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Plant-derived biomass is widely recognized as a cost-effective and environmentally friendly option for pollutant
removal, as demonstrated in numerous studies. These waste materials are frequently used in bioremediation efforts as
alternatives to chemical treatments. In this study, Ficus benghalensis fruit waste powder (FBFWP) was employed as
a low-cost biosorbent for the removal of Cr, Ni, and Pb from aqueous solutions. To characterize FBFWP, advanced
analytical techniques, including Fourier-transform infrared, powder X-ray diffraction, field emission scanning electron
microscope, and BET, were used to analyze its surface properties. Batch experiments were conducted to optimize key
parameters such as adsorbent dose, particle size, and pH conditions. In addition, adsorption kinetics and isotherms were
evaluated to better understand the adsorption behavior of FBFWP. The kinetic results indicated monolayer adsorption
for the FBFWP biosorbent. Removal efficiency decreased with higher initial metal concentrations, likely due to the
saturation of available adsorption sites. However, increasing the biosorbent dose improved removal efficiency by
providing a larger surface area and more adsorption sites for metal uptake. pH studies revealed that a pH of 5 was
optimal for effective binding, facilitating the biosorption of metal ions. The kinetic data closely followed the pseudo-
second-order model, with high correlation coefficients near unity for Cr and Pb, indicating chemisorption driven by
the adsorption capacity. In contrast, the model was less applicable to Ni (R?> = 0.81). The biosorbent exhibited good

reusability for Cr and Pb over two cycles but showed significantly reduced performance for Ni after the first cycle.

1. INTRODUCTION

Electroplating wastewater contains a variety of contaminants, including
heavy metals, cyanide complexes, and a complex mixture of effluents.
It is typically characterized by high levels of biochemical oxygen
demand, chemical oxygen demand, dissolved solids, suspended solids,
total solids, and turbidity. Approximately 29% of the waste generated
in the electroplating industry is considered toxic and hazardous [1].
The electroplating process enhances the surface properties of objects,
making them corrosion-resistant and abrasion free. However, it also
releases toxic solvents and vapors from hot plates during the process.
Research has primarily focused on heavy metals, which are some of the
most toxic environmental pollutants. These pollutants pose significant
risks to soil, surface water, and groundwater resources [2].

Heavy metals such as Cr (VI), Pb (II), and Ni persist in the environment
for extended periods, leading to long-term risks to human health and
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ecosystems. Improper disposal of untreated lead, chromium, and nickel
can cause serious health issues, including neurological damage, kidney
impairment, and gastrointestinal disorders in humans. This highlights
the urgent need for effective treatment methods to reduce heavy metal
contamination in water and wastewater. Various technologies are available
for the removal of lead, chromium, and nickel from water, including
chemical precipitation, membrane filtration, and adsorption [3,4].

Modified plant-based biosorbents are regarded as one of the most
promising, sustainable, and effective treatment methods among the
existing technologies. In India, agricultural and plant biomass waste
is abundant, making it a valuable resource for efficient heavy metal
adsorption. Biomass materials are known for their high porosity and
the presence of functional groups that bind heavy metals tightly,
enabling effective removal from water and wastewater [5,6]. Although
biomass materials are easily accessible for heavy metal removal, they
require specific modifications to enhance their removal efficiency.
Modifications are typically carried out through physical or chemical
treatments. In physical modification, the biomass is crushed or ground
into a fine powder to increase its surface area or processed through
gasification, where gases such as carbon dioxide are passed through
to enhance porosity and adsorption capacity. Chemical modification
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involves washing the biosorbent with acids such as nitric acid,
hydrochloric acid, or potassium chloride [7].

Biosorption, an eco-friendly method, plays a crucial role in addressing
heavy metal pollution in water. This technique uses biological materials
such as bacteria, fungi, algae, or plant residues to adsorb and remove
heavy metal ions from aqueous solutions [8]. The process is driven
by mechanisms such as ion exchange, complexation, chelation, and
physical adsorption. Biological materials, such as carboxyl, hydroxyl,
amino, and sulthydryl groups on their surfaces, serve as active sites for
binding heavy metal ions [9].

One of the main advantages of biosorption is its cost-effectiveness
and sustainability. Many biosorbents come from abundant, low-cost
sources such as agricultural residues, fruit peels, and microorganisms,
aligning with the principles of a circular economy by repurposing
waste materials for environmental remediation [6]. Agricultural
residues, such as crop residues, fruit peels, and sawdust, have shown
remarkable biosorption capabilities due to the presence of functional
groups that bind heavy metal ions. For instance, cellulose and lignin in
crop residues offer plentiful sites for metal ion binding, and the porous
nature of these materials enhances their adsorption capacity [10].

The primary aim of this study is to review innovative biosorbents for
removing heavy metals from electroplating wastewater, providing
valuable insights for future research in this area. The biosorbent used
in this study is the fruit waste of Ficus benghalensis (Banyan tree). The
banyan tree, India’s national tree, thrives in rainforests and monsoon
regions [11]. This fast-growing, evergreen species can reach up to 30 m
in height and is characterized by its wide-spreading growth, supported
by accessory trunks and aerial roots. The tree’s fruit is inedible to
humans, contains tiny flowers and seeds, and is small, orange-red, and
sour in taste. It typically appears from March to May. The fruit waste
is collected from nearby agricultural areas, powdered, modified, and
used as a biosorbent [12].

Effective biosorbents should possess a high surface area, abundant
functional groups, and excellent adsorption capacity. Researchers
have explored various parts of the F. benghalensis tree for developing
cost-effective biosorbents for pollutant removal. Gul et al. [13]
demonstrated that F. benghalensis leaves had an adsorption capacity
of 19.5 mg/g for brilliant green dye under optimal conditions. Yousafa
et al. [14] studied the biosorption potential of F. benghalensis leaves
for Ni (II) and Cd (II) ions in a synthetic binary metal ion mixture.
Kumar et al. [15] investigated the adsorption of As (V) using
F. benghalensis stem powder as a low-cost natural biosorbent and
found significant removal efficiency across a wide pH range (3.0-11.0).
Kiruthiga ef al. [16] evaluated phosphoric acid-activated carbon derived
from the aerial roots of £ benghalensis for Cr (VI) and Cu (II) removal,
confirming its effectiveness as an inexpensive adsorbent. George and
Tembhurkar [17] reported that biosorbents derived from F. benghalensis
leaves achieved a maximum fluoride removal efficiency of 92.2%.
Hymavathi and Prabhakar [18] utilized £ benghalensis leaf powder
for Co (II) adsorption, reporting a maximum sorption capacity (q, ) of
5.65 mg/g and a removal efficiency of 98.73%. These studies highlight
the versatility and efficacy of F. benghalensis-based biosorbents in
removing various contaminants from aqueous solutions.

The novelty of this study lies in exploring F. benghalensis fruit as a
biosorbent, which has not been widely studied compared to other parts
of the tree. Unlike previous research that focused on the leaves, stems,
and roots, this study examines the unique structural, chemical, and
environmental advantages of the fruit. The fruit contains functional

groups such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl
(-C=0), which enhance its interaction with pollutants, particularly
heavy metals and organic dyes. Using F. benghalensis fruit waste
(FBFW) as a biosorbent offers a cost-effective, sustainable, and
innovative approach to pollutant removal.

2. MATERIALS AND METHODS

2.1 Materials

Potassium Hydroxide (Merck, Supelco, Pellets EMPLURA, ACS
Reagent Grade) was used for adsorbent modification. Standard
Stock Solutions of Cr (VI), Ni (II), and Pb (II) (Inorganic Ventures,
USA, 1000 pg/mL each) were used to prepare stock solutions for
the adsorption experiments by dissolving the appropriate amounts of
metal salts in deionized water (Milli-Q). Hydrochloric acid (Merck,
Supelco, fuming 37%, ACS Reagent), nitric acid (Merck, Supelco,
65% EMPLURA, ACS Reagent), and sodium hydroxide (Merck,
Supelco, Pellets EMPLURA, ACS Reagent Grade) were used for
solution preparation in pH experiments.

2.2. Preparation of Modified FBFW Powder (FBFWP)
Adsorbent

The FBFW was collected from nearby urban and agricultural fields
in Navi Mumbai. The collected fruits were washed with deionized
water (18 MQ resistivity, obtained from a Milli-Q DI water system) to
remove dust particles and impurities. The fruits were then oven-dried
at 80°C for 12 h, crushed using an electric grinder to make powder, and
sieved through a mechanical sieve to obtain particle fractions ranging
from 75 to 150 um.

In the first step, the obtained FBFW biosorbent was modified using
potassium hydroxide (KOH) [19]. An appropriate amount of KOH
(to achieve a 0.5% KOH concentration in the final absorbent, with an
excess of 10%) was dissolved in water, corresponding to the FBFW
biosorbent. The required amount of FBFW biosorbent (20 g) was
treated with this solution and stirred for 5 h. Afterward, the resulting
powder was rinsed with deionized water and oven-dried at 100°C for
5 h. In the second step, the oven-dried material was allowed to cool to
room temperature and then stored for further experiments.

Potassium hydroxide (KOH) modification plays a crucial role in
enhancing the adsorption capacity of biomass materials and other
porous adsorbents. This chemical activation process facilitates the
development ofahighly porous structure by reacting with carbonaceous
materials to form potassium compounds. These compounds etch the
material, creating new micro- and mesopores, thereby increasing
the surface area and pore volume, which provides more adsorption
sites. In addition, KOH modification introduces oxygen-containing
functional groups (e.g., hydroxyl -OH, carboxyl -COOH, and
carbonyl -C=0) onto the adsorbent surface. These functional
groups enhance chemical interactions such as hydrogen bonding
and electrostatic attraction, improving the adsorption of polar
molecules, including heavy metal ions, dyes, and organic pollutants.
The incorporation of oxygen-containing groups often increases the
negative surface charge, further enhancing the material’s ability to
attract and adsorb positively charged species, such as heavy metal
cations. By simultaneously increasing surface area, pore volume,
functional groups, and electrostatic interactions, KOH modification
significantly improves adsorption efficiency, making it an effective
method for pollutant removal [20].
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2.3. Adsorbent Characterization

To characterize the properties of FBFWP, X-ray diffraction (XRD)
played a key role. In this study, a benchtop XRD (Japan), which
utilizes Nickel-filtered Cu Ko radiation (A = 1.54 A) at 15 mA
and 30 kV, was employed for the analysis of FBFWP. The XRD
pattern of the powdered adsorbent was recorded over a 20 range
of 0°-80° with a step size of 0.02°/s. The biosorbent was analysed
using Fourier Transform Infrared (FTIR) spectroscopy (FTIR:
AGILENT CARY 630 WITH ATR & DIAL PATH). The analysis was
conducted over a wave range of 4000 to 400 /cm at a resolution of
4 /em. Microstructural analysis was performed using a field emission
scanning electron microscope (SEM) (Zeiss Ultra 55) operating at an
accelerating voltage of 5 kV. The specific surface area of the FBFWP
biosorbent was determined through nitrogen adsorption isotherms
using a Micropore Analyzer (ASAP 2020, Micromeritics, USA).

2.4. Cr, Ni and Pb Adsorption Experiments

The synthesized FBFWP-modified biosorbent was used to study the
uptake of Cr, Ni, and Pb ions in water. To investigate the effects of various
parameters, such as adsorbent size, adsorbent dosage, ion concentrations
of Cr, Ni, and Pb, pH, contact time, and competing anions, batch
experiments were conducted using FBFWP. Inductively coupled plasma
mass spectrometry (ICP-MS) was employed to detect Cr, Ni, and Pb ions
in aqueous solutions by calibrating high-purity standards.

In these experiments, predefined dosages of FBFWP was added to a
250 mL polypropylene flask containing 100 mL of synthetic Cr (VI),
Ni (II), and Pb (II) ion solutions, depending on the specific experiment.
The flasks were shaken in a rotary shaker (Remi, India) at 150 (£5)
rpm at room temperature (30°C + 2°C). Samples of the Cr, Ni, and
Pb ion solutions were withdrawn at predetermined time intervals and
analyzed for residual ion concentrations.

The effect of adsorbent size was studied to select the final adsorbent
for detailed experiments. Dose optimization studies were performed to
determine the optimal adsorbent dosage required for efficient removal
of Cr, Ni, and Pb ions from aqueous solutions. Adsorption kinetics
were conducted to evaluate the effects of contact time and the initial
concentrations of Cr, Ni, and Pb ions. Experiments were carried out
with an optimized adsorbent dose and varying concentrations of Cr,
Ni, and Pb (5 mg/L, 10 mg/L, 20 mg/L, and 30 mg/L) and adsorbent
dosages (2 g/L, 5 g/L, 10 g/L, and 20 g/L). Batch kinetic study samples
were withdrawn at time intervals ranging from 20 to 180 min.

The effect of solution pH on Cr, Ni, and Pb removal was also evaluated
by adjusting the pH of the solution between 2 and 11 using 0.1 M HNO,
and 0.1 M NaOH solutions. Blank experiments (without the addition of
adsorbent) were conducted to assess the initial concentrations of Cr, Ni,
and Pb ions in each experiment. In addition, regeneration experiments
were carried out as batch adsorption-desorption cycles using mild
acidic solutions (e.g., HCIl). After regeneration, the adsorption
experiment was repeated up to three cycles to assess the reusability
of the adsorbent. The samples collected during the experiments were
filtered using 0.22 um disposable membrane filters, and the filtered
samples were analyzed using ICP-MS (Agilent Technologies, 7800
ICP-MS).

3. RESULTS AND DISCUSSION

3.1. Characterization of the FBFWP Biosorbent

The modified FBFWP was further analyzed to investigate its structural
properties and the characteristics of the modified material. The
XRD pattern of the FBFWP biosorbent [Figure 1a] reveals a typical
amorphous structure, with distinct sharp peaks at 15°, 21°, and 25°,
suggesting the presence of silica-like material, such as quartz. These
crystalline silica phases not only serve as active adsorption sites,
enhancing chemisorption and electrostatic interactions with pollutants,
but also facilitate complexation with heavy metals and organic
contaminants through surface functional groups. In addition, the silica
domains contribute to the material’s catalytic properties, potentially
supporting advanced pollutant degradation mechanisms.

Figure 1b presents the Fourier-transform infrared (FTIR) spectrum
of the modified FBFWP biosorbent. The peaks observed at 3316
and 3254 cm™! indicate the presence of —OH groups, while the band
at 1729 cm™! suggests the presence of a C = O group. The peak at
1431 cm™" corresponds to —CH._— stretching vibrations, and the band
at 763 cm' signifies the existence of R—CH groups. These IR peaks
correspond to functional groups derived from limonoids, flavonoids,
and carotenoids present in the FBFWP biosorbent [21]. These
findings are consistent with previous literature identifying alcohol,
phenolic, or water molecules [22]. The presence of these functional
groups confirms the existence of active adsorption sites, such as —
OH and —COOH, which play a key role in pollutant removal through
mechanisms like hydrogen bonding, ion exchange, and surface
complexation. Furthermore, the FTIR data provides insights into
chemical modifications in the biosorbent following treatments, such as
acid activation or metal adsorption. Shifts or attenuation of these peaks
may indicate structural changes or interactions with contaminants.
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Figure 1: (a) Powder X-ray diffraction and (b) Fourier-transform infrared of modified Ficus benghalensis fruit waste powder biosorbent.
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This molecular-level characterization highlights the biosorbent’s
inherent reactivity, supporting its potential for use in environmental
remediation applications.

Figure 2a and b present the SEM micrographs of the modified
FBFWP biosorbent, offering high-resolution insights into its surface
morphology and porosity. The images reveal distinct morphological
features: Figure 2a shows heterogeneous structures, including
cubical, diamond, triangular, and hexagonal shapes, while the higher-
resolution Figure 2b captures finer details, such as flower-like or
petal-like architectures. These structural changes are likely due to the
incorporation of KOH during the activation process, which induces
pore formation and alters the surface topography. The development
of such porous, hierarchical morphologies - enhanced by KOH
activation - creates a larger surface area and exposes more active sites,
crucial for pollutant adsorption.

In addition, comparing these micrographs with pre-activation or
post-adsorption SEM data (if available) could offer further insight
into the adsorption mechanism, as changes in pore structure or
surface roughness may indicate interactions with contaminants. This
morphological characterization highlights how chemical activation
optimizes the biosorbent’s physical structure, working in synergy
with its chemical functional groups (e.g., —OH, —COOH) to improve
remediation efficiency. These changes can be attributed to the effect of
KOH incorporation into the FBFWP biosorbent.

The BET surface area analysis quantifies the specific surface area,
pore volume, and pore size distribution of the FBFWP biosorbent,
all of which are critical parameters for determining its adsorption
capacity. For the pristine (unmodified) biosorbent, the BET surface
area was measured at 1.11 m*g, while the KOH-modified sorbent
showed a dramatic increase to 67 m?/g. This 60-fold increase in surface
area, along with the well-developed porosity, directly correlates with
improved adsorption efficiency. The modified biosorbent offers more
exposed active sites and enhanced pore accessibility for pollutant
interaction.

The stark difference in surface area confirms the significant impact
of chemical activation - specifically KOH incorporation - on the
restructuring of the material’s porosity, likely through etching and
pore-widening mechanisms observed in the SEM [Figure 2b]. The
increased surface area and optimized pore network work in tandem
with the functional groups identified via FTIR (e.g., -OH, -COOH)
and the crystalline-amorphous domains revealed by XRD, collectively
enhancing the biosorbent’s potential for environmental remediation.
These structural and textural modifications emphasize the importance
of activation treatments in optimizing biomass-derived materials for
high-performance environmental applications.

Figure 2: (a and b) Scanning electron microscope of modified Ficus

benghalensis fruit waste powder biosorbent.

3.2. Impact of Size of the Biosorbent

Figure 3 presents the impact of adsorbent particle size on the removal
of various heavy metals, aiming to identify the optimal particle size
for biosorbent in further studies. The experiments were conducted
with an initial concentration of 10 mg/L, at room temperature (30°C),
with 150 rpm stirring, an adsorbent dose of 5 g/L, and a reaction time
of 90 min for Cr, Pb, and Ni. The concentrations of the respective
heavy metal ions were measured using ICP-MS. The graph in Figure 3
illustrates the removal efficiency for different particle sizes (75, 90,
and 150 wm) for Cr, Pb, and Ni ions.

The 75 um particle size achieved approximately 98.5% removal
of Cr ions and 99.7% removal of Pb ions, while for Ni ions, it
demonstrated a removal efficiency of over 48.2%. No significant
differences in removal efficiency were observed for Cr, Pb, and
Ni ions with changes in the adsorbent particle size [23]. Previous
studies have shown that adsorption increases as the particle size
of the adsorbent decreases. Smaller particles offer a larger surface
area and more active sites on the biosorbent’s surface, enhancing
the likelihood of collisions between the adsorbate and adsorbent.
In addition, smaller particles move more quickly in solution and
reach equilibrium faster than larger particles, resulting in more
interactions between the surface and the solution. In contrast, with
larger particle sizes, there is a greater possibility of intraparticle
diffusion from the outer surface, and mass transfer is influenced
by contact time. Some parts of the particles may become blocked,
preventing absorption and reducing the equilibrium and adsorption
capacity. The increased adsorption observed with smaller adsorbent
particles is likely due to their larger surface area. Similar findings
were reported by Evilyani et al. [24], Holliday et al. [25], and Mane
et al. [26]. The FBFWP biosorbent with a 75 wm particle size was
selected for further experiments due to its smaller particle size and
high removal capacity.

3.3. Effect of Dose and Concentration on the Removal
Efficiency of Heavy Metals

The impact of varying doses of modified FBFWP biosorbent on the
removal of selected heavy metal ions (Cr, Pb, and Ni) was evaluated
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Figure 3: Impact of particle size of modified Ficus benghalensis fruit waste
powder biosorbent on Cr, Pb and Ni removal (%).
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to determine the optimal dose for subsequent batch adsorption
experiments. Using simulated wastewater allowed precise control
over key variables such as metal ion concentration, pH, temperature,
and contact time, enabling a systematic assessment of biosorption
efficiency. This controlled setting helps optimize biosorption conditions
before applying the process to real wastewater, ensuring maximum
effectiveness. It also facilitates the evaluation of the biosorbent’s
capacity to remove specific heavy metals under different conditions.
Moreover, critical adsorption parameters - such as isotherms, kinetics,
and thermodynamics - can be thoroughly investigated, offering
valuable insights into the adsorption mechanism and overall biosorbent
performance.

Experiments were conducted with initial concentrations of Cr, Pb, and
Ni (5§ mg/L, 10 mg/L, 20 mg/L, and 30 mg/L) and varying biosorbent
doses (2 g/L, 5 g/L, 10 g/L, and 20 g/L) over a reaction time of
90 min. Figure 4a illustrates the effect of a 2 g/L biosorbent dose on
the removal of Cr, Pb, and Ni at concentrations of 5 mg/L, 10 mg/L,
20 mg/L, and 30 mg/L. The results show that a 2 g/L dose reduced
the initial Cr concentration from 5 mg/L to approximately 92%, Pb
to about 88%, and Ni to roughly 55%. As the initial concentration
of metal ions increased, the removal efficiency decreased [27].
Figure 4b presents the results for a 5 g/ FBFWP biosorbent dose,
which efficiently reduced Cr and Pb concentrations (5 mg/L,
10 mg/L, 20 mg/L, and 30 mg/L) by about 85%, while Ni removal
showed around 60% efficiency at an initial concentration of 5 mg/L.
Figure 4c and d show results for biosorbent doses of 10 g/L and
20 g/L, respectively, where Cr and Pb ions achieved approximately
90% removal efficiency, and Ni ions showed around 50% efficiency
at concentrations of 5 mg/L, 10 mg/L, 20 mg/L, and 30 mg/L. As the
biosorbent dose increases, the number of available adsorption sites

increases, thereby enhancing removal efficiency. Similar findings
were reported by Surisetty et al. [28] in their study on Pb removal
from aqueous solutions using F. benghalensis leaves.

3.4. Effect of pH for Heavy Metal Adsorption

The pH of the aqueous solution plays a crucial role in the adsorption of
both cations and anions at the liquid-solid interface, with the interaction
of metal ions with surface functional groups showing significant pH
dependence. Figure 5 presents the results of the pH adsorption study
for the FBFWP biosorbent in the uptake of Cr, Pb, and Ni from water.
Since pH adsorption experiments are essential for understanding the
practical applications of any adsorbent, a series of experiments was
conducted to examine the behavior of FBFWP biosorbent under
varying acidic and alkaline conditions [29]. The experiments were
performed with an initial concentration of 10 mg/L of the selected
heavy metals, an adsorbent dose of 5 g/L, at room temperature (30°C),
and a reaction time of 120 min. Acidic (0.1M HCI) and alkaline
(0.1M NaOH) solutions were used to adjust the pH. Figure 5 shows
that the maximum removal efficiencies were observed at pH 5 and
pH 7, with Cr removal efficiencies of 98.9% and 91.7%, and Pb
removal efficiencies of 96.9% and 96.6%, respectively. For Ni ions,
the maximum removal efficiency was observed to be 62.6% at pH 5
and 50.2% at pH 7. Figure 5 also reveals that the removal efficiency
for Cr, Pb, and Ni decreased as the pH increased from 5 to 9. FBFWP
biosorbent exhibited the highest removal efficiency for Cr, followed
by Pb and Ni ions. Surisetty et al. [28] reported that FBFWP contains
ionizable functional groups, such as carboxyl groups, which can affect
adsorption under varying pH conditions. According to Sag et al. [30]
increasing the pH generally enhances metal ion removal efficiency. The
surface complexation theory suggests that this improvement occurs
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Figure 4: (a-d) Effect of dose on modified Ficus benghalensis fruit waste powder biosorbent for Cr, Pb and Ni removal (%).
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Figure 5: pH-adsorption study of Ficus benghalensis fruit waste powder
biosorbent for Cr, Pb and Ni uptake from water (at 10 mg/L concentration,
5 g/L adsorbent dose and reaction time of 120 min).

because higher pH reduces the competition between protons and metal
species for surface sites, alongside a decrease in surface charge. In
addition, Surisetty et al. [28] explained that the carboxylate groups on
the surface of F. benghalensis result in a high negative charge density,
which facilitates interaction with positively charged metal ions, thereby
promoting the biosorption process. The present study confirmed that
pH 5 was the most efficient for the biosorption process compared to
other pH levels. pH is a critical factor in biosorption as it influences
the ionization of functional groups on the biosorbent surface and the
speciation of metal ions in solution. At pH 5, functional groups such as
carboxyl (-COOH) and hydroxyl (-OH) on biosorbents (e.g., biomass,
algae, and bacteria) are deprotonated, generating negatively charged
binding sites that enhance the attraction of positively charged metal
ions. At lower pH (<5), an excess of H" ions compete with metal cations
for these binding sites, reducing biosorption efficiency. Conversely, at
higher pH (>5), metal ions may precipitate as hydroxides rather than
binding to the biosorbent. Therefore, pH 5 provides an optimal balance,
where metal ions remain soluble and available for biosorption, while
the biosorbent functional groups are sufficiently deprotonated for
effective binding.

3.5. Adsorption Isotherm and Kinetics

Batch adsorption experiments were conducted to determine the Q
adsorption capacity and the characteristics of the FBFWP biosorbent.
Figure 6a and b display the results of the Langmuir and Freundlich
isotherms for the FBFWP biosorbent’s uptake of Cr, Pb, and Ni ions
from aqueous solutions. The linear form of the Langmuir adsorption
isotherm is represented as [7].

L S 1
9. 49.K.C. g, @)

Where, q, represents the amount of Cr, Pb, and Ni metal ions
adsorbed per unit mass of the FBFWP biosorbent, while C_ denotes
the concentration of metal ions remaining in the solution (mg/L) at
equilibrium. q_ is the maximum adsorption capacity of the adsorbent,
and KL (mg/L) is the Langmuir equilibrium constant.

The Freundlich adsorption model is represented as [8]:
Ln(q)=In(k)+1/nIn(C) 2)

where, q, represents the amount of adsorbate adsorbed per unit weight
of adsorbent at equilibrium (mg/g), q_ denotes the maximum adsorption
capacity (mg/g), and C_ refers to the equilibrium concentration of
adsorbate in the solution (mg/L).

The regressed parameters are presented in Table 1. The maximum
adsorption capacities (Q_ ) derived from the Langmuir model
were 81.2 mg/g, 83.3 mg/g, and 40 mg/g for Cr, Pb, and Ni ions,
respectively. The correlation coefficients (R? ~ 0.99) suggest that
the Langmuir adsorption model effectively describes the adsorption
equilibrium for FBFWP concerning Cr, Pb, and Ni. The Langmuir
adsorption isotherm indicates that the adsorption behavior of
FBFWP follows a monolayer adsorption pattern [31]. According
to the Langmuir model, monolayer adsorption occurs on a surface
with a finite number of homogeneous binding sites, where each site
binds to only one metal ion, with no interactions between adsorbed
molecules. The study’s results confirm that FBFWP adheres to this
monolayer adsorption pattern, meaning metal ions bind to specific
sites on the biosorbent until saturation is achieved. This supports the
assumption of a homogeneous surface in the Langmuir model and
underscores the biosorbent’s effectiveness in removing metal ions
under equilibrium conditions.

Figure 6d shows the results of the pseudo-second-order kinetic model,
plotted as time (t) versus t/Q,, used to determine the rate constant and
Q, values. This model is expressed by Eq. (3) [32], as follows:

t 1 1
+—t

0 K0 O 3)

Where, K, is the rate constant for pseudo-second-order adsorption,
and the intercept and slope of the t versus t/Q, plot provide values
for K, and Q,, respectively [28]. The pseudo-second-order fitting
parameters for the FBFWP biosorbent are listed in Table 2. The kinetic
data for the FBFWP biosorbent fit well with the pseudo-second-
order model, showing correlation coefficients close to unity for Cr
and Pb, while for Ni, the coefficient was 0.81. This suggests that the
adsorption mechanism follows chemisorption, where the adsorption
rate is dependent on the adsorption capacity rather than the adsorbate
concentration. The regression parameters align with the literature,
indicating that the pseudo-second-order kinetic model is suitable for
the biosorbent data. The lower R? value (0.81) for Ni indicates that its
adsorption mechanism is not solely governed by chemisorption but
likely involves a combination of physisorption and chemisorption.
This behavior can be attributed to the unique hydration energy
and ionic radius of Ni (II) compared to Cr and Pb, which affect its
interaction with the biosorbent. As a result, Ni exhibits a lower affinity
for the adsorption sites, leading to weaker attachment and making it
more susceptible to desorption or competitive displacement by other
ions [33].

3.6. Regeneration Study

The regeneration study of the biosorbent provides an added
advantage for bioremediation, particularly in wastewater treatment.
In this study, 0.1M HCI was used as an eluent to recover Cr, Pb,
and Ni from the loaded FBFWP biosorbent. It was observed that
the biosorbent’s adsorption capacity decreased with repeated use.
Despite this, the FBFWP biosorbent remained effective up to the
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Table 1: Characteristics of Langmuir and Freundlich adsorption Isotherms of FBFWP biosorbent to the uptake of Cr, Pb and Ni from aqueous solutions.

Langmuir Adsorption Isotherm

Parameter Cr Pb Ni
KL 0.009 0.0051 0.0089
1Q, 0.032 0.012 0.025
(0N 81.25 83.33 40
R? 0.994 0.998 0.998

Freundlich Adsorption Isotherm

Parameter Cr Pb Ni
n 1.123 0.6014 1.163
InK 1.035 1.54 1.28
K, 2.815 4.665 3.597
R? 0.994 0.810 0.992

Table 2: Characteristic kinetics of Pseudo 1% order and Pseudo 2™ order models to of FBFWP adsorbent to the uptake of Cr, Pb and Ni from aqueous solutions.

Pseudo 1% order Isotherm

Pseudo 2" order Isotherm

Parameter Cr Pb Ni Parameter Cr Pb Ni
R? 0.68 0.55 0.69 R? 0.993 0.998 0.81
q, 250 20 142.8 q, 0.50 0.49 0.48
K, 0.0042 0.0052 0.019 ) 0.21 0.18 0.013
0.8
= Cr
e Pb
064 ~ Ni
)
g
—
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Figure 6: Langmuir adsorption isotherm (a), Freundlich adsorption isotherm (b) (Fitted by linear regression) and Pseudo first-order kinetic model (¢) Pseudo

second-order kinetic model (d) of Cr, Pb and Ni uptake on the surface of Ficus benghalensis fruit waste powder biosorbent.

second cycle for reducing Cr and Pb, but its efficiency significantly
dropped after the third cycle. For Ni, the reusability of the FBFWP
biosorbent proved inefficient after the first cycle, with further
declines in performance, making regeneration impractical and
not recommended. The weak retention of Ni suggests it may

undergo leaching or a different desorption mechanism, reducing
its adsorption efficiency over multiple cycles. In contrast, Cr and
Pb form stronger chemical bonds with the biosorbent, ensuring
stable adsorption and enabling efficient reusability over repeated
cycles [34,35].
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Figure 7: Regeneration study.

4. CONCLUSION

In this study, the FBFWP biosorbent was used to remove heavy
metals, including Cr, Pb, and Ni. The IR peaks confirmed the presence
of functional groups associated with limonoids, flavonoids, and
carotenoids in the FBFWP biosorbent, which aligned with literature
reports identifying alcohols, phenols, and water molecules. A biosorbent
dose of 2 g/L reduced the initial Cr concentration of 5 mg/L by
approximately 92%, Pb by 88%, and Ni by 55%. However, removal
efficiency decreased with higher initial metal concentrations. Increasing
the biosorbent dose improved removal efficiency due to the greater
availability of adsorption sites. The optimal pH conditions were found
to be pH 5 and pH 7, achieving removal efficiencies of 98.9% and 91.7%
for Cr and 96.9% and 96.6% for Pb, respectively. For Ni, the maximum
efficiencies were 62.6% and 50.2%. pH 5 proved to be most effective
due to the negatively charged binding sites that facilitated biosorption.

The Langmuir adsorption model effectively described the equilibrium
for Cr, Pb, and Ni, indicating a monolayer adsorption mechanism.
Kinetic data followed the pseudo-second-order model, with correlation
coefficients close to unity for Cr and Pb, suggesting chemisorption
driven by adsorption capacity. For Ni, the model was less fitting
(R? = 0.81). The biosorbent remained effective for two cycles with
Cr and Pb but showed very low reusability for Ni after the first cycle,
making regeneration impractical.

Despite its effectiveness, commercial adsorbents such as activated
carbon often require expensive regeneration processes. In terms
of cost-effectiveness, FBFWP is likely to be more economical than
commercial adsorbents, as it is derived from natural materials,
reducing production costs. The FBFWP biosorbent demonstrated
reusability for at least two cycles with Cr and Pb, making it a viable
low-cost alternative. However, its low reusability for Ni could limit its
application for multi-cycle adsorption in Ni-contaminated wastewater.
Given these findings, FBFWP presents a sustainable, cost-effective,
and efficient alternative to commercial adsorbents, particularly for
Cr and Pb removal, making it a promising option for heavy metal
remediation in wastewater treatment.
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