent was treated using a 1 g/L dosage for 20 min, and the
adsorption capacity was evaluated. Finally, the regeneration
potential of the adsorbent was assessed using three eluents:
HCI, H,SO,, and HNOj; at concentrations between 0.1 and 1
mol/L. The best-performing eluent for each metal ion was

identified based on the maximum desorption efficiency (Ry)-
Subsequently, cyclic adsorption—desorption experiments were
conducted for up to eight cycles for each metal: Cu** (0.4
mol/L H,S0,), Ni** (0.6 mol/L HNO,), and Zn** (0.6 mol/L
HCl), and Ry, values were recorded to confirm the reusability
and stability of the adsorbent over multiple cycles.

3. RESULTS AND DISCUSSION

3.1. Comprehensive Characterization of Adsorbent.
3.1.1. Surface Area Analysis. The adsorbent samples were
degassed at 200 °C for 2 h under vacuum to remove any
moisture or volatile contaminants. Nitrogen gas was then used
as the adsorbate, and the adsorption—desorption isotherms
were recorded at 77 K as presented in Figure 2. The specific
surface area was determined using the BET method, and pore
characteristics were derived from the isotherm data. The
adsorption/desorption isotherm demonstrated to the type-II
class of the IUPAC classification, indicating the presence of
micro- and mesoporoes.” At low relative pressure (0.012—
0.25), micropores were predominantly filled initially, implying
monolayer adsorption. As the pressure increased, multilayer
adsorption succeeded, resulting in the formation of additional
layers of N, on the surface. Further elevation in the relative
pressure suggested a N, condensation within the mesoporous
material with varying pore diameters.”’ However, at a relative
pressure of 0.49, the adsorption and desorption processes were
nonreversible. A divergence between the adsorption and
desorption curves was observed between relative pressures of
0.5 and 0.99. This disparity may indicate the presence of a
complex pore structure within the material, characterized by
different pore sizes or shapes, leading to variations in the N,
uptake and release.”® A similar isotherm pattern was observed
in heavy metal removal using an agriculture waste-derived
biochar and chitosan composite.”’ Similarly, the pore
characteristics of GB were assessed at three pyrolysis
temperatures: 500 °C, 550 °C, and 600 °C, to determine the
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Figure 3. SEM and EDX results of PGB—CS: (a) GB, (b) PGB—CS, (c) PGB—CS—Cu*, (d) PGB—CS—Ni*, and (e) PGB—CS—Zn**.

most suitable condition as presented in Figure 2. The increase
of 54.28% in the pore diameter (4.90—7.56 nm) and 72.78% in
the surface area (59.60—102.98 m*/g) from 500 to 550 °C was
observed. However, the increase was less observed, only 4.49%
in pore diameter (7.56—7.90 nm) and 11.75% in surface area
(102.98—115.09 m?/g) from 550 to 600 °C, respectively.
Therefore, choosing a pyrolysis temperature of 550 °C was
considered a reasonable compromise, balancing improved
adsorption characteristics with energy consumption. The
surface area was increased from 102.98 m?>/g (GB) to 167.98
m*/g (PGB—CS), which indicated improved porosity due to
chemical treatment. Similarly, the total pore volume was
increased from 0.175 cm3/g to 0.189 cm?/ g, and the average
pore diameter expanded from 7.56 to 9.18 nm. A decrease in
pore diameter by 46.07% (9.18—4.95 nm), 35.51% (9.18—5.92
nm), and 29.41% (9.18—6.48 nm) was observed after the
adsorption of Ni**, Zn**, and Cu*', respectively. This suggests
that the metal ions filled the pores and created a coating on the
surface.”® The trend of change in pore properties after metal
adsorption aligned with the reported studies for the heavy

. . . . 21,31,39
metal removal using chitosan and its composites. A

comparison of surface properties with the reported studies in
the literature is presented in Table S1.

3.1.2. Surface Morphology and Elemental Analysis. For
SEM imaging, small quantities of adsorbent samples were
mounted onto aluminum stubs by using carbon tape. The
surface morphology of both pristine and metal-loaded PGB—
CS was examined using SEM operated at an accelerating
voltage of 5—15 kV, and morphologies are presented in Figure
3. Elemental composition and distribution were analyzed using
EDX, performed at three distinct surface points on each
sample, and the average values were compiled and are
presented in Table S2. The EDX analysis of the biochar
(GB) showed a high carbon content (73.69 wt %), oxygen
(23.69 wt %), and negligible nitrogen (0.07 wt %), as
presented in Figure 3a, whereas for the PGB—CS sample, the
dominant elements were carbon (41.84 wt %), oxygen (30.84
wt %), and nitrogen (16.83 wt %), which originated from the
biochar and chitosan components. The reduction in carbon
and nitrogen contents after heavy metal adsorption suggested
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effective binding of heavy metal ions onto the surface of PGB—
CS through interactions with its functional groups.”' Before
metal adsorption, as presented in Figure 3b, a porous surface
was revealed, which was due to the evaporation of moisture
during the drying stage. Additionally, the presence of
phosphorus was detected (3.42% by weight) before the
adsorption, which was attributed to the H;PO, modification
of the biochar. After metal ion adsorption, the phosphorus
content was reduced to 2.56, 2.52, and 2.74 wt % after Cu",
Ni**, and Zn>* adsorption, respectively as presented in Table
S2. This modification resulted in the formation of phosphate
(—=PO,*") and phosphite (—PO,*>") bonds, which enhanced
the stability of the carbon structure and improved metal
adsorption.”® After metal adsorption, the pores were filled by
metal ions, resulting in a film-like surface, as shown in Figure
3¢,d,e. The EDX analysis further observed weight percentages
of 7.86% for Cu®*, 6.52% for Ni**, and 5.62% for Zn*" after
adsorption, suggesting that effective metal adsorption occurred
on the PGB—CS surface. Similar surface morphologies have
been reported in the previous studies for the mitigation of
heavy metals using a poly(acrylic acid)-modified chitosan—rice
straw biochar composite,”* poly(vinyl alcohol)-modified
chitosan,” phosphoric acid-modified bentonite—chitosan
comgosite beads,” and chitosan—magnetic biochar compo-
site.

3.1.3. Thermal Stability. A known weight of the sample was
loaded into a platinum crucible for thermogravimetric analysis.
The analysis was conducted under a nitrogen atmosphere from
room temperature to 1000 °C at a constant heating rate of 15
°C/min. The weight loss profile was recorded to evaluate
thermal degradation and stability of the adsorbent before and
after the adsorption of metal ions. TGA and DTG analyses of
PGB—CS before and after adsorption of metal ions are shown
in Figure Slab. Initially, there was a gradual weight loss of
15.57%, occurring until the temperature reached 186.02 °C.
The removal of moisture at this stage was crucial for preparing
the material for subsequent thermal processes. Following this, a
substantial weight loss of 43.57% occurred between 186.02 and
444.77 °C, representing the second stage of degradation.
Finally, a weight loss of 13.58% was observed in the last stage.
The initial weight loss was likely attributed to the evaporation
of physically adsorbed moisture and volatile compounds.®* The
second stage of weight reduction signified the depolymeriza-
tion and removal of functional groups like amines, carboxyls,
hydroxyls, etc.’’ The substantial weight loss during this stage
suggested more significant chemical and structural changes
within the composite material. Finally, the weight reduction in
the final phase was linked to the thermal decay of residues
remaining from the previous stage, indicating a more advanced
breakdown of PGB—CS, ultimately forming carbons and
hydrocarbons.” A noticeable pattern of reduced weight loss
was observed following adsorption. This effect was due to the
metal deposition within the microspores, forming a protective
layer that restricted metal release until higher temperatures
were reached.’’ These findings are aligned with the prior
research using chitosan-modified agricultural biochar for heavy
metal removal.”’

3.1.4. Crystallinity Study. Powdered samples of pristine and
metal-loaded PGB—CS were used for X-ray diffraction studies.
The analysis was performed using a Rigaku ULTIMA-IV
diffractometer with Cu—Ka radiation (1 = 1.5406 A),
operating at 40 kV and 30 mA. Data were collected over a
20 range of 5°—90° at a scanning rate of 10°/min to

determine the crystallinity and phase characteristics. XRD
graphs of PGB—CS before and after heavy metal adsorption
are depicted in Figure S2. The peaks observed for PGB—CS
indicated a higher crystallinity (58.96%), which were attributed
to the intramolecular hydrogen-bonding interactions within
the PGB—CS backbone.”” Following exposure to metals, the
degree of crystallinity was decreased to 49.89%, 44.14%, and
40.51% for Zn**, Ni**, and Cu*, respectively. The degree of
crystallinity followed the sequence Cu®* < Ni** < Zn*,
suggesting that copper exhibited a more favorable layer
adsorption compared to nickel and zinc.'> This order reflects
the different affinities of these metals for the PGB—CS
composite. The appearance of copper hydroxychloride (peak
at 25.28°), nickel nitrate hydroxide (peak at 26.90°), and zinc
hydroxychloride (peak at 44.90°) after the adsorption of Cu*,
Ni**, and Zn*', respectively, suggested that the metal ions were
also adsorbed through surface precipitation, forming sparingly
soluble hydroxide phases.”””' Comparative scrutiny of
postadsorption XRD spectra against the pristine state of
PGB—CS shows a smoother spectrum and reduced intensity,
suggesting the pore filling by the heavy metals.”

3.1.5. FTIR Spectra. For FTIR analysis, fine-ground samples
were mixed with KBr in a 1:100 ratio and pressed into
transparent pellets using a hydraulic press. The spectra were
recorded using a Jasco FTIR-4200 spectrometer in the range of
4000—400 cm™'. The resulting spectra were used to identify
the surface functional groups and their changes after metal
adsorption. FTIR analysis was conducted for pristine PGB—
CS, PGB—CS—Cu**, PGB—CS—Ni**, and PGB—CS—Zn*" as
shown in Figure 4a—d. The peaks falling within the range of
3900—3450 cm™' signified the vibrations of hydroxyl (—OH)
groups. However, post metal adsorption, alterations in peak
intensity (3850—3387 cm™') suggested the surface complex-
ation between metal ions and hydroxyl groups.”” Simulta-
neously, peaks from 3400 to 3050 cm™' correspond to the
amine (—NH,) groups, showing a smoother profile after
adsorption due to electrostatic attraction between them.’' The
presence of C=C in the 2450—1950 cm™' range, with their
intensity shifting to 2411—1906 cm™" after metal adsorption,
corresponded to an electrostatic attraction.’’ Similarly, the
C=0O0 related to the —COOH group, observed in the 1625—
1460 cm™' range for PGB—CS, exhibited a shift in intensity
(1605—1415 cm™") post metal adsorption, corresponding to
the surface complexation.”” A peak at 2966.95 cm™,
corresponding to the C—H, observed alterations in intensity
after Cu** adsorption (2973.10 cm™), indicating hydrogen
bonding between them.'” Furthermore, another peak at 952.05
cm™!, associated with the C—H bonds, displayed a peak
alteration (947.94—949.98 cm™) after adsorption, suggesting
changes in the bonding environment.” The peaks between
1000 and 1200 cm™" were characteristic of the P—O stretching
vibrations, which is indicative of phosphorus—oxygen inter-
actions within the material.>’ Notably, the peak at 1170 cm™!
was attributed to the C—O-P stretching, confirming the
successful incorporation of phosphorus into the biochar
matrix.”” Furthermore, the possibility of ion exchange between
metal jons and native cations present in the PGB—CS
composite was supported by quantitative AAS analysis. As
shown in Table S3, notable increases in the concentrations of
Mg**, Ca**, Na*, and K" were observed in the solution after the
adsorption of Cu®", Ni**, and Zn*". The release of these cations
indicated that they were displaced by the incoming metal ions
during the adsorption process, confirming ion exchange as one
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Figure 4. FTIR study: (a) pristine PGB—CS; (b) PGB—CS—Cu**
after adsorption; (c) PGB—CS—Ni** after adsorption; and (d) PGB—
CS—Zn?" after adsorption.

of the active mechanisms. This conclusion was further
supported by subtle FTIR peak shifts in the 1000—1200
cm™' region, corresponding to the P—O and C—O-P
vibrations. These groups were involved in ion coordination,
and the observed shifts suggested an altered bonding
environment postadsorption, consistent with ion-exchange
interactions.””””

3.1.6. XPS Analysis. X-ray photoelectron spectroscopy was
carried out by using a Thermo Fisher Scientific K- instrument
equipped with a monochromatic X-ray source (1486.6 eV).
Samples were fixed on a double-sided carbon tape and
introduced into the analysis chamber under ultrahigh vacuum
conditions. Survey and high-resolution scans were obtained for
key elements, and charge compensation was applied by using a
low-energy electron flood gun to prevent sample charging. The
overall XPS spectra of pristine PGB—CS and after metal ion
adsorption are presented in Figure Sa—d. In the C 1s spectrum,
two distinct peaks were observed at 284.88 and 288.78 eV,
agreeing with C—C/C=C and C=O, respectively (Figure
Se). After adsorption, these peaks shifted to 284.10 and 288.08
eV after Cu®* adsorption (Figure S3a), 284.48 and 288.38 eV
after Ni** adsorption (Figure S3b), and 284.68 and 288.49 eV
after Zn>* adsorption (Figure S3c). Additionally, a peak at
285.39 eV, attributed to the complex ((—CH;COO),

2H,0-), was detected following metal adsorption.*” In the
O 1s spectrum before adsorption (Figure 5f), two peaks were
noted: peak 1 at 531.9 eV, related to O—H, and peak 2 at
532.5 eV, related to C—O. Postadsorption, these peaks shifted
to 530.06 and 531.29 eV after Cu®" adsorption (Figure S3d),
531.09 and 531.81 eV after Ni** adsorption (Figure S3e), and
531.54 and 532.14 eV after Zn** adsorption (Figure S3f). An
additional peak at 535.52 eV, associated with the complex
(CH;CH,COOH), was observed after metal adsorption. This
suggested that carboxylic and hydroxyl groups were involved in
metal adsorption through ion exchange.”* The N 1s spectrum
revealed two main peaks before adsorption (Figure Sg): peak 1
at 399.08 eV, corresponding to —NH—/—NH,, and peak 2 at
406.98 eV, corresponding to —NH,—/—NHj;. After metal
adsorption, these peaks shifted to 398.12 and 406.01 eV for
Cu®* adsorption (Figure S3g), 398.47 and 406.31 eV for Ni**
adsorption (Figure S3h), and 398.81 and 406.58 eV for Zn**
adsorption (Figure S3i). A peak at 404.78 €V, attributed to C—
N, was identified following metal adsorption. These observa-
tions indicated that the amine groups acted for metal
binding.”> The distinct peaks for Cu 2p (932.9, 952.77, and
962.38 €V), Ni 2p (855.42, 869.5, 850.9, and 847.5 V), and
Zn 2p (1021.86, 1044.95, and 1047.95 eV) spectra are
attributed to the metal binding with carbon, oxygen, and
nitrogen elements, confirming the successful adsorption of
metal ions on the PGB—CS surface (Figure Sh—j). Similarly,
for the P 2p spectrum, three distinct peaks were observed at
133.311, 134.796, and 139.377 eV corresponding to phosphate
(PO,*") and phosphite (—PO;*") groups (Figure Sk).

3.2. Three Levels of Optimization. 3.2.1. First Level of
Optimization: Pyrolysis Temperature and Pyrolysis Time.
The pyrolysis temperature has a major impact on the
adsorption performance of GB. In this study, g, was evaluated
at pyrolysis temperatures (500—600 °C) for a metal
concentration of 1000 mg/L and an adsorbent dosage of 1
g/L, as presented in Figure 6a. For Cu’** adsorption, g,
increased by 13.74% (107.21 mg/g at 500 °C to 121.94 mg/
g at 550 °C). However, at 600 °C, the increase was only 4.84%,
with ¢, increased to 127.85 mg/g. Similar trends were also
observed for Ni** and Zn?' adsorption. To validate the
experimental results, EDX analysis of biochar (GB) was
performed at all pyrolysis temperatures and is presented in
Table S4. The results revealed that carbon content increased
by 12.67% between 500 and 550 °C and changed by only
3.54% from 550 to 600 °C. Surface area analysis as described
in Section 3.1.1 further validated these findings, showing
alterations in pore diameter and surface area at different
pyrolysis temperature ranges. Balancing energy requirements
with product performance led to the selection of a pyrolysis
temperature of 550 °C for further studies. Similar observations
have been reported in a study involving the removal of heavy
metals using a phosphorus-engineered poplar sawdust
biochar.*® Further, the impact of pyrolysis time on metal
removal was studied and the results are presented in Figure 6b.
For Cu*', q, increased by 20.30% when the pyrolysis time was
increased from 1 to 2 h; however, it increased by only 5.10%
when the pyrolysis time was extended from 2 to 3 h. Similar
trends were observed for Ni** and Zn*" adsorption. These
results suggested that extending the pyrolysis time beyond 2 h
did not significantly enhance the adsorption capacity of GB
and considered it as an optimum condition. A similar trend for
the effect of pyrolysis time has been reported in metal removal
using NaOH-modified fly ash.*”
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Table 2. RSM Results

A: time B: dosage C: metal concentration
run (min) (g/L) (mg/L)
1 20 1 550
2 100 1 100
3 100 1 1000
4 180 1 550
S 20 S.5 100
6 20 5.5 1000
7 100 S.5 550
8 100 5.5 550
9 100 S.5 550
10 100 S.5 550
11 100 S.5 550
12 180 S.5 100
13 180 S.5 1000
14 20 10 550
15 100 10 100
16 100 10 1000
17 180 10 550
18 36.00 1 1000
19 36.00 1 1000
20 36.00 1 1000
21 20 1 1000
22 20 1 1000
23 20 1 1000
24 20 1 1000
25 20 1 1000
26 20 1 1000

response (R,): g, (Cu®"),

response (R,) q, (Ni**), response (R;): g, (Zn*"),

mg/g mg/g mg/g
201.48 167.18 121.71
207.18 155.84 108.43
245.87 192.73 141.81
234.95 185.16 135.17
158.76 122.1 73.47
175.18 139.17 84.76
190.23 151.78 97.6
192.49 156.1 103.8
196.17 153.61 99.19
199.42 146.94 94.13
203.14 149.7 96.07
177.43 137.14 83.98
190.18 157.13 101.32
170.93 134.19 74.97
175.34 133.94 71.94
201.36 147.64 84.38
195.71 145.91 92.8
210.12 - -
213.94 - -
205.17 - -

- 161.24 -

; 165.19 -

- 169.76 -

- - 112.94

- - 115.73

- - 121.48

To further support the selection of 550 °C as the optimal
pyrolysis temperature, the activation energy (E,) was estimated
using the Coats—Redfern method. The Coats—Redfern
equation for a first-order decomposition reaction is given in

eq 4
( a ]

“In(1 —
where @ is the fractional weight loss, T is the absolute
temperature (K), f is the heating rate (15 °C/min), R is the
universal gas constant (8.314 J/molK), A is the pre-

AR
ol 22
PE,

exponential factor, and E, is the activation energy (kJ/mol).
The activation energies at selected pyrolysis temperatures were
determined to be 0.50 kJ/mol (400 °C), 0.78 kJ/mol (500
°C), 1.23 kJ/mol (550 °C), and 4.94 kJ/mol (600 °C). The
moderate activation energy at 550 °C indicated that the
decomposition and carbonization process were thermally
efficient. In contrast, the sharp increase in activation energy
at 600 °C suggested a higher energy demand, despite only
marginal improvements in structural properties such as surface
area and pore diameter (Section 3.1.1) and carbon content
(Section 3.1.2). Furthermore, the relatively small increase in
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determination for Cu®*, Ni**, and Zn>".

the adsorption capacity at 600 °C supported the idea that 550
°C represented an optimal balance between enhanced
adsorption performance and energy efficiency. These com-
bined observations justified the selection of 550 °C as the
optimal pyrolysis temperature for further studies.

3.2.2. Second Level of Optimization: RSM Study. The
optimization of three critical variables, batch time (A),
adsorbent dosage (B), and metal concentration (C) to
maximize g, was conducted using RSM. The RSM results
for 17 runs are given in Table 2.

The factor—response dynamics for three metal ions, Cu®*,
Ni*, and Zn**, in a quadratic form given by eqs 5, 6, and 7,
respectively

Cu’: q = 19629 + 11494 — 18.27B + 11.74C

— 2.17AB — 091AC — 3.17BC — 13.794

+ 1826B> — 7.12C% R,> = 0.97 (s)

Ni**: g = 151.63 + 7.84A — 17.40B + 10.96C — 1.57AB

+ 0.73AC — 5.80BC — 6.084% + 12.57B>

- 6.66C% R,” = 0.98 (6)

Zn®": q, = 98.16 + 7.30A — 22.88B + 9.31C + 1.09AB

+ 1.51AC — 5.23BC — 3.88A> + 11.88B>

— 8.40C% R,” = 098 )

The coefficient of regression (R*) was obtained close to 1.0
for all three metals, demonstrating a minimal deviation and
high predictive accuracy of the models. Graphical representa-
tions of predicted Vs residuals g, and actual Vs predicted g, for
three metals are presented in Figures S4 and SS, respectively.
Further, the interplay between binary factors on g, for Cu®,
Ni**, and Zn®' is illustrated in Figures S6—S8, respectively.
The normal probability plots of residuals for Cu**, Ni**, and
Zn* are shown in Figure S9. The lack-of-fit test results,
including F-values and p-values for all three metal ions, are
presented in Table SS. The p-values for the lack-of-fit tests
(0.3605 for Cu**, 0.5657 for Ni**, and 0.8183 for Zn>**) were

all greater than 0.0S5, indicating that the quadratic models
provided an adequate fit for all three metal ions.>"*’
Furthermore, the normal probability plots (Figure S9) showed
that the residuals for all three metal ions aligned closely along
the straight reference line, suggesting that the residuals were
approximately normally distributed, with no strong skewness.**
These results collectively confirmed that the quadratic models
were appropriate for accurately describing the adsorption
behavior of Cu?*, Ni**, and Zn?* under the tested conditions.

The g, values determined using RSM were 221.56 mg/g for
Cu®*, 175.47 mg/g for Ni*', and 127.46 mg/g for Zn*". These
values were obtained under optimal conditions of 1000 mg/L,
36 min, and 1 g/L for Cu**, and 20 min, 1000 mg/L, and 1 g/
L for both Ni** and Zn®*, respectively. To validate these
optimal conditions, experiments were repeated three times at
the determined optimal settings (runs 18—20 for Cu®*, runs
21-23 for Ni**, and runs 24—26 for Zn**) as presented in
Table 2. An error analysis was conducted for the repeated
experiments and is exhibited in Table S6. Furthermore, the
effect of contact time, initial metal ion concentration, and
adsorbent dosage on the removal efficiency of Cu**, Ni**, and
Zn** was studied and is illustrated in Figure S10a—c. The
longer equilibrium contact time for Cu** (50 min) compared
with that of Ni** (20 min) and Zn>* (20 min) reflected a
slower diffusion, potentially due to stronger -electrostatic
interactions with the adsorbent.”” A similar difference in the
equilibrium time was reported in a previous study using
phosphoric acid-modified bentonite—chitosan composite
beads for the removal of Cu*, Ni**, and Zn>*.** Notably,
the parametric trends and optimum values identified in this
study were in close agreement with those obtained through
RSM-based statistical analysis, further validating the robustness
and predictive accuracy of the developed models.

3.2.3. Third Level of Optimization: pH Study. The pH of
the industrial effluent changes significantly periodically, which
motivated us to study the pH effect on adsorbent perform-
ance.” This study examined the effect of pH (2.0—6.0) at
constant optimum conditions determined by the RSM study,
and the results are depicted in Figure 7a. At low pH, the
presence of H* ions competes with the adsorbent on the
adsorbent surface, leading to electrostatic repulsion and thus
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Figure 8. Isotherm study results: (a) Langmuir, (b) Freundlich, (c) Temkin, (d) D—R, (e) Jovanovic, and (f) Harkins—Jura.

reducing the adsorption performance.” As pH increases, the H

ion presence diminishes, enhancing the ads

heavy metals. The metal hydroxide precipit

at pH 6.0 and above, which was attributed to the decreased

orption capacity for

ation was witnessed

solubility of metal hydroxides at high pH or formation of
complex ions in wastewater, which precipitated at high pH.*!
The PGB—CS adsorbent proved optimal performance at pH
5.0 and obtained g, as 249.78 mg/g for Cu’*, 191.48 mg/g for
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Table 3. Isotherm Model Fitting Results for Cu**, Ni**, and Zn**

isotherm model parameters Cu? Ni** Zn**
Langmuir 4, (mg/g) 247.49 239.46 1852
K, (L/mg) 0.008 0.002 0.001
R, 0.60 0.55 0.51
R 0.99 0.99 0.99
Freundlich Kg (L/g) 49.76 9.02 4.18
n (unitless) 4.64 2.38 2.09
R 0.98 0.96 0.96
Temkin Ky (L/g) 0.23 0.023 0.018
by (J/mol) 61.35 46.56 63.48
R 0.96 0.96 0.95
D-R G (mg/g) 214.64 175.35 124.7
B (mol* kJ72) 0.001 9.45 x 107* 8.58 x 107*
E, (kJ/mol) 22.36 23.01 24.14
R 0.60 0.80 0.78
Jovanovic q,, (mg/g) 221.43 186.63 138.48
K; (L/mg) —0.005 —0.0023 —0.0018
R 0.75 0.95 0.96
Harkins—Jura Ay 91,696.96 26,083.35 10,698.4
By 8.84 7.97 7.83
R 0.94 0.83 0.87
Table 4. Comparison of ¢,, by Langmuir Isotherm for the Removal of Heavy Metals
solution equilibrium G
adsorbent pH time (min) adsorbent properties (mg/g) metal refs
tetraethylenepentamine-modified chitosan/ S.0 S0 pore dia.: 121 nm 168.06  Cu® 5§
CoFe,0, composite
KMnO,-modified walnut shell biochar 5.0 360 surface area: 333.19 m*/g, pore volume: 0.16 cm®/g, 30.18  Cu* 44
pore dia.: 1.95 nm
PGB-CS 5.0 90 surface area: 167.98 mz/g; pore volume: 0.189 cm3/g; 247.49 Cu®  this
pore dia.: 9.18 nm study
chitosan—polyvinyl alcohol membrane 6.0 300 surface area: 0.7 m*/g 75.5 Ni** 56
cross-linked chitosan hydrogels 6.0 180 - 78.0 Ni** 3
PGB-CS 5.0 90 surface area: 167.98 mz/g; pore volume: 0.189 cm3/g; 239.46 NiZ*  this
pore dia.: 9.18 nm study
CS/clay/biochar composite 5.0 540 surface area: 272.49 m?/ g, pore diameter: 1.9842 nm, 134.6 Zn* 54
pore volume: 0.1352 cm®/g
FeCl;-modified cotton husk—chitosan 5.0 250 pore dia.: 9.37 nm, pore volume: 0.175 cm®/g, surface 117.50  Zn** 21
composite area: 127.89 m*/g
KMnO,-modified walnut shell biochar 5.0 360 surface area: 333.19 mz/g, pore volume: 0.16 cm3/g, 58.96 Zn* 44
pore dia.: 1.95 nm
PGB-CS 5.0 90 surface area: 167.98 mz/g; pore volume: 0.189 cm3/g; 185.20 Zn*  this
pore dia.: 9.18 nm study

Ni**, and 14591 mg/g for Zn** under optimal parameters
determined through the RSM study. The pH study was further
validated by determining pH,,, and the results are shown in
Figure 7b. The pH,,. values were determined as 5.41, 5.61, and
5.79 for Cu**, Ni**, and Zn**, respectively. Below the pH,,,, 4,
was decreased due to the increasing presence of H" ions in the
solution, which repels the adsorption of metals on the PGB—
CS surface. The adsorption operated below pH,,  generally
resulted in a positively charged surface, which did not have a
favored cationic metal adsorption purely through electrostatic
attraction. However, effective adsorption still occurred at pH
5.0 due to the involvement of additional mechanisms,
including surface complexation and coordination with func-
tional groups (—OH and —NH,) on the adsorbent. Moreover,
as the pH increased beyond 5.0, metal hydroxide precipitation
was observed (at pH 6.0 and above), which interfered with
true adsorption and limited the selection of higher pH values.
Hence, pH 5.0 represented a balance point for minimizing H*
competition, avoiding precipitation, and enabling high

adsorption through both electrostatic and nonelectrostatic
interactions. The influence of pH on heavy metal removal
observed in this study aligned with the findings from previous
studies that utilized modified adsorbents like poly(vinyl
alcohol)-modified chitosan and phosphoric acid-modified
bentonite—chitosan composite beads.”””"

3.3. Isotherm, Kinetic, and Thermodynamic Studies.
3.3.1. Isotherm Study. The isotherm study was conducted
using six nonlinear models as listed in Table 1, within a metal
concentration range of 100—1500 mg/L under the operating
conditions as determined by RSM: 1 g/L and 36 min for Cu*",
1 g/L and 20 min for Ni**, and 1 g/L and 20 min for Zn**. The
curve fittings from the isotherm study are depicted in Figure
8a—f, with the calculated isotherm parameters and R* values
listed in Table 3. The analysis showed that the Freundlich,
Temkin, and Langmuir isotherms exhibited higher R? values
compared to the D—R, Jovanovic, and Harkins—Jura isotherms
for all three metal ions. The Langmuir isotherm, with an R?
value close to 1.0, suggested a good fit with the experimental

https://doi.org/10.1021/acsomega.5c04698
ACS Omega XXXX, XXX, XXX—-XXX


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c04698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf Article
400 400
(a) Pseudo-first order (b) Pseudo-second order
® Cu?': Experimental results ® Cu™ Experimental results
o+ Experimental res = Ni*": Experimental results
R 2 s
Cut 24734 (leexp (0.07 ; K= 0.96 Cu™:29.65 t/ (1+0.10 t); R? = 0.99
. X . 5 . [— N2 / R =10.9
300 - [——Ni®": 182.68 (I-exp (-0.15 t); R* = 0.97 300 ST (AT020 0; 12099
Zn™": 21,96 t/ (140.0.15 t); R? = 0.99

Zn**: 136.60 (1-exp (-0.12 t); R = 0.97

) )
o

200
\5. - = & r il o L
< 3

L}
%= = & x
100 +
0 T T T
0 30 60 90 120
t (min)
400
(c) Elovich model

® Cu’": Experimental results

= Ni*: Experimental results

A Zn™: Experimental results

Cu?*: 50 In(1+2.43t); R =0.98
300 - —\ilz‘: 16.67 In(1+1084.2t); I{: 0.98
Zn**: 16.67 In(1+32.73t); R* = 0.98

0 T T T

0 30 60 90 120
t (min)

q, (mg/g)

120
t (min)
400
(d) Weber & Morris (Intra-particle diffusion model)
® Cu®: Experimental results
= Ni*: Experimental results
A Zn": Experimental results
|—— Cu**": 23.36 t'2 + 53.92 ; R* = 0.87
300 4 [——Ni*": 15.19 "7 +63.69 ; R* = 0.69
Zn*": 11.98 t'2 + 40.84 ; R = 0.76|
_
c
£ 200
=
&
100 .../
0 T T T
0 30 60 90 120

t (min)

Figure 9. Kinetic model fitting results: (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich, and (d) Weber and Morris IPD models.

results, indicating that monolayer adsorption of heavy metals
occurred on the surface of PGB—CS.”" The constant of the
Freundlich isotherm (1/n) and separation factor (R;) in the
Langmuir isotherm obtained less than 1.0 for all metal ions,
suggesting that the favorable and spontaneous adsorption
occurred on the surface of PGB—CS.?' The dominance of the
Langmuir-type adsorption suggested that metal ions were
adsorbed with the monolayer formation.”' This behavior was
attributed to strong interactions between the metal ions and
functional groups (—OH, —NH,, —COOH, and —PO,*")
presented on the PGB—CS surface, which facilitated localized
chemisorptive binding. Although the Freundlich model also
showed a reasonable fit with respect to R* values (Cu*: 0.98,
Ni**: 0.96, Zn*": 0.96), implying some degree of surface
heterogeneity and possible multilayer adsorption; however, the
high R? values for the Langmuir model (Cu**: 0.99, Ni**: 0.99,
Zn*": 0.99) indicated that monolayer adsorption was the
dominant mechanism compared to heterogeneous. The g,
predicted by the Langmuir isotherm resulted in 247.49 mg/g
for Cu**, 239.46 mg/g for Ni**, and 1852 mg/g for Zn*,
possessing the capability of PGB—CS for eliminating heavy
metals. The mean adsorption energy (E,) in the D—R isotherm

designates different adsorption mechanisms.”” In this study, E,
attained as 22.36 kJ/mol for Cu?*, 23.01 kJ/mol for Ni**, and
24.14 kJ/mol for Zn>', suggesting that the adsorption
predominantly occurred through chemisorption compared to
physisorption.”” The comparison of g,, with the reported
results for the removal of Cu**, Ni**, and Zn*" is provided in
Table 4.

The superior performance of the PGB—CS composite
compared with other reported adsorbents was attributed to
its unique combination of chemical functionality and structural
properties. The phosphoric acid treatment of biochar
introduced phosphate-based functional groups and enhanced
the surface area (102.98—167.98 m’/g) and pore diameter
(7.56—9.18 nm) of the adsorbent. These features facilitated
stronger electrostatic interactions and surface complexation
with the heavy metals. Chitosan, rich in amine and hydroxyl
groups, contributed significantly to metal ion coordination
through chelation. The integration of chitosan onto the porous
and phosphate-rich biochar created a hybrid structure with
high binding sites and bonding through chemisorption. In
contrast, materials such as KMnO,-modified walnut shell
biochar possessed oxidized surfaces but lacked strong chelating
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functionalities, which limited their binding strength and
selectivity toward heavy metals."* Similarly, chitosan-based
hydrogels and membranes, while rich in amine groups, often
suffered from slow diffusion due to swelling and weaker
mechanical integrity.”” Adsorbents such as FeCly-modified
cotton husk—chitosan composites or cross-linked chitosan
hydrogels lacked the pore interconnectivity, which contributed
to slower adsorption kinetics and reduced uptake capacity.”!
Furthermore, the PGB—CS composite offered a more
homogeneous distribution of chitosan on the biochar surface
compared to CS/clay/biochar blends, where phase separation
or poor interaction between components reduced the number
of active sites available.”* The combination of chemical affinity,
tailored surface functionality, and a physically robust frame-
work distinguished PGB—CS as a more efficient and practical
adsorbent for multimetal removal.

While the isotherm models applied in this study provided
meaningful insight into the adsorption behavior of the PGB—
CS adsorbent, certain limitations were identified in their
applicability. The Langmuir model, which showed the best
correlation with the experimental data, assumed monolayer
adsorption, which may not have fully represented the porous
surface characteristics of the PGB—CS material. The
Freundlich and Temkin models, although they offered
reasonable fits, were empirical in nature and did not account
for the saturation of the adsorption sites or the possibility of
site interactions on the complex surface of the composite.
Additionally, the Dubinin—Radushkevich and Harkins—Jura
models relied on idealized assumptions regarding energy
distribution and multilayer adsorption, which may not have
aligned with the actual surface energetics of PGB—CS. These
limitations indicated that while the models were effective in
describing equilibrium behavior under controlled conditions,
their predictive capability for real and dynamic systems, such as
multimetal industrial effluents, was constrained.

3.3.2. Kinetic Study. The kinetic study utilized four
nonlinear models (pseudo-first-order, pseudo-second-order,
Elovich, and Weber and Morris intraparticle diffusion) as
detailed in Table 1, with graphical fitting results shown in
Figure 9 and model parameters, including R* values, listed in
Table S. The PFO and PSO models were usually used to
represent physisorption- and chemisorption-based kinetics,

Table 5. Kinetic Model Fitting Results for Cu’*, Ni**, and
Zn2+

kinetic
model parameters Cu* Ni** Zn**
Pseudo-first g, (mg/g) 247.34 182.68 136.60
order K, (min™) 0.07 0.15 0.12
R 0.96 0.97 0.97
Pseudo- q. (mg/g) 278.97 192.96 1482
second K, 3.81 x 107* 0.001 0.001
order (s mg—l min")
h (mg g™ min™')  29.65 37.24 21.96
R? 0.99 0.99 0.99
Elovich a (mgg ' min™') 12197 18,070.6 545.6
model # (min™) 0.02 0.06 0.06
R? 0.98 0.98 0.98
Weber and  kygay 23.36 15.19 11.98
Morris (mg/g min~'/2)
C 53.92 63.69 40.84
R? 0.87 0.69 0.76

respectively.”” The Elovich model is typically applied to
systems with heterogeneous surface energies,”” whereas Weber
and Morris’s IPD model is commonly employed to evaluate
the contribution of intraparticle diffusion as a potential rate-
limiting step during adsorption.”” These kinetic models were
frequently reported in the literature for the heavy metal
removal from wastewater using adsorbents such as MnO,-
modified cocopeat biocar,"® zwitterion—chitosan bed,’ poly-
(vinyl alcohol)-modified chitosan,”" hydroxyapatite—chitosan
composite,”" coal fly ash—chitosan composite,* and chitosan—
magnetic biochar composite.”"

The adsorption capacities for all three metal ions were
increased over time and eventually reached a stable
equilibrium. The kinetic analysis exhibited two distinct phases:
a rapid adsorption phase within the first 36 min for Cu** and
an adsorption phase within 20 min for both Ni** and Zn*,
followed by a slower adsorption phase approaching equili-
brium. This trend was supported by the initial adsorption rates
(h) derived from the PSO model, which were 29.65, 37.24, and
21.96 mg-g 'min~' for Cu®*, Ni*!, and Zn*', respectively.
These relatively high h values indicated a fast adsorption
process at the beginning, primarily driven by the abundance of
readily accessible active sites and low external mass transfer
resistance.”” The PSO model yielded the highest fit (R* = 0.99
for all metals), confirming that chemisorption was the
dominant mechanism.”> Notably, the Elovich model also
produced a high correlation coefficient (R* = 0.98), indicating
that surface heterogeneity also significantly influenced the
adsorption behavior. The initial adsorption rates (@) obtained
in the Elovich model were 121.97, 18,070.6, and 545.6 mg~g_l'
min~! for Cu®’, Ni**, and Zn*', respectively. Although these a
values were different from the h values of the PSO model,
especially for Ni**. The higher magnitude of @, particularly for
Ni**, suggested a rapid surface coverage facilitated by a high
affinity between metal ions and active sites.”’ This alignment in
trends supported the hypothesis that adsorption occurred on a
heterogeneous surface, where both chemisorption and
energetically diverse active sites were involved in the initial
uptake.®* Similar observations were made in the kinetic studies
for heavy metal removal using poly(vinyl alcohol)-modified
chitosan, magnetic biochar—chitosan cornposite,21 and
manganese ferrite nanoparticles.”'

The intraparticle diffusion (IPD) model showed lower R*
values (0.87 for Cu®, 0.69 for Ni**, and 0.76 for Zn>'),
indicating that intraparticle diffusion was not the sole rate-
limiting mechanism. The IPD plots revealed three stages: an
initial linear portion with a steep slope, reflecting external
surface adsorption; a second stage with a reduced slope,
attributed to the gradual diffusion into internal pores; and a
final plateau phase indicating equilibrium.”> The nonzero
intercept (C) values resulted as 53.92, 63.69, and 40.84 mg/g
for Cu?*, Ni**, and Zn*, respectively, which reflected a
significant contribution from boundary layer effects, partic-
ularly in the early adsorption phase.”® The higher C value for
Ni** implied a strong external mass transfer resistance due to
its higher affinity and faster uptake rate. Additionally, the
composite structure of PGB—CS included a mesoporous
nature restricted diffusion through narrow or tortuous pores,
further reducing the significance of IPD as the primary rate-
determining step. Although the PSO model provided a good fit
to the experimental data, its limitations were acknowledged.
The model assumed chemisorption as the sole rate-limiting
step but did not account for external mass transfer or
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intraparticle diffusion, which were relevant for the porous
materials like PGB—CS. The IPD model, despite offering
insights into diffusion stages, showed low R* values and did not
fully capture the overall adsorption process. Surface adsorption
and film diffusion likely contributed in parallel, especially
during the initial phase. Therefore, while these models were
useful for interpreting kinetic trends under controlled
conditions, their applicability to real dynamic systems was
limited. In summary, the adsorption kinetics were predom-
inantly governed by chemisorption, as indicated by the
excellent fit to the PSO model. However, the comparable
performance of the Elovich model highlighted the role of
surface heterogeneity in the initial adsorption stage. Mean-
while, the weak fit of the IPD model and high C values
suggested that boundary layer resistance and pore geometry
had a secondary but non-negligible influence on the overall
adsorption process.

3.3.3. Adsorption Thermodynamics. The change of
enthalpy (AH’), entropy (AS°), and Gibbs free energy
(AG®) were determined using eqs 8 and 9 for Cu*, Ni**,
and Zn** at four different temperatures under the RSM
optimum conditions: 1 g/L, 1000 mg/L, and 36 min for Cu®’;
and 1 g/L, 1000 mg/L, and 20 min for both Ni** and Zn>".
The fitness plot of the thermodynamic model is shown in
Figure 10, and the calculated parameter values are listed in
Table 6

) = [ATSO] ) [ATHO)(%] ®)

AG® = AH® — TAS® 9)

Here, K4

(unitless).

is the thermodynamic equilibrium constant

7.0

= Cu: Experimental results

® Ni*': Experimental results

A Zn?: Experimental results

Cu®": In(K,) = 7.52-640.85 (1/T); R* = 0.
—Ni?": In(K,,) = 7.29-647.01 (1/T); R?=10.98
Zn™: In(K,,) = 8:20-1023.30 (1/T); R* = 0.97,
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Figure 10. Thermodynamic plots for Cu**, Ni**, and Zn*".

The results indicated that AG’ values were consistently
negative (—11.82 to —14.87 kJ/mol) for all three metal ions,
suggesting that adsorption on the PGB—CS surface occurred
spontaneously.”’ The increasing negativity of AG® with
temperature further implied that the adsorption process
became more favorable at higher temperatures due to
enhanced mobility and diffusion of metal ions.”* The positive
AH° values (5.32—8.50 kJ/mol) confirmed that the adsorption

Table 6. Thermodynamic Parameters for Cu**, Ni**, and
Zn®>" Adsorption on PGB—CS

heavy  temperature AH® AS° AG°
metal (K) (IJ/mol)  (J mol™ K™)  (kJ/mol) R?
Cu** 298.1S5 5.32 62.52 —-13.31 0.99
303.15 —13.62
313.15 —14.24
323.15 —14.87
Ni** 298.15 5.37 60.61 —12.69 0.98
303.15 —12.99
313.18 —13.60
323.15 —14.20
Zn?* 298.15 8.50 68.17 —11.82 0.97
303.15 —12.16
313.15 —12.84
323.15 —13.52

was endothermic in nature. The relatively low enthalpy values
likely reflected energetically efficient chemisorptive interac-
tions, particularly outer-sphere complexation or low-energy
ion-exchange processes that did not require large activation
energy barriers.”' Moreover, the positive AS” values (60.61—
68.17 _]/mol-K) indicated an increase in randomness at the
solid—liquid interface during the adsorption process. This
entropy gain was likely due to the displacement of water
molecules from the hydrated metal ions and the adsorbent
surface, resulting in the release of structured water into the
bulk solution and thus increasing the overall disorder.”> The
positive AS° values also implied a greater degree of freedom for
the adsorbed species on the surface, which further contributed
to the spontaneity of adsorption.” Together, these thermody-
namic findings revealed that the adsorption of Cu*', Ni**, and
Zn?** onto the PGB—CS composite was a spontaneous and
endothermic process driven by the entropy gain. The
thermodynamic observations in this study are aligned with
the removal of heavy metals using magnesium chloride-doped
Cicer arietinum husk biochar,"” modified fly ash—chitosan
composite,” and magnetic biochar—chitosan composite.”!
3.4. Multimetal Removal. 3.4.1. Competitive Adsorp-
tion. The experiments were conducted using a 100 mL
solution containing all three metals at a concentration of 200
mg/L, pH 5.0, a duration of 20 min, and a dosage of 1 g/L.
The adsorption behavior of binary and ternary systems was
investigated and is illustrated in Figure S11. In binary
adsorption, removal efficiencies were observed as 84.69% and
62.18% for Cu>* and Ni**, 89.27% and 68.39% for Cu** and
Zn*, and 78.90% and 73.04% for Ni** and Zn*', respectively.
In the ternary system, the removal efficiencies were obtained as
82.36%, 55.91%, and 48.04% for Cu?', Ni*, and Zn*,
respectively, highlighting the effectiveness of PGB—CS in
concurrently treating multiple metals. The results indicated
that Cu®* exhibited higher adsorption capacity compared to
Ni** and Zn*" due to its higher electronegativity (order of
electronegativity: Cu®* > Ni** > Zn”*) and smaller ionic size
(order of ionic size: Cu®* < Ni** < Zn?*).%® Similar trends were
observed in other studies involving competitive adsorption of
heavy metals using cucumber peel adsorbent” and modified
coal fly ash.”” In future work, spectroscopic investigations such
as XPS deconvolution can be employed to confirm specific
interactions between Cu** and functional groups such as
phosphate- or nitrogen-containing moieties. Furthermore,
extended studies under binary and ternary metal systems
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would provide deeper insights into competitive adsorption
mechanisms and selectivity patterns.

3.4.2. Treatment of Industry Effluent. Effluent from a
battery manufacturing facility was collected for metal analysis
using AAS, revealing concentrations of 800.59 mg/L for Cu*,
1380.54 mg/L for Ni**, and 693.56 mg/L for Zn*', with a
solution pH of 5.25. The PGB—CS adsorbent was used at a
dosage of 1 g/L for 20 min; removal efficiencies achieved were
83.19%, 61.94%, and 52.34% for Cu®**, Ni*, and Zn*,
respectively. The results indicated that the PGB—CS adsorbent
demonstrated higher selectivity for copper ions compared with
those of nickel and zinc ions. Among the three, Cu®* possesses
the highest electronegativity and the smallest ionic size,
followed by nickel and zinc.”' Adsorption trends appear to
be more favorable for ions with higher electronegativity and
smaller ionic radius, as these characteristics enhance the
interaction with active sites on the adsorbent surface.”"*’
Consequently, Cu®* displayed a stronger affinity toward the
adsorbent, leading to an uptake that was more efficient than
those of Ni** and Zn**. The native pH of the effluent (5.70)
was not adjusted, as it was close to the optimum pH (5.0)
determined for the aqueous solution (Section 3.2.3), allowing
adsorption to proceed under realistic conditions. Despite this,
significant removal efficiencies were achieved, indicating that
the PGB—CS performed effectively under uncontrolled pH
conditions. Moreover, industrial effluents typically pose a risk
of fouling due to the presence of suspended solids, organic
matter, or inorganic scaling,65 while no visible fouling was
observed during the batch adsorption cycles. Although the
study demonstrated promising performance in treating real
effluent, further studies on column operation, along with long-
term fouling resistance and cost—benefit analysis, would be
necessary to fully evaluate the scalability and operational
feasibility of PGB—CS for industrial wastewater treatment. A
comparative analysis of adsorbent performance with various
studies, summarized in Table 7, demonstrated the potential of
the developed PGB—CS for the effective remediation of heavy
metal contamination in industrial wastewater.

3.4.3. Effect of Coexisting lons. The impact of coexisting
cations commonly found in wastewater was evaluated through
batch adsorption experiments conducted in the presence of
Na*, K*, Ca®*, and Mg, introduced in the form of NaCl, KC],

Table 7. Comparison of Adsorbent Performance for the
Heavy Metal Removal from Industry Effluent

Re (%) Re (%) Re (%)
Cu? Ni**

adsorbent effluent type Zn** refs
rice husk electroplating 2449 9488 6 30
industry
fly ash electroplating 3738 9454 - 30
industry
magnesium oxide  textile and 70.80 33
nanoparticles tannery
effluent
peanut husk industry s1 24 38 71
powder wastewater
wood sawdust electroplating 383 14.0 32
wastewater
polyvinyl alcohol-  battery effluent 79.09 5073 469 31
modified
chitosan
PGB-CS battery 83.19 61.94 52.34  this
manufacturing study
effluent

CaCl,, and MgCl,, respectively. The effects of these coexisting
ions on the removal efficiencies of Cu?, Ni**, and Zn?" are
presented in Figure 11. Each salt was maintained at a
concentration of S mM (millimolar). The experiments were
performed in a separate solution containing Cu?*, Ni%*, and
Zn*, each at an initial concentration of 1000 mg/L, with a
PGB—CS dosage of 1 g/L and pH fixed at 5.0. The contact
time was varied from 10 to 60 min to investigate the
adsorption dynamics in the presence of these competing ions.
Monovalent cations (Na* and K') showed a moderate
inhibitory effect on metal removal. At 50 min, the removal
efficiency of Cu®* decreased from 94.5% (without ions) to
88.0% with Na* and 86.5% with K*. For Ni*’, the efficiency
declined from 82.0% to 76.6% (Na*) and 75.2% (K"), while
Zn*" removal dropped from 77.5% to 72.4% (Na*) and 71.4%
(K*). This decline was due to the competition for adsorption
sites, although monovalent ions generally exhibit weaker
interaction due to their lower charge density and hydration
energy.”” In contrast, the presence of divalent cations (Ca®*
and Mg**) led to a more significant reduction in the removal
efficiencies. For Cu®, the removal efficiency decreased to
81.6% with Ca®* and 78.8% with Mg*". Similarly, Ni*" removal
dropped to 70.3% and 69.0%, while Zn** decreased to 65.1%
and 64.0% in the presence of Ca** and Mg™, respectively.
These findings suggested a stronger competition from divalent
ions, which occupied active sites due to their higher charge.”
The observed order of interference was Na* < K* < Ca** <
Mg**, with Zn** removal being the most adversely affected due
to its relatively weaker binding affinity to the functional groups
of the PGB—CS. A similar trend of decreasing removal
efficiency was observed in the study for the removal of copper
ions using polyethylenimine-modified wheat straw.””

3.5. Mechanisms of Adsorption. The potential adsorp-
tion mechanisms of Cu**, Ni**, and Zn>* onto PGB—CS were
evaluated based on pH-dependent adsorption behavior, FTIR
spectral changes, presence of exchangeable cations, and kinetic
modeling data. The pH studies indicated the possible
formation of surface precipitates such as Cu,CI(OH);,
Ni(OH),(NO;), and Zny(OH),ClL,.H,0O during the adsorp-
tion of Cu®", Ni’, and Zn®', respectively, suggesting
precipitation-assisted removal at higher pH. The FTIR analysis
further supported the adsorption mechanisms. Spectra of
pristine PGB—CS and metal-loaded forms are shown in Figure
4. The shifts and reduced intensity in the —OH stretching
vibrations (3900—3450 to 3850—3387 cm™) and — COOH-
related C=0 bands (1625—1460 to 1605—1415 cm™)
indicated surface complexation with metal ions. Additionally,
smoother NH, peaks (3400—3050 cm™") and shifts in C=C
bands (2450—1950 to 2411—1906 cm™") suggested electro-
static interactions. The presence of P—O and C—-O-P
vibrations (notably at 1170 cm™') confirmed phosphorus
functionalization, which could also play a role in metal
coordination. Ion exchange was validated by the significant
release of native cations such as Mg®', Ca®*, Na*, and K" into
the solution during Cu?*, Ni**, and Zn** adsorption, as
confirmed by the AAS analysis (Table S3). For example, Mg**
concentration increased from 0.21 to 1.67 mg/L, Ca* from
0.18 to 1.48 mg/L, Na* from 0.26 to 1.94 mg/L, and K from
0.15 to 1.12 mg/L during Cu*" adsorption, indicating
displacement of these ions from the adsorbent surface. Similar
trends were observed for Mg2+, Ca**, Na*, and K* during Ni?*
and Zn>* adsorption, supporting the involvement of ion
exchange in the adsorption mechanism. Kinetic modeling
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Figure 11. Effect of coexisting ions on the removal efficiency of heavy metals: (a) Cu**" removal, (b) Ni** removal, and (c) Zn** removal.
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Figure 13. Regeneration study: (a) identification of the eluting agent; (b) determining the optimal eluting agent’s concentration; and (c) cyclic

performance of PGB—CS.

further indicated that chemisorption was the dominant
mechanism, as suggested by the strong fit to the pseudo-
second-order (PSO) model and the activation energy (E,)
values from the D—R isotherm model (16—40 kJ/mol). The
relatively lower R* values (0.69—0.87) from the intraparticle
diffusion (IPD) model indicated that diffusion was not the sole
rate-controlling step. Based on these observations, the primary
adsorption mechanisms were identified as surface complex-
ation, ion exchange, and electrostatic attraction. Similar
mechanisms have been reported in the literature for heavy
metal removal using poly(vinyl alcohol)-modified chitosan,*!
magnetic biochar—chitosan composite,”’ modified fly ash—
chitosan composite,” MnO,-modified biochar,"* phosphorus/
magnesium-engineered biochars,’* and chitosan-modified
bamboo biochar.”” The graphical representation of potential
adsorption mechanisms on the PGB—CS surface is presented
in Figure 12.

3.6. Regeneration. The regeneration of the adsorbent is
essential for enhancing the sustainability and cost-effectiveness
of the adsorption process, as it permits the repeated use of the
material.”® To identify the most effective eluting agent, we
tested HCI, H,SO,, and HNO; at a concentration of 0.2 mol/L

and determined the desorption efficiencies for Cu**, Ni**, and
Zn** as depicted in Figure 13a. The desorption efficiency
(Ryes) was determined using eq 10

Baes 100
q, (10)

Rdes =

Here, qq4.; and g, are the desorption and adsorption capacities
(mg/g), respectively.

The results indicated that H,SO, exhibited the highest
desorption efficiency for Cu®** (87.38%), HNO, for Ni**
(85.94%), and HCI excelled for Zn** (88.27%) due to
anion—metal complexation. Sulfate ions (SO,*”) were known
to form relatively stable complexes with Cu**, which could
have facilitated their enhanced desorption when H,SO, was
used.”” This trend aligned with the earlier observations
reported for the regeneration of bentonite—chitosan composite
for the copper removal.”” Similarly, nitrate ions (NO;~), which
exhibited a higher affinity for Ni**, could have contributed to
the improved elution of Ni** in the presence of HNO,,
supported by findings from studies involving the bentonite—
chitosan composite and pure chitosan for nickel removal,**””
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Table 8. Cost Summary of Chemicals and Utility Requirements for the Synthesis of PGB—CS

Sr.

no. chemicals/utility retail cost (Rs.)
1 high-molecular-weight chitosan 9100 per 100 g
3 acetic acid 406 per 500 mL
4 glutaraldehyde S1S per 500 mL
N sodium hydroxide 350 per 500 g

6 phosphoric acid 550 for 500 mL
6 electricity cost for drying in a hot air oven 10 per KWh

7 electricity cost for DI water purifier 10 per KWh

8 electricity cost for mixing in an orbital shaker 10 per KWh

quantity required per g for PGB—CS

cost per g of PGB—CS production
(Rs))

production
6g 546
6 mL 4.87
20 mL 20.6
6g 4.20
15 16.5
3 units 30
3 units 30
3 units 30

whereas chloride ions (Cl7) proved more effective in
mobilizing Zn*t, possibly due to the relatively weaker binding
affinity of Zn>* to the adsorbent surface and enhanced ion
exchange promoted by Cl™ ions at active adsorption sites,
aligned with the study of Zn®* desorption using chitosan—
magnetic biochar composite.21 Further optimization was
performed by varying the concentrations of H,SO,, HNO;,
and HCI from 0.1 to 1 mol/L. The highest desorption
efficiency (Ry.,) was achieved at 0.4 mol/L for Cu** using
H,S0, (92.41%), 0.6 mol/L for Ni** using HNO; (93.21%),
and 0.6 mol/L for Zn*>" using HCI (94.81%), as shown in
Figure 13b. At higher concentrations, eluting agents potentially
desorbed not only the target metals but also other weakly
bound species on the adsorbent, which reduced the overall
Rye.”® Afterward, cyclic experiments were conducted using
HCI (0.6 mol/L), HNO; (0.6 mol/L), and H,SO, (0.4 mol/
L) for Zn*, Ni**, and Cu®', respectively (Figure 13c). The
PGB—CS demonstrated impressive desorption performance,
maintaining 77.93% and 53.17% desorption efficiencies after
the third and eighth cycles using H,SO, for Cu®* removal,
73.91% and 51.97% after the third and eighth cycles using
HNO, for Ni** removal, and 71.39% and 51.07% after the
third and eighth cycles using HCI for Zn** removal.

To further assess the long-term reusability of PGB—CS,
additional regeneration cycles were performed beyond the
eighth cycle. The desorption efficiency declined to 35.19%,
40.18%, and 37.34% after the ninth cycle and further to
23.16%, 28.16%, and 30.17% after the 10th cycle for Cu*",
Ni**, and Zn*", respectively. This trend indicated a progressive
loss of desorption efficiency with repeated use due to the
gradual degradation of active sites, pore collapse, structural
fatigue, irreversible metal binding, or loss of active functional
groups.”””” While over 50% efficiency was retained up to the
eighth cycle, the sharp drop in subsequent cycles suggested
that the practical reusability of PGB—CS should be limited up
to the eighth regeneration cycle under the tested conditions.
Though stability up to 8 cycles is reasonably good, there is a
strong need for more focused studies to enhance the stability
and longevity of the adsorbent system under real conditions
through appropriate material and process design. The BET
analysis of the PGB—CS was conducted after the first, second,
fourth, sixth, and eighth regeneration cycles to investigate the
decline in the desorption efficiency observed during the cyclic
regeneration study. The results, summarized in Table S7,
showed a consistent and progressive reduction in surface area,
pore diameter, and pore volume with each successive cycle. For
example, in the case of Cu®* adsorption, the surface area of
PGB—CS decreased from 49.87 mz/g in cycle 1 to 15.06 mz/g
in cycle 8. Correspondingly, the pore diameter reduced from
4.95 to 2.60 nm and the pore volume declined from 0.215

cm?/g to 0.10 cm*/g. Similar trends were observed for the Ni**
and Zn** removal. These results confirmed that the repeated
usage of the adsorbent led to partial pore collapse and
structural degradation of the adsorbent, which in turn reduced
the availability and accessibility of active sites for metal
uptake.”*” While over 50% efficiency was retained up to the
eighth cycle, the sharp drop in subsequent cycles suggested
that the practical reusability of PGB—CS was limited beyond
eight regenerations under the tested conditions. To improve
long-term performance, alternative regeneration strategies
could be explored, such as employing different eluent systems
(e.g, EDTA, oxalic acid), introducing mild oxidants (e.g,
hydrogen peroxide, KMnO,) to disrupt strong metal—ligand
interactions, and optimizing temperature during the desorp-
tion. These results emphasized the need for further structural
and chemical stability assessments if the material is employed
in long-term or column operations.

3.7. Environmental Considerations. Phosphoric acid
was used as an activating agent during the synthesis of the
PGB—CS composite to improve the surface area, porosity, and
functionalization of the biochar. However, the use of
phosphoric acid can pose environmental concerns particularly
related to its acidic nature.®”*! To mitigate these effects, the
synthesis process was carried out under controlled laboratory
conditions, ensuring precise dosing and pH-neutralization.
FTIR results confirmed that the presence of phosphate-related
functional groups suggested that phosphoric acid was
successfully bonded to the PGB—CS surface. Following
synthesis, the adsorbent was thoroughly washed until a neutral
pH was reached, thereby minimizing the risk of free acid or
phosphate leaching into the environment. Moreover, con-
trolled handling of the adsorption process and neutralization of
acidic waste before disposal could significantly reduce the
environmental risks associated with its use. Additionally, the
spent adsorbent, enriched with phosphate groups, could be
explored for secondary applications such as soil conditioning,
further supporting a circular and sustainable approach.

3.8. Cost Analysis. The retail cost breakdown for various
chemicals and utilities required in the synthesis of PGB—CS is
detailed in Table 8.

The analysis revealed that producing 1 g of adsorbent costs
Rs. 682.14, with chitosan making up a significant 80.12% of the
total cost. This emphasizes the importance of reducing
chitosan expenses through targeted research and development
to lower the overall production cost of PGB—CS.

A cost comparison of various adsorbents used for heavy
metal removal is summarized in Table S8, focusing on both the
production cost per gram and the cost per mg-metal-removed.
The phosphoric acid-modified biochar—chitosan composite
(PGB—CS) developed in this study showed a production cost
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of 682.14 INR/g, with corresponding metal removal costs of
2.73 INR/mg for Cu**, 3.56 INR/mg for Ni**, and 4.67 INR/
mg for Zn®*. These values were within the range of other
chitosan-based adsorbents such as the phosphoric acid-
modified bentonite—chitosan composite (855.61 INR/g;
Cu*: 2.95 INR/mg, Ni*": 3.86 INR/mg, Zn*": 4.95 INR/
mg) and the chitosan—magnetic cotton husk biochar
composite (868.93 INR/g; Zn>*: 7.39 INR/mg). In contrast,
biochar from cherry kernels had a lower production cost
(239.89 INR/g) but a comparable removal cost for Ni** (3.62
INR/mg). Synthetic resins such as Purolite C100 and the
lignin-based resin from sodium lignosulfonate (SLS) had much
lower production costs (3.90 and 2.25 INR/g, respectively)
and significantly lower cost per mg of metal removal,
particularly in the case of the SLS resin (Cu®": 0.037 INR/
mg, NiZ*: 0.053 INR/mg). While the current cost analysis
(Table 8) considered only the direct expenses related to
chemicals and electricity, future studies could incorporate
additional parameters, such as labor, equipment depreciation,
infrastructure, and waste treatment, to obtain a comprehensive
understanding of the production economics. The chitosan
contributed the maximum cost, sourcing chitosan from
crustacean shell waste or other low-cost biopolymer alter-
natives that could substantially reduce the synthesis cost.
Moreover, strategies such as covalent immobilization could be
investigated to minimize leaching and improve adsorbent
stability over multiple regeneration cycles.

4. CONCLUSIONS

In conclusion, PGB—CS has been demonstrated as an efficient
and low-cost adsorbent for the removal of Cu®*, Ni**, and Zn>*
from both aqueous and industrial wastewaters. The pyrolysis
conditions of biochar synthesis were optimized to 550 °C for 2
h, which resulted in the enhanced porous structure of the
adsorbent. The high adsorption capacities were observed as
249.78 mg/g for Cu?*, 191.48 mg/g for Ni**, and 145.91 mg/g
for Zn*" through three levels of optimization. The abundant
functional groups, such as amino, hydroxyl, carboxyl, etc., on
the surface of PGB—CS, served as active binding sites for metal
ions and facilitated surface complexation and ion-exchange
interactions. The adsorption kinetics followed a pseudo-
second-order model, indicating that the rate-limiting step was
chemisorption between the PGB—CS and metal ions. The fit
to the Langmuir isotherm suggested monolayer adsorption on
the adsorbent surface. Furthermore, the PGB—CS demon-
strated notable stability and reusability, retaining considerable
desorption efficiency up to the eighth regeneration cycles,
which emphasized its potential for sustainable operation.
These findings confirmed that the tailored surface chemistry,
high surface area, and functional group availability of PGB—CS
were the key contributors to its superior performance.
Therefore, PGB—CS holds significant potential for wastewater
treatment applications. Future research can be directed toward
column studies designed to mimic industrial adsorption
systems along with real-time field validation to evaluate long-
term operational feasibility. However, several challenges
remain before large-scale implementation such as pressure
drop across the packed bed, channeling due to irregular flow
paths, maintaining a uniform contact time despite the rapid
adsorption kinetics, wall and roughness effects, clogging due to
the fine particles, bed compaction over prolonged usage due to
the swelling or shrinkage of the adsorbent material, etc., which
could affect the system performance. Further investigations can

be performed to enhance regeneration efficiency, evaluate the
reusability of the adsorbent under varying effluent conditions,
assess metal recovery and codesorption of competing ions after
desorption, assess component leaching and stability over
multiple cycles, detailed technoeconomic assessment at scale,
use of cheaper alternatives like crustacean waste-derived
chitosan, and potential of covalent immobilization to reduce
leaching and improve reusability.
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