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Abstract

Sustainable development is seriously hampered by environmental contamination. Heavy
metals are perhaps the most significant of these silent pollutants because of the poisoning
they inflict on different ecosystems, particularly water systems, as well as the direct threat
they pose to the safety of such systems and the ensuing health issues that affect people and
other living things. The goal of the current work is to ascertain how effective peanut (Arachis
hypogaea) hulls are as easily accessible and reasonably priced adsorbent materials for the ion
adsorption of various heavy metals, including lead, copper, zinc, and cadmium. A series
of variables, such as pH, temperature, retention time, shape, quantity of adsorbent and
particle size, were investigated to reach the optimal conditions for the biosorption process,
which were achieved at pH 6 (close to pH-zero charge), a temperature of 40 ◦C, a retention
time of 60 min, an adsorbent dose of 5 g/L, and a particle diameter of 0.1 mm. Experiments
showed that lead had the highest treatment rate, approximately 95%, followed by zinc,
copper, and cadmium. The results were confirmed and validated using SEM analysis to
identify the morphology of the hulls before and after treatment, FTIR spectroscopy to
investigate the functional groups responsible for binding to the metal ions, and further
supported by kinetic isotherms of the adsorption behavior, which matched the Langmuir
and Freundlich models. Nevertheless, the results of the batch experiment were employed
by designing a laboratory treatment unit for municipal wastewater containing beads of
alginate-immobilized Arachis hypogaea hulls. The designed laboratory unit was effective in
treating unacceptable levels of heavy metals in some municipal wastewater from the local
drainages of Ramadi City, Iraq. Overall, the study’s findings suggested that peanut hulls
could be used to mitigate toxic metal pollution in an eco-friendly manner that guarantees
the accomplishment of the Sustainable Development Goals pertaining to future generations’
right to the safe use of water resources.

Keywords: biosorption; peanut hulls; heavy metals; alginate immobilization; kinetics;
wastewater

1. Introduction
Over the last three decades, there has been increasing worldwide apprehension regard-

ing the health impacts of environmental contamination or pollution, more specifically the
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global burden of diseases. Approximately a quarter of the total disease burden in humans
can be attributed to environmental exposures that have occurred over long periods. Most
diseases related to pollution are not easily diagnosed, mostly acquired during childhood,
and may become evident in later life [1]. A major environmental concern is the presence of
heavy metals in aqueous streams and drains; this is due to the release of untreated effluent
containing metals into water bodies. Heavy metals such as lead, zinc, copper, and cadmium
are common in industrial and/or municipal wastewater. They pose a risk to the aquatic
ecosystem and can potentially affect human health [2,3].

Lead, for example, is a common pollutant. It is very dangerous even in low doses.
It is one of the main heavy metals that can cause problems in the body, being linked to
neurological and renal problems as well as heart disease [4]. The current Environmental
Protection Agency (EPA) and World Health Organization (WHO) standards for lead in
drinking water are 0.05 mg/L and 10 µg/L, respectively [5]. Some possible sources of
lead in industrial waste are battery manufacturing, basic steel, paper, pulp, metal plating,
leather tanning, mining, and fertilizer industries [6]. However, there are various industrial
applications of lead and zinc, such as in electroplating, dry batteries, and in the forming
of different alloys. It may also be mixed with chlorine, oxygen, and sulfur, where such
compounds are used in the industry of paints, ceramics, medicines, and ointments [7]. Zinc
is also a constituent of enzymes and nucleic acids and therefore has a basic function in
body building and immune defense; however, large amounts (above the requirements)
are toxic and cause symptoms like nausea, vomiting, and damage to the pancreas [8].
Similarly, copper is one of the essential elements required for the growth of plants, animals,
and humans, because their normal metabolic processes need very small amounts. Yet,
overexposure leads to anemia and digestive disorders, shown through vomiting and
diarrhea [9]. In addition, cadmium occurs mainly in the Earth’s crust and is also present in
industry as an inevitable by-product in the extraction of zinc, lead, and copper. Because
it is present in manures and insecticides, it mainly enters the environment via soil after
spraying. A huge amount of cadmium can be released into the ecosystem naturally, at
approximately 25,000 t per year. About half of it is released into rivers by rock weathering,
and some of it can be released directly into the air by forest fires and volcanoes. The rest
is released due to human activities, like manufacturing and smoking [10,11]. Cadmium
can transport to the liver through the blood. Hence, it is bond to protein to form complex
compounds that transport to the kidney where they are accumulated and damage the
filtering mechanism. This may result in the secretion of important sugars and proteins from
the body and cause further kidney damage [12]. In view of this toxicity and the need to
meet regulatory standards for safe discharge, it is necessary to remove such metals from
wastewaters/effluents before they are released into the environment.

Different techniques have been developed for the elimination of heavy metal ions
from industrial wastewater, including chemical precipitation, ion exchange, coagulation,
electrolysis, reverse osmosis processes, electro-flotation, etc. [13,14]. Most, however, exhibit
some drawbacks, such as a cumbersome treatment process, high cost, and energy use.
Therefore, the quest for a low-cost and competitive method is highly recommended.

Adsorption is much more preferable to other techniques for heavy metal removal
from polluted waters because of its simplicity and low cost of operation [15]. Even though
activated carbon is the most promising adsorbent for the adsorption process, having a large
surface area and high adsorption capacity, it is also very expensive, operation costs are
high, and it has to be regenerated after each adsorption cycle [16]. Therefore, an alternate
low-cost sorbent material is urgently required to replace high-cost activated carbon for
water and wastewater treatment. In the last two decades, several low-cost materials have
been tested for their potential to adsorb heavy metals. One such material is agricultural
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by-products; for example, walnut hulls [17], rice husk [18], and plant leaves are gaining
much attention from researchers for wastewater treatment due to their wide availability
and low cost [19]. One of these low-cost sorbents that is particularly suited to adsorption is
Arachis hypogaea hulls or peanut hulls, which exhibit a large metal-binding capacity. This
material is an agricultural crop residue that cannot be used as animal feeds and is usually
burnt or dumped as municipal waste, which in both ways increases pollution. Peanut
hulls consist of many components, namely cellulose, hemicellulose, and lignin, along with
other minor constituents such as oil, protein, etc. [20]. Metal ion uptake by peanut hulls
may involve complexation, coordination, chelation, ion exchange, and adsorption. The
mechanism of binding metal ions via this adsorbent may depend on the species and ionic
charges of the metal ions, the chemical compositions of the metal ion solution, and other
external environmental factors such as pH and temperature.

To assess the biosorption of Pb, Zn, Cu, and Cd from aqueous solution by the hulls
of Arachis hypogaea, the following specific parameters were determined: effect of pH,
retention time, temperature, size of hull powder, and dose. Equilibrium data were analyzed
using the Langmuir and Freundlich isotherm models. Possible mechanisms involved
in the removal of heavy metal ions were investigated by FTIR and SEM. A laboratory
treatment unit was formed that will include the results of biomass immobilized beads
for the establishment of a field processing system. The aim of this study lies in finding
a highly efficient material for treating drinking water pollution with heavy metals in an
environmentally friendly and low-cost manner, without generating polluting by-products,
and for eliminating agricultural waste burdening the environment, thus contributing to
achieving sustainable development goals.

2. Materials and Methods
2.1. Preparation of Biosorbent

Arachis hypogaea hulls were obtained from the local markets of Ramadi City, Iraq. The
hulls were then washed with double-distilled water to make them free from any impurities
and to remove any adhering residues. After cleaning, the hulls were prepared by two
different methods: in the first method, they were dried thoroughly and then used wholly
or cut into pieces of different sizes of dried peanut hull (PH); in the second method, the
dried hulls were grinded to a fine powder and sieved using stainless steel sieves with pore
sizes between 0.106 mm and 2 mm to obtain dried peanut hull powder (PHP). Figure 1
illustrates the prepared biosorbents. The biosorbent was kept in a dry clean container to
avoid moisture pick-up and used in adsorption experiments for studies on the removal of
metal ions [19].

(a) (b) 

Figure 1. Biomass of adsorption: (a) peanut hull (PH), (b) peanut hull powder (PHP).
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2.2. Description of Arachis hypogaea, SEM, and FTIR Analysis

The pHpzc of the Arachis hypogaea PHP biosorbent was determined by the pH drift
method. A series of 0.1 M NaCl (Fluka, Buchs, Switzerland) solutions was prepared in
100 mL conical flasks. The initial pH (pHi) of each solution was adjusted within the range
of 2–12 using 0.1 M HCl or NaOH (Fluka, Buchs, Switzerland) and measured by a pH
meter (Thermo Scientific, Orion Star A211, Jakarta, Indonesia). The volume was made up
to mark, i.e., 25 mL. To all the flasks, 0.5 g of Arachis hypogaea PHP was added and then
allowed to equilibrate by shaking at 120 rpm for 24 h. The final pH (pHf) was recorded.
The difference between initial and final pH values (∆pH = pHi − pHf) was plotted against
pHi. The pHpzc was determined at the point where ∆pH = 0 on the x-axis [18].

The surface morphology of raw and metal-loaded PHP biosorbent was examined
using scanning electron microscopy (SEM) (Tescan–Vega III, Brno, Czech Republic). For
the adsorption experiment, a multi-metal solution containing 100 mg/L of each ion (Fluka,
Buchs-Switzerland) of lead (Pb), copper (Cu), zinc (Zn), and cadmium (Cd) was prepared.
One gram of Arachis hypogaea powder (PHP) was added to the solution and allowed to
equilibrate for 2 h prior to SEM analysis [17].

The functional groups that participate in binding with metal were determined by
using Fourier Transform Infrared (FTIR) spectroscopy (ABB Spectrolab, MB3000, Quebec,
QC, Canada). The biosorbent samples were dried first and then mixed with potassium
bromide (KBr) (Fluka, Buchs, Switzerland) in the ratio of 1:10. The mixture was ground
finely and pressed into pellets. Spectra were recorded after background correction using
pure KBr, and all results were put up on a uniform absorbance scale [17–19].

2.3. Experiments of Batch Biosorption

The biosorption performance of PHP biomass was evaluated in batch adsorption
experiments conducted under controlled laboratory conditions. A multi-metal aqueous
solution (100 mL working volume) was prepared with Pb2+, Zn2+, Cu2+, and Cd2+ ions
(Fluka, Buchs, Switzerland), each at an initial concentration of 100 mg/L, and then the
solution was transferred into 250 mL volumetric flasks for further processing.

Biosorption conditions were optimized through preliminary experiments. This in-
cluded evaluating the biosorbent form and physical characteristics of Arachis hypogaea
biomass in both PH and PHP forms. In each experiment, 0.5 g of the biosorbent was added
to 100 mL of metal solution. The flasks were then placed in a shaking incubator (LabTech,
LSI-3016A, Daihan, Republic of Korea) at 120 rpm and 30 ◦C for 60 min at neutral pH. The
solution was then adjusted to the desired pH using 0.1 M NaOH or 0.1 M HCl.

Additional optimization of biosorption parameters was carried out by studying the
operational variables, namely initial pH of 3–8, temperature of 30 ◦C as control and 10–60 ◦C
for thermal studies, contact time of 1–120 min, biosorbent dosage of 1–20 g/L, and particle
size range from 0.106 to 2 mm. In particular, an optimal particle size effect was further
considered. However, to ensure consistency in comparison, a fixed biosorbent dosage
of 10 g/L was used. The value of optimum pH obtained from these sets of experiments
was used in the subsequent adsorption studies. Additionally, a blank control solution
that contains the same metal ions without PHP biosorbent was prepared under the same
experimental conditions to serve as a reference for the evaluation of adsorption efficiency.
After the biosorption process, all samples were centrifuged at 3000 rpm for 40 min at room
temperature using Hettich–EBA 200S centrifuge, Tuttlingen, Germany. Then, they were
subjected to filtration through filter paper of 45 µm to remove suspended particles. Residual
concentrations of heavy metal ions in the aqueous phase were determined by Flame Atomic
Absorption Spectrophotometry (FAAS) (AA-7000, Shimadzu, Kyoto, Japan) [17,18].
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All experimental processes were conducted in a similar and repeatable manner to
ensure the validity of the results and establish the best conditions for maximum biosorption
efficiency of Arachis hypogaea PHP biomass. The overall removal efficiency was calculated
by the standard adsorption efficiency equation, which relies on calculating the percentage
of the treatment process based on the original concentration of the metal ion and the
final concentration after the treatment process. These procedures were used in all the
subsequent experiments to find the best efficient biosorption process. The overall efficiency
of the biosorption process was measured using Equation (1) and the quantity adsorbed at
equilibrium (qe) in mg/g was measured using Equation (2) [17]:

Biosorption effeciency % =
Ci − C f

Ci
× 100 (1)

qe = (Ci − C f )× V
W

(2)

where (Ci) and (Cf ) are the initial and final concentrations of metal, respectively. V (L)
represents the volume of the heavy metal solution, while W (g) represents the weight of
the PHP. However, to guarantee the results accuracy, all mensuration were carried out in
triplicates, and the mean values were provided [18].

2.4. Biosorption Isotherms

The Langmuir and Freundlich isotherm models were used to describe the interaction
between adsorbate species and the biosorbent surface in fitting the experimental equilib-
rium data and to provide insight into the adsorption mechanism. The above analysis was
carried out to predict the equilibrium behavior of heavy metal ion adsorption onto Arachis
hypogaea biosorbent. However, Langmuir defined gas adsorption on a solid interface as
being analogous to gas-phase condensation on a liquid surface, wherein inelastic collisions
result in a “lag” or residence time at the point of impact. The model assumed equal energy
monolayer sites with no interaction between adsorbed molecules [20].

Further, the model examined only low to high pressures. These assumptions might not
hold due to increasing pressure and heterogeneity in the rock fabric of hydrocarbon deposits.
Therefore, the Langmuir model’s prediction accuracy might decrease. Experimental data is
usually plotted to help indicate the nature of adsorbate–adsorbent interaction at constant
temperature [21]. The following is the linearized form of the Langmuir Equation (3):

1
qe

=
1

KL qmax
× 1

Ce
+

1
qmax

(3)

where KL and qmax are the Langmuir constants for adsorption energy and maximum ad-
sorption capacity, respectively. Ce and qe denote the equilibrium concentration (mg/L) and
amount adsorbed at equilibrium time (mg/g), respectively [22]. The Langmuir isotherm
model may be used to explain adsorption equilibrium conditions and provide parameters
(qmax and KL) for quantitatively evaluating adsorption behaviors in various adsorbate-
adsorbent systems [23]. The values of KL and qmax may be computed by graphing 1/(qe)
against 1/(Ce) [24]. The Langmuir adsorption isotherm can alternatively be represented
by the equilibrium parameter, RL, a dimensionless constant separation factor, as shown in
Equation (4) below:

RL =
1

1 + KL × Ci
(4)

where KL is the Langmuir constant, and Ci is the initial concentration in mg/L.
Meanwhile, the empirical isotherm of Freundlich is a suitable isotherm for adsorption

from solution, being the most suitable isotherm for describing π-π interaction, H-bonding,
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and electrostatic attraction [25]. The logarithmic form can be conveniently written as
Equation (5):

Inqe = InK f +
1
n
× InCe (5)

where Kf and n stand for the adsorption capacity and intensity, respectively. The intercept
and slope of the plot of ln qe vs. ln ce may be used to obtain the constants Kf and n.

2.5. Municipal Wastewater Samples

Wastewater samples were collected from three local drains (Drainages) in the city of
Ramadi (Table 1). These drains were selected from a densely populated area where nearby
houses discharge large quantities of untreated wastewater directly into the Euphrates River.

Table 1. Sampling sites of Ramadi City drainages.

Site Number
GPS

X Y

S1 33.464930 43.245072
S2 33.463824 43.340273
S3 33.435416 43.266315

This wastewater carries a high concentration of various pollutants that flow directly
into the Euphrates River without any prior treatment. Wastewater samples were collected
from the center and sides of the waterway using 500 mL pre-sterilized, dark-colored glass
containers with tight-fitting lids. The collected samples were taken to the laboratory for
chemical analysis, including the measurement of heavy metal concentrations under optimal
biosorption conditions.

2.6. Immobilization Technique

This technique was used to fix or trap the plant wastes of PHP into alginate solution
or porous polymer to form beads. The PHP biomass was immobilized by entrapment in
the polymer matric of Na-alginate (Fluka, Buchs-Switzerland), solving 2 g of Na-alginate in
100 mL of distilled water (2% w/v), and then placed on a magnetic stirrer for well mixing.
After that, peanut powder (biomass) was added to the sodium alginate solution at a specific
weight of 5 g/L. However, the alginate biomass slurry was introduced into 0.1 M of CaCl2
(Fluka, Buchs-Switzerland) (dissolving 5.549 g of CaCl2 in 500 mL of deionized distilled
water DDW) for polymerization and bead formation using a 5 mL syringe. The resultant
beads were about 4 mm in diameter, 0.9 g in weight, and exhibit excellent mechanical
stability, allowing them to be used in adsorption processes without breaking down or
leaching the peanut hulls into the surrounding environment. However, the beads are
highly sensitive to pH levels, shrinking in acidic solutions and expanding in alkaline
solutions (Figure 2). The hull-entrapped beads were cured in CaCl2 solution for 30 min.,
washed twice with 200 mL of DDW, and then preserved in 5 mM of CaCl2 (dissolving
0.278 g of CaCl2 in 500 mL of DDW) at 4 ◦C for further use [26].

2.7. Laboratorial Design of Treatment Unit

The laboratory system was designed for biological treatment depending on the con-
tinuous flow system technique, using an acrylic column containing the biomass beads
attached to PHP. Generally, the treatment unit includes three columns: the first one was
employed to receive the polluted water doses, and the last one was created to collect
the treated water. However, the most important column is the middle one, which holds
the biosorption process containing the biomass beads responsible for the treatment and
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decontamination of polluted samples. This column has a diameter of 5.6 cm and a height
of 41 cm, occupies a volume of about 1009 mL as a reaction area, and receives water from a
water pump through a flow-meter at a velocity of 2 L/h equipped with different filters and
valves to control the flow in room temperature, as seen in Figure 3. However, the resulting
water was gathered from the last column for heavy metal concentration measurements
by FAAS.

(a) (b) 

Figure 2. Free and immobilized beads: (a) Free Ca-alginate without PHP; (b) PHP immobilized to
Ca-alginate.

Figure 3. Laboratory treatment unit diagram.

2.8. Statistical Analysis

A one-way analysis of variance (ANOVA) was employed to evaluate the significance
of differences among the experimental data obtained under various operating conditions.
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Statistical analyses were performed using IBM SPSS Statistics (2022 version). In addition,
all nonlinear regression analyses, parameter estimations, and graphical representations of
the Langmuir and Freundlich isotherm models were carried out using Origin Lab-Origin
software (Version 8). The level of statistical significance was considered to ensure the
reliability and reproducibility of the obtained adsorption results.

3. Results and Discussion
In order to determine the ideal conditions for such variables to achieve the highest re-

moval of heavy metals as hazardous environmental pollutants, the current study examines
the effects of several environmental parameters, including pH, temperature, powder size
and weight, and retention time, on the efficiency of the biosorption process using Arachis
hypogaea hull biomass for the removal or reduction in heavy metal ions at a constant and
uniform primary concentration of 100 mg/L.

3.1. Arachis hypogaea PH and PHP Biosorption

Both Arachis hypogaea PH and PHP have the potential to perform biosorption for pol-
lutant removal, but their efficiency and mechanism differ due to differences in composition
and structure [27]. The pH value of 7 was kept throughout the experiment to ensure clear
and purely negative charges on the adsorbent surfaces, which contributes to an increased
affinity for positively charged metal ions via electrostatic interaction [17]. Because the pH
of 7 is a critical value, heavy metal ions are precipitated when the pH value exceeds 7,
causing interference between the adsorption and precipitation processes [21]. Preliminary
results indicated an overall increase in the efficiency of the biosorption process when using
PHP compared to PH. Statistical analysis of the results showed significant differences
(p < 0.001) in the efficiency of biosorption for both biomass forms of the studied heavy
metals. Also, LSD = 2.378 at p > 0.05 showed that this variance in the results indicate that
PHP outperformed PH in removing heavy metal ions, which enhances the use of these
biomass, especially since they can be obtained ready-made and almost without financial
costs through local confectionery, chocolate, and peanut butter factories that produce such
waste. PHP removal average values (84.63 ± 4.6, 77.14 ± 3.7, 74.85 ± 2.3, 65.91 ± 1.9%)
for Pb, Zn, Cu, and Cd, respectively, were found to be higher than those observed for PH,
which recorded (Pb = 61.13 ± 1.6, Zn = 49.44 ±1.1, Cu = 34.15 ± 0.9, and Cd = 26.33 ± 0.9%),
as shown in Figure 4.
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Figure 4. Comparison of the efficiency of the biosorption process in peanut hulls and hull powder.
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The biosorption efficiency using PHP indicates different binding affinities for the
studied metals. However, to increase the efficiency of the biosorption process, PHs may
need some modifications by activating with sulfuric acid, which increases the formation of
effective functional groups of −SO3H, and other modifications that enhance the efficiency of
the treatment process [28]. Meanwhile, PHP consists of a high percentage of cellulosic fibers,
carbohydrates, and various proteins; all of these materials are rich in oxygen-containing
functional groups like carboxyl and hydroxyl groups that can bind heavy metal ions easily,
quickly, and effectively through the electrostatic attraction mechanism [29]. Therefore,
PHP does not require any modifications that may be economically unfeasible, as it can be
used directly in the treatment process. Thus, PHP was chosen for subsequent biosorption
experiments in this study.

3.2. Point of Zero Charge Determination (pHpzc)

The point of zero charge is a key parameter in biosorption studies, providing insights
into the surface charge characteristics of a material and its adsorption behavior. In this
study, the pHpzc of peanut hull powder biomass was determined to be 6.2 (Figure 5),
indicating a negatively charged surface at pH levels above these values and a positive
charge below these points.
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Initial pH
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Figure 5. Point of zero charge (pHpzc) curve of PHP at 30 C◦, an agitation speed of 120 rpm, a
biosorbent dose of 5 g/L, and a pH range of 2–12.

This finding is crucial, as it identifies the optimal pH range for heavy metal adsorption,
which is dependent on surface charge. Compared with other plant-based biosorbents,
the used plant biomass in this study exhibits a pHpzc similar to that of Moringa oleifera
bark, which was reported as 6.0 [30], while Yohimbe bark shows a slightly higher pHpzc
of 7.1 [31]. These findings underscore the importance of pHpzc as a key parameter in
evaluating and optimizing biosorbent performance.

3.3. Biosorption Characteristics and Optimization

For this experiment, different values for pH, temperature, retention time, adsorbent
weight, and particle size were selected to determine the optimal conditions for biosorption
while fixing the other parameters. The results indicated that the optimal conditions were
pH = 6, 40 ◦C, 60 min., 0.5 g, and 0.5 mm, respectively, as follows:

3.3.1. Effect of pH

The solution pH was found to be a critical controlling factor for the biosorption
performance of Arachis hypogaea biomass towards the uptake of heavy metal ions. The
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results clearly indicated that pH significantly affected the adsorption efficiency of all the
metals studied (Pb, Zn, Cu and Cd). Overall, the highest biosorption efficiencies were
obtained at pH 6. The maximum removal percentage was for Pb (96.54 ± 6.93%), followed
by Zn (95.72 ± 7.84%), Cu (94.98 ± 7.08%), and Cd (93.17 ± 7.04%) (Figure 6).

 
Figure 6. Effect of solution pH on removal efficiency of peanut hull powder (at constant conditions of
time, 60 min., temp. 30 ◦C, dose 10 g/L).

The biosorption efficiency of PHP biomass was relatively low for all metals under
strongly acidic conditions (pH 3–5) from 78.78 ± 5.88% for Zn at pH 3 to 88.63 ± 5.87%
and 89.82 ± 6.28% for Pb and Zn, respectively, at pH 5. This reduction could be due to
the high competition between the hydrogen ions (H+) and metal cations for the available
active binding sites on the surface of the biosorbent [32], in addition to the synergistic
effect of functional groups on the biosorbent surface, which enhance the electrostatic
attraction between the biosorbent and metal ions [33]. However, the biosorption efficiency
was slightly decreased above pH 6 with values ranging between 78.12 ± 5.66% for Pb
at pH 8 and 86.66 ± 6.76% for Zn at pH 7. This reduction might be due to the possible
formation of the metal hydroxide complexes and the reduced availability of free metal ions
in the solution [34]. The present results are in good agreement with some recent studies
that have pointed out solution pH as a critical controlling parameter in the biosorption
of heavy metals using plant-based biosorbents including Arachis hpogaea. The optimum
removal efficiency at near-neutral pH (pH = 6) is in agreement with the work of Caglar
and Kayranli [35], who stated that peanut shell-based biosorbents exhibited adsorption
performance under neutral conditions due to enhanced deprotonating of surface functional
groups such as hydroxyl and carboxyl groups, leading to a higher density of negatively
charged active sites [36].

The increase in the pH of the solution improves the adsorption efficiency because of the
increasing electrostatic attraction between positively charged metal ions and the negatively
charged surface of the biosorbent. Moreover, the observed trend in metal removal efficiency
(Pb > Zn > Cu > Cd) agreed with the results reported by Anggayasti et al. [37], who
attributed the variations to the difference in the physicochemical properties of the metal
ions, particularly their hydrated ionic and charge densities, which control their affinity
to the available binding sites on the biosorbent surface [38]. However, slight differences
were observed when the present results were compared with some studies in which the
optimum biosorption performance of Arachis hypogaea was observed at slightly higher
pH values (around 7) [39]. This might be attributed to the differences in the biosorbent
preparation methods, particle size distribution, and surface activation procedures, which
can greatly affect the ionization characteristics of functional groups and the accessibility
of active adsorption sites on the biosorbent surface [40]. Yet, statistical analysis using
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one-way ANOVA demonstrated that the effect of pH on biosorption efficiency was highly
significant (p ≤ 0.01) for all investigated metals. In addition, significant differences were
identified among the biosorption efficiencies of the studied metals, as confirmed by the
least significant difference (LSD) value of 2.329%, indicating pronounced variability in the
affinity of metal ions toward the biosorbent under different pH conditions. Overall, the
findings of this study highlight that pH is the primary controlling parameter governing
the biosorption process using Arachis hypogaea PHP biomass. This is because pH directly
influences surface charge development, metal ion speciation in solution, and the strength
of electrostatic interactions and complexation mechanisms responsible for the removal of
heavy metal ions from aqueous media.

3.3.2. Effect of Contact Time

Contact time is a key operational parameter that significantly affects the biosorption
efficiency of heavy metal ions onto Arachis hypogaea PHP biomass, as it directly regulates
the duration of interaction between metal ions and the available active binding sites on the
biosorbent surface. The results demonstrated a substantial increase in biosorption efficiency
with increasing contact time until the attainment of equilibrium conditions (Figure 7).

 
Figure 7. Effect of contact time on removal efficiency of peanut hull powder (under constant
conditions of pH 6, temp. 30 ◦C, dose 10 g/L).

At relatively short contact times, particularly during the initial stages of adsorption,
low biosorption efficiencies were observed for all investigated metals. The recorded values
ranged at 43.85 ± 4.93% for Zn followed by values of 44.63 ± 5.31, 46.07 ± 4.97, and
48.16 ± 5.02% for Cd, Cu and Pb, respectively, within the first minute of the process. The
progressive increase in adsorption efficiency with time can be attributed to the progressive
occupation of the abundant available active sites on the surface of PHP biomass [41]. During
the initial stages of adsorption, a high concentration gradient exists between the solution
and the biosorbent, which enhances the mass transfer of metal ions toward the surface and
facilitates their attachment to the active binding sites [42,43]. However, contact time was
found to be a significant parameter in the biosorption process and the removal efficiency of
all heavy metals under study, which increased until equilibrium was attained at 60 min. This
optimum contact time showed the maximum biosorption efficiency for Pb (95.76 ± 7.08%),
followed by Zn (95.41 ± 6.79%), Cu (92.82 ± 6.64%) and Cd (92.11 ± 7.33%). The enhanced
metal uptake can be attributed to the presence of active sites for adsorption and high
affinity of metal ions towards oxygen-bearing functional groups such as hydroxyl and
carboxyl groups naturally existing in PHP biomass. The presence of such groups helps
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in the adsorption process through ion exchange and complexation reactions, leading to
increased biosorption efficiency [44].

The results showed that the biosorption performance of PHP was negatively affected
by increasing the contact time beyond 60 min. The adsorption increased with the increase
in contact time, but the removal efficiency was significantly decreased at 120 min for all
studied metals. This behavior can be explained by the progressive saturation of the active
sites and the reaching of a dynamic equilibrium between the adsorbed and dissolved metal
ions [21]. Under prolonged contact conditions, the desorption processes may become
more important and lead to a reduction in the net metal uptake. These observations are
in agreement with previous reports, including Rambabu et al. [45], who attributed the
decrease in adsorption efficiency at longer contact time to site saturation and the effects
of the adsorption–desorption equilibrium. Adsorption using Phoenix dactylifera-based
biosorbents reaches equilibrium rapidly, followed by a decline or stabilization due to
occupation of active sites [45]. Additionally, these findings further support the hypothesis
that excessive contact times may adversely affect adsorption performance due to the
occurrence of desorption processes and the redistribution of metal ions between the solid
biosorbent and the surrounding solution. The establishment of adsorption–desorption
equilibrium under prolonged agitation conditions can reduce the net uptake of metal
ions, leading to a decline in overall removal efficiency. However, this behavior is not
universally observed across all biosorbent systems. Several studies have reported either a
continuous increase or a stabilization of adsorption efficiency at extended contact times
without a significant decline. Such variations have been attributed to stronger metal–
biosorbent interactions, enhanced surface affinity, and lower desorption rates, which are
largely influenced by the physicochemical properties of the biosorbent, including surface
activation, functional group availability, and pore structure characteristics [46,47].

Statistical evaluation using one-way analysis of variance (ANOVA) revealed that
contact time exerted a highly significant influence (p ≤ 0.01) on the biosorption efficiencies
of all investigated heavy metal ions. The presence of significant differences among the
mean adsorption values was further confirmed by the least significant difference (LSD)
value of 1.254., highlighting the critical role of contact time in governing the adsorption
process. These results demonstrate that biosorption performance is strongly dependent
on the attainment of equilibrium conditions and the duration of interaction between
metal ions and the biosorbent surface. Therefore, optimization of contact time is essential
for maximizing the biosorption capacity of Arachis hypogaea biomass and enhancing its
effectiveness in the removal of heavy metals from aqueous systems.

3.3.3. Effect of Temperature

Temperature is an important environmental parameter that strongly influences the
PHP biosorption performance of Arachis hypogaea biomass, as it controls the mobility of
metal ions, the diffusion rates and the reactivity of functional groups present on the surface
of the biosorbent. Figure 8 depicts the effect of solution temperature on the removal
efficiencies of Cd, Cu, Zn and Pb ions.

The obtained results revealed that the biosorption efficiency gradually increased with
the increase of temperature up to 40 ◦C, where the maximum removal efficiencies for all
investigated heavy metals were recorded: Pb (95.2 ± 6.94%) followed by 92.66 ± 8.12,
92.24 ± 6.72, and 91.86 ± 7.04% for Zn, Cu, and Cd, respectively.
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Figure 8. Effect of temperature on removal efficiency of peanut hull powder (under constant condi-
tions of pH 6, time 60 min., dose 10 g/L).

The enhanced adsorption performance at moderate temperature can be explained by
the increased kinetic energy of metal ions, which favors their diffusion from the bulk solu-
tion to the active binding sites on the PHP surface. In addition, mild heating may activate
the surface and strengthen the interactions between metal ions and oxygen-containing func-
tional groups, especially hydroxyl and carboxyl groups, thereby increasing the accessibility
and reactivity of adsorption sites [48]. The biosorption efficiency significantly reduced at
lower temperatures especially at 10 ◦C with removal efficiencies of 74.31 ± 5.93% for Cd
to 83.89 ± 6.11% for Zn. This reduction can be ascribed to the limited mobility of metal
ions and the lower diffusion rates at low temperatures, which restrict effective interac-
tions with the biosorbent surface [49]. However, when the temperature exceeded 40 ◦C, a
marked decline in biosorption efficiency was observed. At 60 ◦C, the removal efficiencies
decreased, ranging from 80.04 ± 6.06% for Cd to 83.61 ± 5.49% for Pb. This reduction may
be attributed to the partial disruption of weak intermolecular interactions between metal
ions and the biosorbent surface, along with possible structural modifications of surface
functional groups under elevated temperature conditions [50]. When the temperature gets
too high, the active binding regions on the biosorbent change their form and characteristics,
which modifies how well they can trap metals. However, the specific structural changes
that occur to biosorbent surface groups at high heat may include the thermal degradation
which disrupt the chemical bonds of active groups such as carboxyl, and amine. Functional
group conversion as heat can change one group into another. Dehydration results in the
shrinkage or cross-linking of carbohydrate chains in materials like cellulose, which elimi-
nates binding sites. Protein denaturation disrupts the particular structural forms required
to capture metal ions effectively [48–50]. In general, temperatures above 60 ◦C usually
decrease biosorption capacity because the structural degradation prevents heavy metals
from adhering correctly [46].

These results suggest that biosorption using PHP biomass is most effective under mod-
erate thermal conditions. Thus, the present study demonstrates that optimum biosorption
performance is achieved at intermediate temperatures, whereas higher temperatures lead
to a decline in adsorption efficiency, likely due to the weakening of surface interactions
and the destabilization of adsorbate–adsorbent binding forces. Additionally, statistical
analysis revealed that solution temperature had a highly significant effect (p ≤ 0.01) on
the biosorption efficiency of all investigated heavy metals. Moreover, the least significant
difference (LSD = 2.237%.) confirmed the presence of statistically significant differences
among the adsorption percentages, highlighting the crucial role of temperature in govern-
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ing the adsorption capacity and performance stability of PHP biomass during heavy metal
removal from aqueous solutions.

3.3.4. Effect of Biosorbent Weight

The biosorbent dosage is a key operational parameter that significantly influences the
efficiency of heavy metal removal using PHP biomass, as it directly governs the availability
of active adsorption sites and the overall surface area accessible for metal ion binding.
The effect of biosorbent dosage on the removal efficiencies of Cd, Cu, Zn, and Pb ions is
presented in Figure 9.

 
Figure 9. Effect of adsorbent dose on removal efficiency of peanut hull powder (under constant
conditions of pH 6, temp. 40 ◦C, time 60 min).

The experimental results demonstrated that a biosorbent dosage of 0.5 g achieved the
highest biosorption efficiency for all investigated heavy metals. Among the tested metals,
Pb exhibited the highest removal efficiency (95.49 ± 7.35%), followed by Zn and Cu with
values of 94.98 ± 7.14% and 93.39 ± 6.73%, respectively, while Cd recorded the lowest mean
removal efficiency of (92.89 ± 7.03%). The enhanced performance observed at a biosorbent
dosage of 0.5 g can be attributed to the optimal balance between the number of available
active binding sites and the effective dispersion of PHP particles within the solution, which
facilitates greater accessibility of metal ions and improves surface interactions. In contrast,
lower biosorbent dosages (0.1 and 0.25 g) resulted in significantly reduced biosorption
efficiencies for all investigated metals. This decrease may be attributed to an insufficient
number of available adsorption sites to effectively accommodate the metal ions present in
the solution, resulting in incomplete removal [51]. Conversely, increasing the biosorbent
dosage beyond the optimum level (1 and 2 g) led to a noticeable reduction in adsorption
efficiency. This decline may be attributed to particle agglomeration and the overlapping of
adsorption sites at higher biomass concentrations, which can decrease the effective surface
area available for adsorption and hinder the accessibility of active binding sites. As a result,
the interaction between metal ions and the functional groups responsible for adsorption
becomes less efficient [52].

The adsorption behavior observed in the present study underscores the critical role
of the heterogeneous surface characteristics of PHP biomass and its oxygen-containing
functional groups in governing metal ion uptake. These functional groups serve as the
primary binding sites for metal adsorption through mechanisms such as ion exchange
and/or surface complexation. Therefore, the optimization of biosorbent dosage is essen-
tial to achieve maximum adsorption efficiency while ensuring the effective utilization of
the biosorbent material and minimizing unnecessary biomass consumption [53]. One-
way ANOVA analysis revealed that biosorbent dosage exerted a highly significant effect
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(p ≤ 0.01) on the removal efficiencies of all investigated heavy metals. In addition, the least
significant difference (LSD) value of 1.503 confirmed the presence of statistically significant
differences among the mean adsorption values.

3.3.5. Effect of Particle Size

Particle size is considered a significant physical parameter affecting the biosorption
efficiency of PHP, as it directly influences the available surface area, accessibility of active
adsorption sites, and diffusion behavior of metal ions toward the biosorbent surface. The
mean biosorption percentages of Cd, Cu, Zn, and Pb adsorbed by PHP at different particle
sizes are presented in Figure 10.

 
Figure 10. Effect of particle size on removal efficiency of peanut hull powder (under constant
conditions of pH 6, temp. 40 ◦C, time 60 min. dose 5 g/L).

The particle size of 0.1 mm exhibited the highest average biosorption efficiencies for all
investigated heavy metals. The corresponding removal percentages were 97.41 ± 7.33% for
Pb, 95.87 ± 6.05% for Zn, 94.36 ± 6.78% for Cu, and 93.84 ± 7.06% for Cd. The enhanced
adsorption performance observed at this intermediate particle size can be attributed to
an optimal balance between available surface area and particle stability. This balance
increases the accessibility of active surface sites and improves the diffusion and transport of
metal ions within the biosorbent, thereby promoting more efficient binding and adsorption
processes [54]. However, at the smallest particle size (0.016 mm), the lowest biosorption
efficiencies were recorded for all investigated metals. Although finer particles typically offer
a higher specific surface area, excessively small particle sizes may promote agglomeration
and restrict pore accessibility, thereby reducing the effective contact between metal ions
and available adsorption sites. When the particle size increased, a notable improvement in
biosorption efficiency was observed, which can be attributed to better particle dispersion
and improved exposure of active surface functional groups. Nonetheless, a further increase
in particle size to 1 and 2 mm led to a gradual decrease in adsorption efficiency, likely due
to the reduced specific surface area and the limited availability of accessible binding sites.
Meanwhile, at larger particle sizes of approximately 2 mm, the biosorption efficiencies
decreased to 82.64 ± 5.42, 77.16 ± 5.08, 81.62 ± 5.06, and 79.31 ± 5.11% for Pb, Zn, Cu, and
Cd, respectively. This decline can be attributed to the reduced specific surface area and
the limited diffusion of metal ions into the internal active adsorption sites within larger
particles, which consequently restricts the overall biosorption capacity [55].

The findings of the present study are in agreement with those reported by Elkholy
et al. [56], who demonstrated that the adsorption of heavy metals is highly dependent on the
surface characteristics of biosorbents. Statistical analysis revealed that particle size exerts a
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highly significant influence (p ≤ 0.01) on the biosorption efficiencies of all examined heavy
metals. In addition, the least significant difference (LSD = 0.961) confirmed statistically
significant variations among the mean adsorption values, indicating that particle size
is a critical parameter governing the adsorption performance of Arachis hypogaea hull
powder (PHP).

3.4. FTIR Analysis

Figure 11 of PHP FTIR spectra (under optimal conditions) shows broad O-H and N-H
stretch at (3400 cm−1) [57], aliphatic C-H stretch at 2920–2850 cm−1 [58], C=O for amide I
at 1650–1600 cm−1 [59], Amide II for N-H bend and C-N at 1550–1500 cm−1 [60], COO−

and CH bend at 1400–1300 cm−1 [61], and C-O for polysaccharide at 1200–1000 cm−1 [62].
Metal adsorption causes the wide O-H and N-H stretching band (3424 cm−1) to move to
higher wavenumbers, indicating weakening of hydrogen bonds and coordination with hy-
droxyl or amine groups. The C-H stretching vibrations (2922 cm−1) are almost unchanged,
indicating that aliphatic groups are not implicated. The carbonyl (C=O) and amide I regions
(1642 cm−1) exhibit negligible changes, but amide II (1542 cm−1) moves to lower values,
indicating partial coordination through nitrogen atoms of amide links. Nevertheless, the
carboxylate band (1418 cm−1) changes to higher frequencies, indicating metal binding to
COO− groups. Metal adsorption resulted in new absorption bands in the low-frequency
FTIR spectra (400–700 cm−1), indicating the creation of metal–oxygen (M-O) bonds.

 

Figure 11. FTIR analysis for PHP before and after biosorption.

The Zn-loaded peanut sample exhibited a medium-intensity band about 600 cm−1,
indicating the stretching vibration of the Zn-O bond [63]. The Cd-loaded sample displayed
a faint, wide band about 590 cm−1, indicating Cd-O vibration [64]. The Pb-loaded spectra
showed a clear band about 520 cm−1, confirming the presence of Pb-O stretching [65].
The Cu-loaded sample showed a stronger absorption at 580 cm−1, indicating the Cu-O
stretching mode [66]. However, FTIR research indicates that adsorption of Zn2+, Cd2+,
Pb2+, and Cu2+ ions occurs largely through oxygen- and nitrogen-containing functional
groups on the surface of peanut powder.

3.5. SEM Biomass Investigation

SEM (Model: Tescan–Vega III, Czech Republic) was used to examine the morphology
of raw biomass and one that is metal-treated under optimal conditions. A mixed solution
with 100 ppm of each of the heavy metals under study—copper, cadmium, lead, and
zinc—was created. This solution was then combined with one gram of PHP biomass, and
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the mixture was allowed to settle for two hours before a sample was obtained for scanning
electron microscopy (SEM) analysis.

Yet, the morphology of the heavy metal mixture treated with PHP biomass and the
untreated mixture was examined. Figure 12A displays PHP biomass prior to biosorption
at magnifications of 1.00 kx and 5.00 kx, while Figure 12B displays the biomass following
biosorption of the heavy metals under study at magnifications of 1.00 kx and 5.00 kx,
respectively. However, a flat, dark-colored layer with a few small, light-colored patches
with slightly scaly structures is present in the primal inquiry of Figure 12A—1.00 kx. These
areas comprise simple, sparsely distributed masses with smooth, soft surfaces that are
around 10 microns in size (Figure 12A—5.00 kx). Meanwhile, Figure 12B—1.00 kx once
more explains the existence of flat, overlapping layers that are typically light in color, have
distinctly shiny areas of higher crustal content, and have a homogeneous mass density
distribution with surface roughness structured in multiple fiber-like crustal layers that
contain particles of 10 microns in size (Figure 12B—5.00 kx).

 

Figure 12. SEM images of (A) peanut hull biomass before biosorption; (B) peanut hull biomass after
Pb2+, Zn2+, Cu2+, and Cd2+ biosorption at 1.00 kx and 5.00 kx.

However, the dark zones include organic proteins and cellulose of carbon-rich fibers.
Meanwhile, the changing-intensity light-colored portions contain compounds of inorganic
elements like sodium or phosphorus [67]. Additionally, the precipitation of heavy metal
ions onto the surface of the dried biomass was responsible for the observed changes in
biomass shape [68]. When Cd was eliminated from the aqueous solution, Parachlorella sp.
showed similar outcomes [69]. The cross-linking of functional groups and metal ions may
be responsible for the biomass’s morphological alterations [70,71].

3.6. Adsorption Isotherms
3.6.1. Langmuir Isotherm

The Langmuir isotherm model may be used to explain adsorption equilibrium con-
ditions and provide parameters (qmax and KL) for quantitatively evaluating adsorption
behaviors in various adsorbate–adsorbent systems [72]. The values of KL and qmax may be
computed by graphing 1/(qe) against 1/(Ce) [24]. The correlation coefficients R2 for the
adsorption of all metal ions were more than 0.91, as shown in Figure 13.
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Figure 13. Langmuir isotherm for removing metal ions using PHP.

As indicated in Table 2, the amount of metal ions needed to form a monolayer on
the substrate’s surface (qmax in mg/g) was computed from (1/intercept), and the constant
affinity of the adsorption sites (KL in L/mg) was computed from 1/(slope qmax). Neverthe-
less, from the data in Table 2, the qmax values found to be varied with the charge intensity
and the ionic radius. Therefore the sequences of qmax for the ions must be arranged as
follows: Cu2+ > Zn2+ > Cd2+ > Pb2+. But it is obvious the qmax of Cd2+ is less than Pb2+,
which may be attributed to the fact that the cadmium (Cd2+) has the greatest Langmuir
constant (KL), indicating considerable affinity for adsorption sites. However, it has the
lowest adsorption capacity (qmax) of the investigated ions. Cd2+ binds robustly, but only at
specific high-energy sites. Copper (Cu2+) has the highest adsorption capacity, indicating a
large number of accessible sites for adsorption, despite a lower affinity per site (KL) [73].

Table 2. The values of qmax and KL for the metal ions with PHP adsorbents.

Peanut Hull Powder PHP

Metal qmax KL R2

Cd2+ 31.66 0.083 0.94
Cu2+ 178.6098 0.013 0.91
Pb2+ 77.90592 0.015 0.99
Zn2+ 78.16026 0.0046 0.99

The Langmuir adsorption isotherm can alternatively be represented by the equilib-
rium parameter, RL [72,73]. Table 3 displays the RL values that were computed for each
concentration and metal ion.

Table 3. The RL values at various concentrations and different metal ions.

Peanut Hull Powder PHP

Conc. Cd Cu Pb Zn

30 0.285 0.709 0.679 0.878
50 0.193 0.594 0.559 0.812
100 0.107 0.422 0.388 0.684
250 0.046 0.226 0.203 0.464
500 0.023 0.128 0.113 0.302
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According to Table 4, the parameter RL indicates the type of isotherm shape. As
long as 0 < RL < 1, this kind of Langmuir isotherm is favorable for all metal ions and Ci
concentrations, according to Table 4’s interpretation of RL values [74]. Consequently, all of
the experimental data are fitted using the Langmuir isotherm since the RL is favorable and
the correlation coefficient is more than 0.95, as seen in Figure 11.

Table 4. The interpretation of RL values.

Type of Isotherm RL Value

unfavorable RL = 1
linear RL > 1

favorable 0 < RL < 1
irreversible RL = 0

3.6.2. Freundlich Isotherm

The empirical isotherm of Freundlich is a suitable isotherm for adsorption from
solution. The most suitable isotherm for describing interaction, H-bonding, and electrostatic
attraction is the Freundlich isotherm [25].

However, with an R2 of more than 0.88, the link between lnqe and lnCe in Figure 14 was
shown to be strongly connected. Table 5 displays the evaluated constants. Hence, the fact
that every metal ion adsorption had n values greater than one, as shown in Table 5, suggests
that the adsorption process is physical and highly heterogeneous [23–75]. Large adsorption
capacity (high KF value) was not correlated with strong affinity (high n value). Particle
characteristics including size distribution, specific surface area, and surface functional
groups were used to calculate the KF. As seen in Figure 12, the adsorption isotherms for
every metal ion were fitted to the Freundlich n with a correlation coefficient more than 0.88
and n values greater than 1 [23–76].
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Figure 14. Freundlich isotherm for removing metal ions using PHP.
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Table 5. The values of n and Kf for the metal ions with the adsorbent.

Peanut Hull Powder PHP

Metal Kf n R2

Cd2+ 2.84 1.33 0.91
Cu2+ 1.61 1.92 0.88
Pb2+ 2.11 1.35 0.99
Zn2+ 5.40 17.81 0.94

3.7. Biosorption Kinetics

Based on the kinetic parameters and correlation coefficients from Figures 15 and 16 and
Table 6, it can be noted that pseudo-second-order model showed outstanding correlation
coefficients R2 of 0.99. Additionally, the computed equilibrium adsorption capabilities
closely matched the experimental PHP values.
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Figure 15. PHP pseudo-first-order kinetics biosorption.
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Figure 16. PHP pseudo-second-order kinetics biosorption.

Yet, the pseudo-second-order model offers a far more accurate description of the
adsorption kinetics than the pseudo-first-order model, as evidenced by the consistently high
R2 values and the close agreement between calculated and observed qe values. Although
the pseudo-first-order model produced relatively high R2 values, a good kinetic model
should satisfy two criteria first one is a high coefficient of determination (R2), while second
one is a close agreement between the calculated and experimental equilibrium adsorption
capacities (qe). The pseudo-second-order model fulfills both criteria, whereas the pseudo-
first-order model fails to accurately predict the equilibrium adsorption capacity for several
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metals, particularly Zn and Cd [70]. The pseudo-second-order kinetic model is the best
model for explaining the adsorption of Cd(II), Cu(II), Pb(II), and Zn(II) onto peanut-hull
adsorbents because of the higher correlation coefficients and the improved agreement
between calculated and experimental equilibrium adsorption capacities [68]. The pseudo-
second-order model’s supremacy indicates that the availability of adsorption sites and the
interaction between the adsorbate and the adsorbent surface are the main factors influencing
the adsorption rate. This behavior involves electron sharing or exchange between the metal
ions and the functional groups on the adsorbent surface [73].

Table 6. Coefficients of sorption kinetics for Pb, Zn, Cu, and Cd removal using PHP and their
correlation coefficient (R2).

HMs
First Order Second Order

k1 min−1 qe cal mg g−1 qe R2 k2 min−1 qe cal mg g−1 qe R2

Cd 0.12 95.30 90.43 0.99 0.005 96.29 90.43 0.99

Cu 0.10 89.86 92.89 0.99 0.005 98.84 92.89 0.99

Pb 0.11 92.85 93.14 0.97 0.006 98.58 93.14 0.99

Zn 0.10 90.77 89.93 0.99 0.005 95.45 89.93 0.99

3.8. Thermodynamic Analysis

Table 7 displays the thermodynamic parameters derived from the Van’t Hoff analysis.
For every metal ion under investigation, the computed values of ∆H were negative, ranging
from −14.80 to −22.49 kJ.mol−1. This suggests that the adsorption of Cd(II), Cu(II), Pb(II),
and Zn(II) onto the peanut hull-based adsorbent is an exothermic process [77].

Table 7. Thermodynamic parameters.

Metal Ion ∆H◦

(kJ.mol−1)
∆S◦

(kJ.mol−1)
∆G◦ 283

(kJ.mol−1)
∆G◦ 293 K
(kJ.mol−1)

∆G◦ 303 K
(kJ.mol−1)

∆G◦ 313 K
(kJ.mol−1)

∆G◦ 323 K
(kJ.mol−1) R2

Cd(II) −14.80 −67.19 4.21 4.88 5.55 6.22 6.90 0.825
Cu(II) −21.18 −92.38 4.98 5.91 6.83 7.75 8.68 0.819
Pb(II) −22.49 −95.97 4.67 5.63 6.59 7.55 8.51 0.842
Zn(II) −17.72 −77.71 4.25 5.03 5.81 6.58 7.36 0.812

The experimental results, which demonstrate a general decline in adsorption effective-
ness as the temperature increased from 10 to 40 ◦C, are consistent with the negative enthalpy
values, which indicate that rising temperatures are generally detrimental to the adsorption
process [78]. The order of ∆H magnitude was as follows: Pb2+ > Cu2+ > Zn2+ > Cd2+. This
suggests that compared to Zn(II) and Cd(II), the adsorption of Pb(II) and Cu(II) is linked to
a larger enthalpic shift. Although the significance of particular interactions between metal
ions and functional groups on the PHP surface cannot be ruled out, the very moderate
amount of ∆H indicates that the adsorption process may entail primarily physical interac-
tions [79]. A decrease in randomness at the solid-solution interface during adsorption is
indicated by the negative values of ∆S, which varied from −67.19 to −95.97 J mol−1 K−1.
This could be explained by the immobilization of metal ions from the aqueous phase onto
the adsorbent surface’s active sites. The adsorbed metal ions may become more ordered
after interacting with the PHP adsorbent’s active sites, according to the negative entropy
values [80]. The computed ∆G values were positive and rose as the temperature rose.
This suggests that the adsorption process becomes less thermodynamically favorable at
higher temperatures based on thermodynamic calculations based on the (K) values em-

https://doi.org/10.3390/su18157975

https://doi.org/10.3390/su18157975


Sustainability 2026, 18, 7975 22 of 27

ployed. The exothermic nature of the adsorption process is supported by the rise in ∆G
with temperature, which is compatible with the negative ∆H readings [81]. Cd(II) had
the lowest ∆H magnitude among the metals under investigation, while Pb(II) had the
greatest. When compared to Cu(II) and Pb(II), the comparably lower ∆G values for Cd(II)
and Zn(II) indicate relatively more favorable adsorption under the studied conditions.
Nevertheless, the physicochemical characteristics of the metal ions and the experimental
adsorption percentages should be taken into account in addition to the thermodynamic
interpretation [82]. However, the thermodynamic study shows that there is a decrease in
interfacial randomness and that the adsorption of heavy metal ions onto the PHP adsorbent
is primarily exothermic. As the temperature rises, the adsorption becomes less favorable,
indicating that lower temperatures are better for the adsorption process.

3.9. Investigation of Municipal Drainage Samples

Large and diverse amounts of pollutants from homes, hospitals, food, textile, paint,
tanning factories, various mechanical and electronic industries, heavy industries, and other
municipal and industrial sources greatly increase the pollution load in municipal drainage
water [3]. Thus, the current study’s findings showed that the effluent water of drainages
had quantities of heavy metals (lead, zinc, copper, and cadmium) that were higher than
allowed, with values of 2.78 ± 0.8 mg/L for Pb and 0.03 ± 0.0 mg/L for Cd.

The laboratory treatment unit was used to clean the studied drainage water samples
of their heavy metal content. Untreated wastewater was added to the first tube at a volume
of approximately 3 L, and then the system containing PHP immobilized with calcium
alginate beads was operated at a rate of 2 L/h. After that, the total heavy metal content
was examined from the third tube for collecting water samples after treatment (Figure 17).

 

Figure 17. Laboratory treatment unit.

When analyzing the water released from such drainages, the results show that there are
minor variations in these concentrations’ values. Nevertheless, all of these concentrations
vanished after the highly turbid, contaminated water sample was treated with PHP beads
through the treatment unit, which was very successful in removing the pollutants under
investigation and turning it into clear water with virtually little turbidity.
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The quantities of heavy metals in the understudied Ramadi municipal drainages
before and after treatment with PHP beads are displayed in Table 8, along with the World
Health Organization’s acceptable limits for heavy metals in the effluent waters [83].

Table 8. HM concentration in understudy drainages before and after treatment by PHP.

Sites
HM Concentration in Drainage Raw

Water (mg/L)
HM Concentration After PHP

Treatment
WHO Permissible Limits

(mg/L)

Pb Zn Cu Cd Pb Zn Cu Cd Pb Zn Cu Cd

S1 2.78 ± 0.8 1.45 ± 0.6 0.66 ± 0.1 0.03 ± 0.0 Not detected
0.01 5 2 0.003S2 1.94 ± 0.2 0.98 ± 0.0 0.79 ± 0.1 0.02 ± 0.0 Not detected

S3 2.14 ± 0.3 1.22 ± 0.2 1.32 ± 0.7 0.02 ± 0.0 Not detected

The Euphrates River’s heavy metal contents are significantly increased by the water
released by understudied drainages or urban water drainage systems. This demonstrates
that before being released into the river, this method must go through a tertiary treatment
procedure that lowers or mitigates the amounts of heavy metals to allowable limits. There-
fore, maintaining a sustainable environment that respects the right of future generations to
a decent life.

4. Conclusions
This study was focused on peanut hull powder biomass as a low-cost adsorbent for

the removal of Pb, Zn, Cu, and Cd ions from aqueous solution. The sorption is affected
by various parameters such as contact time, solution pH, size and dose of hulls, and
temperature. The Langmuir adsorption isotherm model was better used to represent all
of the experimental data, which are fitted using the Langmuir isotherm, since the RL is
favorable and the correlation coefficient is more than 0.95. Consequently, the adsorption
isotherms for every metal ion were fitted to the Freundlich n with a correlation coefficient of
more than 0.88 and n values greater than 1. Based on the kinetic simulation, SEM analysis
reveals the changes in the hull’s structure before and after treatment with heavy metal ions
via biosorption, encouraging the idea that the cross-linking of functional groups and metal
ions may be responsible for the biomass’s morphological alterations. Also, FTIR analysis
supports the idea that the main mechanisms involved in the removal of heavy metal ions
under study are both surface ion exchange and surface or intra-particle sharing between
metal ions and functional groups, such as O–H, C=O and C–H stretching, hence indicating
that adsorption of Zn2+, Cd2+, Pb2+, and Cu2+ ions occurs largely through oxygen- and
nitrogen-containing functional groups on the surface of peanut powder. Nevertheless,
the designed laboratory unit was effective in treating unacceptable levels of heavy metals
in some municipal wastewater of Ramadi City local drainages, providing a preliminary
concept for designing a field treatment system that could be implemented in related large-
scale projects, with the possibility of studying the regeneration of PHP beads more than
once. The overall results indicated that Arachis hypogaea hull biomass is an easily, locally
available, low-cost adsorbent and has a considerably high biosorption capacity. It may be
treated as an alternative biosorbent for treatment of wastewater containing such heavy
metal ions.
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19. Tasić, Ž.; Nujkić, M.; Savić Gajić, I.; Medić, D.; Milić, S. Sustainable Processes of Biosorption of Pb(II) Ions from Synthetic
Wastewater Using Waste Biomass from Mullein Leaves. Sustainability 2024, 16, 5982. [CrossRef]

20. Gavande, V.; Gaikwad, A.S.; Mahanwar, P.A.; Siva, I.; Radhakrishnan, S.; Mathew, J.T.; Kulkarni, M.B. Valorization of peanut shell
waste: A sustainable lignocellulosic resource for circular bioeconomy applications. Results Eng. 2026, 30, 110896. [CrossRef]

21. Ofomaja, A.E. Unraveling the sorption mechanism for heavy metals onto biomass: Isotherm and kinetic modeling. J. Environ.
Manag. 2017, 204, 336–345. [CrossRef]

22. Tran, H.N. Improper estimation of thermodynamic parameters in adsorption studies with distribution coefficient KD (qe/Ce)
or Freundlich constant (KF): Considerations from the derivation of dimensionless thermodynamic equilibrium constant and
suggestions. Adsorpt. Sci. Technol. 2022, 2022, 5553212. [CrossRef]

https://doi.org/10.3390/su18157975

https://doi.org/10.1007/s10646-012-1017-x
https://doi.org/10.1016/j.nbt.2014.11.004
https://doi.org/10.3923/jbs.2018.415.424
https://doi.org/10.4103/INJMS.INJMS_30_18
https://doi.org/10.1016/j.jhazmat.2007.07.028
https://doi.org/10.1016/j.heliyon.2024.e40370
https://www.ncbi.nlm.nih.gov/pubmed/39654720
https://doi.org/10.35629/5252-050110311041
https://doi.org/10.3390/molecules29133130
https://doi.org/10.1016/B978-0-12-819092-0.00013-3
https://doi.org/10.1016/j.scitotenv.2017.06.030
https://doi.org/10.1007/s12291-019-00839-8
https://doi.org/10.1038/s41598-024-82861-2
https://doi.org/10.3390/chemengineering9020023
https://doi.org/10.4172/2155-9872.1000187
https://doi.org/10.1016/j.jhazmat.2012.11.011
https://doi.org/10.12911/22998993/196879
https://doi.org/10.3390/su151914599
https://doi.org/10.3390/su16145982
https://doi.org/10.1016/j.rineng.2026.110896
https://doi.org/10.1016/j.jenvman.2017.08.009
https://doi.org/10.1155/2022/5553212
https://doi.org/10.3390/su18157975


Sustainability 2026, 18, 7975 25 of 27

23. Abazli, H.; Jneidi, H.; Hatem, S. Kinetic, Isotherm and Thermodynamic Studies on the Ciprofloxacin Adsorption from Aqueous
Solution Using Aleppo bentonite. Baghdad Sci. J. 2022, 19, 680–692. [CrossRef]

24. Obaid, S.A. Langmuir, Freundlich and Tamkin adsorption isotherms and kinetics for the removal Aartichoke tournefortii straw
from agricultural waste. J. Phys. Conf. Ser. 2020, 1664, 012011. [CrossRef]

25. Pereira, S.K.; Kini, S.; Prabhu, B.; Jeppu, G.P. A simplified modeling procedure for adsorption at varying pH conditions using the
modified Langmuir–Freundlich isotherm. Appl. Water Sci. 2023, 13, 29. [CrossRef]

26. Arica, M.Y.; Kacar, Y.; Genc, O. Entrapment of white-rot fungus Trametes versicolor in Ca-alginate beads, preparation and
biosorption kinetic analysis for cadmium removal from an aqueous solution. Bioresour. Technol. 2001, 80, 121. [CrossRef]

27. Nehhal, S.; Ben Ali, M.; Abrouki, Y.; Ofqir, K.; Elkahoui, Y.; El Hajjaji, S. Sustainable conversion of agricultural waste to activated
biochar: Optimization and modelling of methylene blue adsorption. Ecol. Eng. Environ. Technol. 2025, 26, 302–320. [CrossRef]

28. Ghanim, A.N. Utilization of date pits derived bio-adsorbent for heavy metals in wastewater treatment: Review. Al-Qadisiyah J.
Eng. Sci. 2023, 16, 058–069. [CrossRef]

29. Liu, X.; Chang, S.; Dong, X.; Xu, X.; Hao, H.; Li, J. Preparation of peanut shell biochars and their adsorption properties for heavy
metal ions. Desalin. Water Treat. 2025, 324, 101580. [CrossRef]

30. Reddy, D.H.K.; Seshaiah, K.; Reddy, A.V.R.; Lee, S.M. Optimization of Cd(II); Cu(II) and Ni(II) biosorption by chemically modified
Moringa oleifera leaves powder. Carbohydr. Polym. 2012, 88, 1077–1086. [CrossRef]

31. Fiol, N.; Villaescusa, I. Determination of sorbent point zero charge: Usefulness in sorption studies. Environ. Chem. Lett. 2009,
7, 79–84.

32. Rehman, R.; Mushtaq, A.; Dar, A.; Akram, M.; Alsantali, R.I.; Al-thagafi, Z.T. Exploring Arachis hypogaea bio-waste sorption
potential for phytofiltration of acridine orange dye from wastewater as a new candidate for green revolution. Int. J. Phytoremediat.
2025, 27, 1140–1153. [CrossRef]

33. Setiawan, W.; Fadilah, S.N.; Hidayah, E.N.; Perwitasari, D.S.; Gulo, F. Low-cost biosorbent derived from Hermetia illucens larval
shells for competitive removal and adsorption mechanisms of lead(II), copper(II), and iron(III) ions. J. Ecol. Eng. 2026, 27, 57–73.
[CrossRef]

34. Hu, K.; Mei, L.; Wang, C.; Liu, H.; Lin, J.; Wan, Y.; Li, X. Integrated electrochemistry enables deep decontamination and resource
recovery of rare earth wastewater. Chem. Eng. J. 2026, 542, 178196. [CrossRef]

35. Caglar, T.C.; Kayranli, B. Comparative evaluation of regeneration strategies for Rhodamine B removal using raw date seeds:
Insights into adsorption mechanisms. ACS Omega 2026, 11, 37266–37283. [CrossRef]

36. Khalaf, I.M.; Hameed, A.T.; Talak, A.O. Phytoremediation of the heavy metals copper, lead, cadmium, nickel and cobalt using
some plant species of the Asteraceae family. Anbar J. Agric. Sci. 2024, 22, 1019–1032. [CrossRef]

37. Anggayasti, W.L.; Salamah, L.N.; Rizkymaris, A.; Yamamoto, T.; Kurniawan, A. The role of ion charge density and solubility in
the biosorption of heavy metals by natural biofilm matrix of polluted freshwater: The cases of Mg(II), Cr(VI), and Cu(II). Environ.
Pollut. Bioavailab. 2023, 35, 2220571. [CrossRef]

38. Rita, R.K.; Hossain, M.K.; Tabassum, T.; Liton, M.N.H.; Rashid, R.; Bashar, M.S.; Islam, M.S.; Ahmed, A.N.; Ullah, M.S.; Hoque,
S.M. Correlation of the structural and physical properties of samarium-doped nickel ferrites (NiFe2−xSmxO4) synthesized by
hydrothermal process. Ceram. Int. 2026, 52, 13542–13554. [CrossRef]

39. Sunaina; Kumari, S.; Khandurie, A.; Sharma, C.; Bandlamudi, S.D.; Garg, M.C. Response surface methodology optimization of
COD removal from wastewater using peanut shell-derived activated carbons: A sustainable biosorption approach. Environ. Sci.
Water Res. Technol. 2026, 12, 1508–1532. [CrossRef]

40. Negi, A.; Rana, P.; Yadav, L.K. A potential and sustainable biosorbent derived from leaves of Tectona grandis for the efficient
removal of cadmium (II) from wastewater. Proc. Indian Natl. Sci. Acad. 2026. [CrossRef]

41. Rajendraprasad, M.; Prasath, L.R.; Murugesan, A. Arachis hypogaea shells derived mesopores and ultra-micropores carbons via
thermal methods for dyes removal: Evaluation of ANN modelling. Int. J. Environ. Res. 2026, 20, 1. [CrossRef]

42. Nobahar, A.; Passos, H.; Schaeffer, N.; Sosa, F.H.B.; Coutinho, J.A.P. Engineered biopolymer architectures for selective metal ions
extraction. Adv. Sustain. Syst. 2026, 10, 4. [CrossRef]

43. Kumar, A.; Sidharth, S.; Kandasubramanian, B. A review on algal biosorbents for heavy metal remediation with different
adsorption isotherm models. Environ. Sci. Pollut. Res. 2023, 30, 39474–39493. [CrossRef]

44. Batool, F.; Qadir, R.; Adeeb, F.; Kanwal, S.; Abdelrahman, E.A.; Noreen, S.; Albalawi, B.F.A.; Mustaqeem, M.; Imtiaz, M.; Ditta, A.;
et al. Biosorption Potential of Arachis hypogaea-Derived Biochar for Cd and Ni, as Evidenced through Kinetic, Isothermal, and
Thermodynamics Modeling. ACS Omega 2023, 8, 40128–40139. [CrossRef]

45. Rambabu, K.; Thanigaivelan, A.; Bharath, G.; Sivarajasekar, N.; Banat, F.; Show, P.L. Biosorption potential of Phoenix dactylifera
coir wastes for toxic hexavalent chromium sequestration. Chemosphere 2021, 268, 128809. [CrossRef]

46. Kaura, J.; Sengupta, P.; Mukhopadhyay, S. Critical review of bioadsorption on modified cellulose and removal of divalent heavy
metals (Cd, Pb, and Cu). Ind. Eng. Chem. Res. 2022, 61, 1921–1954. [CrossRef]

https://doi.org/10.3390/su18157975

https://doi.org/10.21123/bsj.2022.19.3.0680
https://doi.org/10.1088/1742-6596/1664/1/012011
https://doi.org/10.1007/s13201-022-01800-6
https://doi.org/10.1016/S0960-8524(01)00084-0
https://doi.org/10.12912/27197050/214189
https://doi.org/10.30772/qjes.v16i1.910
https://doi.org/10.1016/j.dwt.2025.101580
https://doi.org/10.1016/j.carbpol.2012.01.073
https://doi.org/10.1080/15226514.2025.2485297
https://doi.org/10.12911/22998993/215578
https://doi.org/10.1016/j.cej.2026.178196
https://doi.org/10.1021/acsomega.6c01845
https://doi.org/10.32649/ajas.2024.184465
https://doi.org/10.1080/26395940.2023.2220571
https://doi.org/10.1016/j.ceramint.2026.02.002
https://doi.org/10.1039/D5EW01291K
https://doi.org/10.1007/s43538-026-00788-w
https://doi.org/10.1007/s41742-025-01026-9
https://doi.org/10.1002/adsu.70457
https://doi.org/10.1007/s11356-023-25710-5
https://doi.org/10.1021/acsomega.3c02986
https://doi.org/10.1016/j.chemosphere.2020.128809
https://doi.org/10.1021/acs.iecr.1c04583
https://doi.org/10.3390/su18157975


Sustainability 2026, 18, 7975 26 of 27

47. Dehmani, Y.; Bentahar, I.; Lgaz, G.; El-Kordy, A.; Aldalbahi, A.K.; Alrashdi, A.A.; Dehbi, A.; Lamhasni, T.; Hammouti, B.; Sadik,
A. A critical review of natural clay minerals: Structural characterization, textural properties, and adsorption mechanisms for
sustainable wastewater treatment. Mater. Today Adv. 2026, 29, 100682. [CrossRef]

48. Xin, L.; Wang, S.; Tian, X.; Yang, L.; Han, L.; Hao, Z.; Zhao, M.; Liu, H. Effect of the grafting degree of phenolic acids on the
structural characterization and emulsification properties of soy hull polysaccharides. Int. J. Biol. Macromol. 2026, 340, 150146.
[CrossRef]

49. Irfan, M.F.; Zahara, I.; Siddique, T.; Ullah, A. Desorption kinetics and mechanisms of Cr, V, As, Se, Ni, Co, Cd from spent
keratin-based biosorbent matrices. Surf. Interfaces 2026, 94, 109489. [CrossRef]

50. Sharma, A.; Devi, I. Biosorption of heavy metal ions from aqueous effluents utilising snail shell dust as a biomaterial. Environ.
Dev. Sustain. 2024, 26, 31879–31896. [CrossRef]

51. El Bourachdi, S.; Rakcho, Y.; Ayub, A.R.; El Amri, A.; Moussaoui, F.; Araña, J.; Herrera-Melián, J.A.; Abourriche, A.; Hannache,
H.; Lahkimi, A. Cu (II) removal from aqueous solution and real textile wastewater: Mechanistic insights, process optimization,
and theoretical modeling using advanced Chitosan–EDTA beads. Environ. Sci. Pollut. Res. 2026, 33, 5927–5964. [CrossRef]

52. Tewari, S.; Kaur, J.; Tandon, S.; Das, D.K. Recent advances in functionalized nanocarbon adsorbents for toxic pollutant removal:
Challenges and future perspectives. Discov. Nano 2026, 21, 57. [CrossRef]

53. Kamel, S.; El-Gendy, A.A.; Hassan, M.A.; El-Sakhawy, M.; Kelnar, I. Carboxymethyl cellulose-hydrogel embedded with modified
magnetite nanoparticles and porous carbon: Effective environmental adsorbent. Carbohydr. Polym. 2020, 242, 116402. [CrossRef]

54. Yuan, T.; Guo, Y.; Su, C.; Wang, Z.; Zuo, A.; Xu, L.; Tian, J.; Wang, Z.; Shu, K.; Wang, D.; et al. A new perspective on flotation
performance of different particle sizes spodumene in NaOL/DDA: Foam properties and underlying mechanisms. Miner. Eng.
2026, 237, 109978. Available online: https://api.semanticscholar.org/CorpusID:283498760 (accessed on 3 August 2026). [CrossRef]

55. Soliman, M.S.S.; Mubarak, M.F.; Hosny, R. Garcinia derived adsorbents for efficient ammonium removal from wastewater in
fixed bed column systems. Sci. Rep. 2026, 16, 12585. [CrossRef]

56. Elkholy, A.S.; Kamal, R.S.; Yahia, M.S.; Abdel-Raouf, M.E. Circular economy approach: Repurposing modified lemon peel waste
for cobalt(II) capture from simulated solutions. BMC Chem. 2026, 20, 124. [CrossRef]

57. Sadia, B.O.; Cherutoi, J.K.; Achisa, C.M. Optimization, characterization, and antibacterial activity of copper nanoparticles
synthesized using Senna didymobotrya root extract. J. Nanotechnol. 2021, 2021, 5611434. [CrossRef]

58. Volkov, D.S.; Rogova, O.B.; Proskurnin, M.A. Temperature dependences of IR spectra of humic substances of brown coal.
Agronomy 2021, 11, 1822. [CrossRef]

59. Anastasiadis, K. Correlation of amide I and III components in the human dentine infrared spectrum. Dent. Mater. J. 2025, 44,
672–680. [CrossRef]

60. Chatterley, A.S.; Laity, P.; Holland, C.; Weidner, T.; Woutersen, S.; Giubertoni, G. Broadband multidimensional spectroscopy
identifies the amide II vibrations in silkworm films. Molecules 2022, 27, 6275. [CrossRef]

61. Mitra, S.; Werling, K.; Berquist, E.J.; Lambrecht, D.S.; Garrett-Roe, S. CH mode mixing determines the band shape of the
carboxylate symmetric stretch in Apo-EDTA, Ca2+–EDTA, and Mg2+–EDTA. J. Phys. Chem. 2021, 125, 4867–4881. [CrossRef]

62. Gieroba, B.; Kalisz, G.; Krysa, M.; Khalavka, M.; Przekora, A. Application of vibrational spectroscopic techniques in the study of
the natural polysaccharides and their cross-linking process. Int. J. Mol. Sci. 2023, 24, 2630. [CrossRef]

63. Vidhya, R.; Balakrishnan, T.; Kumar, B.S. Investigation on thermophysical properties of zinc oxide nanofluid for heat transfer
applications. Mater. Today Proc. 2022, 58, 789–794. [CrossRef]

64. Kannan, S.K.; Thirunavukkarasu, P.; Marnadu, R. Influence of In Doping on Physical Properties of Co-precipitation Synthesized
CdO NPs and Fabrication of p-Si/n-CdIn2O4 Junction Diodes for Enhanced Photodetection Applications. J. Electron. Mater. 2022,
51, 1759–1777. [CrossRef]

65. Yousef, H.A.; Abdelghany, A.M.; Nabil, I.M.; Mitwalli, M.S. Nuclear radiation attenuation properties of PbO-doped polymeric
composites. J. Mater. Sci. Mater. Electron. 2025, 36, 457. [CrossRef]

66. Huang, W.; Lin, N.; Xie, X.; Chen, M.; Wan, H. NO Reduction on Cu-Based Model Catalysts Studied by in-situ IRAS. Chin. J.
Chem. 2022, 40, 1267–1274. [CrossRef]

67. Naddaf, M. A Study of Some Chemical Components of Watermelon Seeds planted in Syria and their Oil Characteristics and
Composition. Tishreen Univ. J. Res. Sci. Stud. 2008, 30, 27–39.

68. Kaleem, M.; Minhas, L.A.; Hashmi, M.Z.; Ali, M.A.; Mahmoud, R.M.; Saqib, S.; Nazish, M.; Zaman, W.; Samad, M.A. Biosorption
of Cadmium and Lead by Dry Biomass of Nostoc sp. MK-11: Kinetic and Isotherm Study. Molecules 2023, 28, 2292. [CrossRef]
[PubMed]

69. Dirbaz, M.; Roosta, A. Adsorption, kinetic and thermodynamic studies for the biosorption of cadmium onto microalgae
Parachlorella sp. J. Environ. Chem. Eng. 2018, 6, 2302–2309. [CrossRef]

70. Arief, V.O.; Trilestari, K.; Sunarso, J.; Indraswati, N.; Ismadji, S. Recent progress on biosorption of heavy metals from liquids
using low cost biosorbents: Characterization, biosorption parameters and mechanism studies. CLEAN–Soil Air Water 2008, 36,
937–962. [CrossRef]

https://doi.org/10.3390/su18157975

https://doi.org/10.1016/j.mtadv.2025.100682
https://doi.org/10.1016/j.ijbiomac.2026.150146
https://doi.org/10.1016/j.surfin.2026.109489
https://doi.org/10.1007/s10668-024-04777-1
https://doi.org/10.1007/s11356-026-37687-y
https://doi.org/10.1186/s11671-026-04473-1
https://doi.org/10.1016/j.carbpol.2020.116402
https://api.semanticscholar.org/CorpusID:283498760
https://doi.org/10.1016/j.mineng.2025.109978
https://doi.org/10.1038/s41598-026-45752-2
https://doi.org/10.1186/s13065-026-01799-w
https://doi.org/10.1155/2021/5611434
https://doi.org/10.3390/agronomy11091822
https://doi.org/10.4012/dmj.2025-073
https://doi.org/10.3390/molecules27196275
https://doi.org/10.1021/acs.jpca.1c03061
https://doi.org/10.3390/ijms24032630
https://doi.org/10.1016/j.matpr.2021.09.008
https://doi.org/10.1007/s11664-021-09427-0
https://doi.org/10.1007/s10854-025-14372-3
https://doi.org/10.1002/cjoc.202100862
https://doi.org/10.3390/molecules28052292
https://www.ncbi.nlm.nih.gov/pubmed/36903536
https://doi.org/10.1016/j.jece.2018.03.039
https://doi.org/10.1002/clen.200800167
https://doi.org/10.3390/su18157975


Sustainability 2026, 18, 7975 27 of 27

71. Kumar, N.J.I.; George, B.; Kumar, R.N.; Sajish, P.R.; Viyol, S. Biosorption of mercury and lead by dried Aspergillus niger Tiegh.
isolated from estuarine sediments. Int. J. Environ. Stud. 2010, 67, 735–746. [CrossRef]

72. Khazaal, S.H.; Al-Sheikh, F.; Al-Ameri, M. Using activated carbon to adsorb Co (II) from synthetic solution: Isotherms and
optimization studies. In AIP Conference Proceedings; AIP Publishing: Melville, NY, USA, 2022; Volume 2415, p. 060017. [CrossRef]

73. Musah, M.; Azeh, Y.; Mathew, J.T.; Umar, M.T.; Abdulhamid, Z.; Muhammad, A.I. Adsorption kinetics and isotherm models: A
review. Caliphate J. Sci. Technol. 2022, 4, 20–26. [CrossRef]

74. Maharjan, J.; Jha, V.K. Activated carbon obtained from banana peels for the removal of As (III) from water. Sci. World 2022, 15,
145–157. [CrossRef]

75. Jasper, E.E.; Ajibola, V.O.; Onwuka, J.C. Nonlinear regression analysis of the sorption of crystal violet and methylene blue from
aqueous solutions onto an agro-waste derived activated carbon. Appl. Water Sci. 2020, 10, 132. [CrossRef]

76. Sharafinia, S.; Farrokhnia, A.; Ghasemian, E. Comparative study of adsorption of safranin o by TiO2/activated carbon and
chitosan/TiO2/activated carbon adsorbents. Phys. Chem. Res. 2021, 9, 605–621. [CrossRef]

77. Saha, P.; Chowdhury, S. Insight into Adsorption Thermodynamics. In Thermodynamics; Tadashi, M., Ed.; InTech: West Palm Beach,
FL, USA, 2011; ISBN 978-953-307-544-0. Available online: http://www.intechopen.com/books/thermodynamics/insight-into-
adsorption-thermodynamics (accessed on 12 March 2026).

78. Budnyak, T.M.; Błachnio, M.; Slabon, A.; Jaworski, A.; Tertykh, V.A.; Deryło-Marczewska, A.; Marczewski, A.W. Chitosan
Deposited onto Fumed Silica Surface as Sustainable Hybrid Biosorbent for Acid Orange 8 Dye Capture: Effect of Temperature in
Adsorption Equilibrium and Kinetics. J. Phys. Chem. C Nanomater. Interfaces 2020, 124, 15312–15323. [CrossRef] [PubMed]

79. Ogbeh, G.O.; Ogunlela, A.O.; Akinbile, C.O.; Iwar, R.T. Adsorption of organic micropollutants in water: A review of advances in
modelling, mechanisms, adsorbents, and their characteristics. Environ. Eng. Res. 2025, 30, 230733. [CrossRef]

80. Romanus, E.N.; Chidiebere, M.B.; Chioma, C.S.; Vincent, U.S.; Ngozi, I.J. Adsorptive Removal of some Toxic Metal ions from
Aqueous Solution using Moringa oleifera Root Powder Biochar: Equilibrium, Kinetic and Thermodynamic Studies. Environ. Chem.
Saf. 2025, 1, 9600007. [CrossRef]

81. Ibrahim, M.; Turky, A.M.; Mostafa, N.Y.; Roushdy, M.H. Valorization of ductile cast iron solid waste as a high-performance
adsorbent for crystal violet removal: Characterization, optimization, and mechanistic insights. RSC Adv. 2026, 16, 24427–24453.
[CrossRef] [PubMed]

82. Castro-Alves, D.L.; Vilar, S.Y.; Goméz, M.A.G.; Acevedo, P.G.; Prieto, A.A.; Redondo, Y.P.; Rivas, J. Understanding adsorption
mechanisms and metal ion selectivity of superparamagnetic beads with mesoporous CMK-3 carbon and commercial activated
carbon. Microporous Mesoporous Mater. 2024, 374, 113159. [CrossRef]

83. WHO. Permissible Limits of Heavy Metals in Soil and Plants; World Health Organization: Geneva, Switzerland, 1996.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/su18157975

https://doi.org/10.1080/00207233.2010.517644
https://doi.org/10.1063/5.0095860
https://doi.org/10.4314/cajost.v4i1.3
https://doi.org/10.3126/sw.v15i15.45665
https://doi.org/10.1007/s13201-020-01218-y
https://doi.org/10.22036/pcr.2021.274568.1889
http://www.intechopen.com/books/thermodynamics/insight-into-adsorption-thermodynamics
http://www.intechopen.com/books/thermodynamics/insight-into-adsorption-thermodynamics
https://doi.org/10.1021/acs.jpcc.0c04205
https://www.ncbi.nlm.nih.gov/pubmed/32952774
https://doi.org/10.4491/eer.2023.733
https://doi.org/10.26599/ECS.2025.9600007
https://doi.org/10.1039/d6ra02129h
https://www.ncbi.nlm.nih.gov/pubmed/42124836
https://doi.org/10.1016/j.micromeso.2024.113159
https://doi.org/10.3390/su18157975

	Introduction 
	Materials and Methods 
	Preparation of Biosorbent 
	Description of Arachis hypogaea, SEM, and FTIR Analysis 
	Experiments of Batch Biosorption 
	Biosorption Isotherms 
	Municipal Wastewater Samples 
	Immobilization Technique 
	Laboratorial Design of Treatment Unit 
	Statistical Analysis 

	Results and Discussion 
	Arachis hypogaea PH and PHP Biosorption 
	Point of Zero Charge Determination (pHpzc) 
	Biosorption Characteristics and Optimization 
	Effect of pH 
	Effect of Contact Time 
	Effect of Temperature 
	Effect of Biosorbent Weight 
	Effect of Particle Size 

	FTIR Analysis 
	SEM Biomass Investigation 
	Adsorption Isotherms 
	Langmuir Isotherm 
	Freundlich Isotherm 

	Biosorption Kinetics 
	Thermodynamic Analysis 
	Investigation of Municipal Drainage Samples 

	Conclusions 
	References

