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A B S T R A C T

The occurrence of arsenic in the surroundings raises apprehension because its detrimental im-
pacts on both human health and the ecology. Since adsorption is an effective, affordable method
that can be adjusted to specific environmental circumstances, it is a sustainable solution for the
removal of arsenic from the aquatic environment. Utilizing biomass that has been chemically
activated may be a viable way to increase the adsorption capacity of the material, reduce arsenic
pollution, and protect the environment and human health. In the proposed research, Fe(III)
loaded saponified Punica granatum peel (Fe(III)-SPGP) has been synthesized to remove arsenic
from aqueous solutions. FTIR and SEM analysis were utilized to carry out the characterization of
the biosorbents. Batch experiments were carried out by altering several factors including pH and
contact time, in addition to initial concentration and desorption. The most effective pH for As(III)
adsorption using Fe(III)-SPGP was discovered to be 9.0. After determining that a pseudo-second-
order kinetic model was the one that provided the greatest fit for the results of the experiment, the
model developed by Langmuir was applied. It was discovered that the maximum adsorption of As
(III) that could be adsorbed by Fe(III)-SPGP was 63.29 mg/g. The spent biosorbent may easily be
reused again in subsequent applications. Based on these findings, Fe(III)-SPGP shows promise as a
cheap effective sorbent for excising contaminants of As(III).

1. Introduction

All life on Earth is dependent on water, as it is the most abundant component on the planet. Human activity is a major contributor to
the degradation of water quality, which has emerged as a significant environmental issue in today’s global society. Additionally, it is
believed that the biggest obstacle to achieving the sustainable development goals by 2030 is water scarcity [1]. Heavy metals are
particularly worrisome as a class of contaminants since they are extremely poisonous, do not degrade, and remain relatively constant
over time [2]. Damage to biological macro-molecules is mostly caused by oxidation when heavy metals bind to DNA and nuclear
proteins. Heavy metals also contribute to cellular dysfunction [3]. The main hazardous heavy metal contaminants include arsenic (As),
nickel (Ni), mercury (Hg), cobalt (Co), cadmium (Cd), and chromium (Cr) among others [4,5]. The pollution caused by these heavy
metals is not only harmful to the environment; it also poses a significant threat to human health. Arsenic is among the potentially
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harmful heavy metals that is being investigated as a serious water toxin which can have a variety of consequences on people’s health.
Arsenic is a potentially harmful non-essential component of natural environment, may give rise issues with skin, nervous and circu-
latory systems, as well as cancer and even death in extreme cases [6,7]. Arsenic can be generated through naturally occurrences
including erosion actions, biologic processes, and eruption of volcanos, along with manmade actions including the refining of pe-
troleum, the mining of gold, and the application of herbicides and insecticides in agriculture [8,9]. Arsenic can exist in oxidation states
ranging from − 3, 0,+3 and+ 5, with As(III) and As(V) being main types of element that are hazardous and present in water [10]. The
World Health Organization (WHO) has determined that the highest amount of arsenic that can be present in drinking water is 10 μg/L
[3].

It is believed that arsenic can cause both cancer and mutations in living organisms. There are a variety of heavy elements, each of
which, when exposed to their environment, produces a toxic and hazardous byproduct. In addition to these, arsenic is extremely
poisonous and distinct from the others; it can be found in soil and water as the inorganic species arsenate. Furthermore, it can be found
in groundwater and seawater as arsenite, along with various other metals such as copper, lead, and iron. An exposure to arsenic
through the mouth or the digestive tract can cause immediate as well as persistent symptoms in the environment. Arsenic has been
connected to causing striking hurdles in a bodily organ system, including the respiratory, nervous, circulatory, hematological,
immunological, endocrine, hepatic, renal, and reproductive system and development, as well as epigenetic modification and genetic
abnormalities [11].

Because of the consequence of the arsenic contamination, investigators have concentrated on a variety of aspects to find effective
methods for detoxifying water. These techniques include adsorption, reversible osmosis, ion exchange, coagulation, nanofiltration,
biological methods, membrane distillation, and photocatalytic oxidation, among others [12]. While there are various physical and
chemical methods available for removing heavy metals, adsorption is notably productive and economical. The adsorption technique is
environmentally safe and has a high removal capacity due to its selectivity and low formation of hazardous byproducts. Agricultural
wastes have been the subject of recent studies because they are inexpensive, plentiful and include a number of polymeric compounds
that can bind heavy metals effectively [13]. The process of adsorption is an immensely beneficial method, and through its utilization,
the residual substances derived from agricultural waste, including fruit peels, shells, straw, sawdust, orange peels, and litchi pericarp,
can be effectively employed for the elimination of metal toxicity [14]. Pomegranate peel based biosorbent is one example which is
efficient, cheap, and a renewable resource for the ejection of hazardous heavy metals from the groundwater [15,16]. One of the
popular fruit crops, pomegranate (Punica granatum) is grown in several nations, including Nepal. Pomegranate peel, which is a residual
product of the fruit juice sector, is a less researched material with promising capabilities as a sorbent for the ejection of deleterious
contaminants in aquatics bodies. Pomegranate peels, denoted as PP, may constitute up to 30 % of the overall weight of the fruit.
Despite this fact, they are frequently discarded as residual waste and are easily obtainable at no cost or for a very low price [17]. In
conjunction with lignin, sugar molecules, hemicellulose, cellulose, limonene, and other substances, it comprises around 10–15 %
pectic substance [18]. Thus, modifying the biological polymer found in PP material to create a natural anion exchange for removing
arsenic ions offers a novel and efficient solution in terms of financial and ecological issues. The triumph of this research lies in its
creation of a eco-friendly material and reduction of farm waste. Therefore, the aim of this particular study is to utilize discarded
pomegranate peel to develop a natural material for exchanging anions, capable of capturing arsenic oxyanions.

The pectic acid of pomegranate, when combined with calcium in saponified Punica granatum peel (SPGP), acts as a cation
exchanger. This process aids in the uptake of metal ions through an exchange of cations reaction involving Ca(II) ion. Nevertheless, the
process of biosorption of anionic species onto SPGP poses challenges, requiring further modifications to enhance its capacity as a
biosorbent for anionic species. As a result, iron in its Fe(III) form was incorporated into the structure of SPGP to create locations for
exchanging anions, which would then capture oxyanion arsenic. In our previous study, we investigated the potential of Zr(IV)-loaded
pomegranate peel as an efficient bio-adsorbent for arsenic removal [19]. Past studies have highlighted zirconium as a highly effective
metal for this application [3]. Nonetheless, the high cost associated with zirconium continues to be a significant barrier to its wide-
spread use. Iron, which has a similar chemistry to zirconium, has demonstrated significant effectiveness in arsenic adsorption. Ferric
hydroxide and ferric oxide are particularly noted for their strong selectivity toward arsenic [20–22]. By creating an adsorbent from
pectin-rich pomegranate peel combined with the relatively inexpensive FeCl3 salts, both the adsorption efficiency and the
cost-effectiveness of the adsorbent can be substantially reduced. In the context of species containing oxygen donors such as oxyanions
of arsenic, the Fe(III) cation demonstrates a robust electrostatic and coordinative attraction. Furthermore, modest Fe (III) ion con-
centrations do not harm human health. Under such conditions, Fe(III) has been chosen to modify previously proposed adsorbent,
pomegranate peels in order to improve As(III) adsorption performance.

As far as we are aware, there are not any reports in the literature on adsorptive removal of As (III) using iron loaded pomegranate
peel. This has led to the investigation using Fe(III) loaded pomegranate peel as a newmaterial that can remove As(III) from water. As a
result of the absence of a suitable economic material for arsenic removal, our study focused on developing inexpensive adsorbents
using pomegranate. The financial feasibility is crucial for effectively absorbing arsenic from water in rural areas. The peel of the
pomegranate, found abundantly as organic waste in many places, is distinguished by a range of functional groups on the surface.
Additionally, it does not leach harmful substances into the water being treated, making it a key focus of our research efforts. Hence, the
utilization of Fe(III)-SPGP is suggested as an innovative sorbent for the elimination of As(III) from the aqueous solution. These peels
contain a wealth of nutrients and have a variety of medical applications in addition to their usage in the elimination of heavy metals
[23,24]. FTIR, SEM, and EDS were among the characterization methods that were utilized to understand biosorbents. Various factors
such as the pH of the solution, the duration of interaction, the amount of biosorbent used, and the concentration of As(III) were
examined to understand their impacts, followed by a thorough analysis of the findings. The desorption study entailed the evaluation of
the potential regeneration and reutilization of the biosorbent.
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2. Materials and methods

2.1. Chemicals

Solely high-grade analytical chemical reagents were employed in the study, without undergoing any further purification pro-
cedures. The initial step involved the dissolution of a stock solution containing 1000 mg/L of arsenic trioxide (As2O3) in a solution
comprising of 20 mL of 10M NaOH. Subsequently, the aforementioned solution was neutralized using nitric acid and subsequently
diluted to obtain a final volume of 1000 mL. During the experiment, the stock solutions were subjected to many dilutions, which were
carried out with double-distilled water.

2.2. Biosorbent preparation

Punica granatum (Pomegranate) fruit was gathered from a variety of locations across Bhotahity, including Indra Chowk and
Bagbazar Fruit Shop Kathmandu, Bagmati Province, Nepal. After that, the peels of the pomegranate fruit were peeled, washed, and
dried in the sunlight for a period of two to three days. After that, the dried peels were sliced into tiny pieces so that they could be
ground in the laboratory mill. To obtain a fine and definite particle size, the fine powder made from pomegranate peels was passed
through a filter with a mesh size of 150-μm. Next, it was placed in a clean, airtight container for storage. Because of the process by
which the powdered pomegranate was obtained, it was first categorized as raw pomegranate peel (RPP). The method for preparing the
Fe(III)-loaded saponified pomegranate peel was adapted from that described by Paudyal et al. [25]. Initially, a precise amount of 20 g
of RPP was carefully measured out before being combined with 500 mL of saturated calcium hydroxide and agitated in a mechanical
shaker. Following a 24-h saponification reaction between lime water and RPP ester groups, it was filtered and washed thoroughly for
several rounds of decanting using distilled water to achieve a neutral pH. Then after, it was heated at 60 ◦C for 24 h and finally
saponified pomegranate peels (SPGP) were collected as the product. To produce an anion exchange site for arsenite, Fe(III) was added
into the polymer matrix of SPGP peel by loading. For this, 10 g of SPGP and 500 mL of 0.1 M FeCl3.6H2O were stirred in a shaker for 24
h. The resultant product underwent filtering and distilled water washing to achieve a pH of neutrality. After being washed, the powder
was put into an oven to dry. As a result of the aforementioned loading reaction, Fe(III) was loaded onto the SPGP by replacing calcium
by iron, and the resulting material is designated as iron loaded SPGPwhich abbreviated as Fe(III)-SPGP hereafter. Scheme 1 depicts the
chemical reactions that take place during the production of Fe(III)-SPGP. Iron generally forms the octahedral complex in aqueous
solution, thus there is the possibility of binding six ligand around the iron’s coordination sphere. Due to the expansive polymeric
composition of pomegranate pectin, it is unfeasible for the chains of carboxylic acids in pomegranate peel to neutralize all charges of Fe
(III) during the loading reaction. Hence, a few positive charges of Fe(III) are removed by the carboxylic acid groups found in
pomegranate peel, while the remaining charges are balanced out by hydroxyl ions in a watery environment. Additional coordination
numbers are fulfilled by water molecules. These hydroxyl and water ligands are inferred to be the major active center for arsenic
adsorption.

2.3. Biosorbents characterization

The biosorbent surface’s functional groups were identified using Fourier transform infrared spectroscopy (FTIR). The surface
microstructure and other morphological behavior were imaged using scanning electron microscopy (SEM). To unveil the elemental
makeup, the X-ray Energy Dispersive Spectrometer (EDS) was employed.

2.4. Biosorption experiments

The biosorption experiment of As(III) using Fe(III)-SPGP was done using a batch approach. To accomplish this task, a specific
volume of a solution containing As(III) along with a known initial concentration and a certain amount of biosorbent were combined in
a 100 mL flask and subjected to equilibration. To verify that the biosorbent and metal solution had reached equilibrium, the com-
bination was shaken in a shaker at 298K for 12 h at a speed of 150 revolutions per minute. After the solution had equilibrated, it was
filtered, and the filtrates from that process were used for a study of the remaining level of arsenic ions.

Scheme 1. Fe(III)-SPGP synthetic method utilizing saponification and Fe(III) loading.
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The initial and equilibrium concentrations of As(III) in water samples were measured using an Inductively Coupled Plasma –
Optical Emission Spectrometer (PerkinElmer Avio 220Max, ICP-OES). The calibration solutions were made using ICP standards for As
(Sigma-Aldrich, 1000 ppm). pH, contact time, and initial metal ion concentrations at room temperature, to gather equilibrium data.
During research involving batch adsorption, the effects of varying factors such as pH of the solutions, initial concentration of As(III)
ion, influence of co-existing ions, and contact time were investigated. All experiments were performed in triplicate, and the results for
As(III) analysis are presented as mean values ± standard error. Equations (1) and (2) were used to determine the equilibrium
adsorption capacity, given by the symbol qe (mg/g), and the percent of removing, denoted by the symbol Re% [26].

qe =
(Co − Ce)V

m
(1)

Re %=
(Co − Ce)

Co
× 100 (2)

where, Co represents the initial concentration in milligrams per liter, Ce represents the equilibrium time concentration of As(III) in
milligrams per liter, m represents the biosorbent’s mass in grams, and V is the solution’s volume (L).

2.5. Modelling of experimental data

The process of monolayer adsorption on the surface of a biosorbent is characterized by the application of the Langmuir isotherm
model. This model can be mathematically represented in two different forms: non-linearly with the utilization of Eq. (3) and linearly by
means of Eq. (4) as outlined below [27],

qe =
qmax.KL . Ce
1+ KL.Ce

(3)

Ce

qe
=

1
qmax KL

+
Ce

qmax
(4)

where, KL represents the Langmuir constant, which is expressed in milliliters per milligram, while qmax signifies the maximum
adsorption capacity, denoted in milligrams per gram.

The separation factor, or dimensionless constant (RL), is typically employed with Eq. (5) to evaluate the quality of a Langmuir
isotherm. There are four possible outcomes for the adsorption process: (0 < RL < 1), unfavorable (RL > 1), linear (RL = 1) or Irre-
versible (RL = 0).

RL =
1

1+ (KLCO)
(5)

With the help of non-linear Eq. (6) and linear Eq. (7), we can formulate the model for multiple layers adsorption on an uneven surface,
which is specified by the Freundlich equation [28],

qe =KF (Ce)
1/n (6)

log qe = log KF +

(
1
n

)

log Ce (7)

where, KF [(mg g− 1) (L mg− 1)1/n] is Freundlich constant and n is Freundlich exponent.
By utilizing pseudo-first-order and pseudo-second-order models, the study investigated the adsorption kinetics of As(III) on the

biosorbent. Eq. (8) is the standard form for the pseudo first order linear equation [25],

log(qe– qt)= log qe–
k1

2.303
t (8)

in which qt (mg/g) represents the sorption capacity at time t, while k1 (mg/g.min) denotes the rate constant for pseudo first order
kinetics. In Eq. (9), we get an expression for a linear equation of pseudo second order,

t
qt

=
1

k2qe2
+

t
qe

t (9)

In the context of a pseudo second-order model, the rate constant is denoted as K2 (g mg− 1 min− 1).
By adding three different concentrations of each coexisting ions into a 25 mg/L arsenite solution, it was possible to assess the effects

of competitive ions found in natural water on the biosorption of As(III). A similar procedure was used to prepare a blank sample
without the use of a coexisting anion. The solution’s pH was maintained at 9.0. After adding the 1 g/L dose of biosorbent, the sample
was agitated for 12 h at the ambient temperature. To analyze the As(III) content, the filtrate were collected.

B.D. Pant et al.
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2.6. Desorption and regeneration test

When determining whether it is economically feasible, one of the most important considerations to take into account is how the
biosorbent may be regenerated. It was determined that the biosorbent could be reused by following the processes that were disclosed
[29]. The objective of this endeavor was to achieve an economic improvement in the adsorption process by replenishing and recycling
the material. 0.1 M NaOH solution (stripping solution) was mixed with 25 mg of the spent biosorbent for 12 h to liberate the As(III) ion
in order to evaluate the regeneration of Fe(III)-SPGP. Later on, it was filtered and dried. As(III) biosorption was again accomplished
using the recovered biosorbent. To assess the reuse ability of the biosorbent, four successive cycles of the biosorption/regeneration
process were conducted in equilibrium circumstances. For each succeeding cycle, the % biosorption of As(III) was assessed.

3. Results and discussion

3.1. Biosorbent characterization

The functional groups on the material were identified with the help of an important analytical technique called FTIR [30]. In the
region of 4000-400 cm− 1, FTIR spectra of both unmodified raw RPP and chemically modified Fe(III)-SPGP were studied (Fig. 1).
Biosorbents FTIR analysis can unveil the functional groups responsible for binding metal ions by comparing infra-red spectra prior to
and subsequent to adsorption under ideal conditions. The noteworthy peak detected at 3340 cm− 1 in feed material, RPP, originates
from the elongated vibration of hydroxyl groups exist in pectin, hemicellulose, lignin and cellulose. The peak observed at a wave-
number of 2920 cm− 1 can be attributed to the vibrational stretching of C-H bonds. Similarly, the peak detected at 1731 cm− 1 is a result
of the stretching vibrations of carboxylic acid and ester groups present in the biopolymer extracted from pomegranate peel. Following
the process of saponification, the peak observed at 1731 cm− 1 in SPGP vanishes as a result of the creation of the －O－Ca linkage
within Ca－pectate. Simultaneously, a distinct peak emerges at 1420 cm− 1. The peak of the SPGP, originally at 1420 cm− 1, moved to a
lower wave number (1410 cm− 1) after Fe(III) loading, as a result of the development of the－O－ Fe linkage of Fe(III)－pectate in Fe
(III)-SPGP. From this observation, it is declared that the easter and carboxylic functional groups has the main role for the saponification
and iron loading, respectively.

Fig. 2 shows the SEM images of RPP, Fe(III)-SPGP, and the Fe(III)-SPGP adsorbed with As(III). The RPP surface was found to appear
smooth and homogeneous, with few pores and voids (Fig. 2(a)). The presence of a waxy and dense layer was noted on the exterior of
RPP, possibly attributed to the presence of sugars, pigments and some water soluble organic and inorganic compounds. After Fe(III)
loading (Fig. 2(b)), the surface of the adsorbent became rough, and heterogeneous that contained numerous pores and voids. It
provides evidence that the new material with different surface morphology has been formed. Surfaces became rough and porous as a
result of chemical alteration, maybe due to the elimination of smooth and waxy components like glue, sugar molecules and limonene
[31]. In case of As(III) adsorbed Fe(III)-SPGP (Fig. 2(c)), the surface roughness was found to be reduced. All the outcomes indicate that
Fe(III) can be loaded onto RPP, which effectively adsorbed As(III) ions, which will be further proved by analyzing elemental
composition of arsenic adsorbed Fe(III)-SPGP.

To determine elemental composition, the EDS spectrum of arsenic adsorbed Fe(III)-SPGP was recorded together with the mapping
of individual elements as shown in Fig. S1 provided in the Supplementary Information (SI). The electronic layer imaging and its total
elemental mapping is shown in Figure Fig. S1(a), which shows the existence of carbon, oxygen, iron, and arsenic as major elements.
Further confirmation and comfort for visual observation were made by individual elemental mapping as shown in Fig. S1(b). This
analysis further substantiated the presence of the specific elements, where green, gray, yellow and purple color indicates carbon,
oxygen, arsenic and iron, respectively. For further confirmation, the EDS spectra of As-Fe(III)-SPGP was recorded as illustrated in
Fig. S1(c). The analysis revealed that the elements such as carbon (65.29 %), oxygen (31.63 %), iron (2.09 %) and arsenic (0.99 %)
were identified as the primary elements present in As-Fe(III)-SPGP, with binding energy values of 0.27, 0.54, 6.40, and 1.24 keV,

Fig. 1. Ftir spectra of RPP, SPGP and Fe(III)-SPGP.
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respectively. The observation of 0.99 % of arsenic in the sample of As-Fe(III)-SPGP provides the direct evidence that the Fe(III)-SPGP
has significantly adsorbed arsenic ions.

3.2. Effect of solution pH

The impact of the pH level of the solution plays a crucial role in the realm of adsorption. Because of this, the biosorbent’s surface
charge, ionization level, and arsenic specification are all altered. This results in a shift not just in the degree of ionization and spec-
ification of arsenic but also in the outer charge of the biosorbent itself. The pH can determine whether the active site on the sorbent
becomes protonated or deprotonated. The amount of As(III) that was adsorbed by a substance corresponds to the pH level of the
solution. Fig. S2 provided in the SI illustrates the speciation of As(III) at various pH values [3].

For the biosorbents RPP and Fe(III)-SPGP, the maximum amount of As(III) was adsorbed at a pH of 9.0 (Fig. S3 provided in the SI).
Arsenite primarily exists as neutral H₃AsO₃ in acidic conditions (pH < 7) and as H₂AsO₃⁻ in basic conditions (pH 8–12). The speciation
of arsenite affects its interaction with adsorbents, and the efficiency of the adsorbent can vary depending on the chemical form of the
As(III) ion in solution. From a pH of 6.0–9.0, a higher percentage of adsorption was seen; after the pH rose above 9.0, the percentage of
adsorption dropped off substantially. he abrupt drop in arsenite adsorption seen at high pH values (>10.0) may be related to the
competitiveness between hydroxide ions and arsenite anions for the available adsorption sites [32]. Comparing the percentages of
removal achieved by the two biosorbents, it is evident that Fe(III)-SPGP is significantly better, with a value of 76.7 % compared to
RPP’s 26.01 %. The adsorption process of Fe(III) leads to the development of additional anion exchange locations on the Fe(III)-SPGP
surface, which contributes to the enhanced adsorption capacity of arsenite. Since RPP was not effective for As(III) adsorption, thus Fe
(III)-SPGP is only the system for which we performed the further analysis at optimum pH 9.0.

3.3. Changes in As(III) adsorption on Fe(III)-SPGP as a function of contact time

By altering the contact period and keeping all additional variables constant, the biosorption of arsenite ions on Fe(III)-SPGP was
examined and the result is shown in Fig. S4 provided in the SI. The findings indicate that the adsorption rate of As(III) was rapid
initially, then gradually decreased before reaching equilibrium. The rapid adsorption at the beginning is attributed to the presence of a
substantial quantity of active adsorption sites. As the lapse of time, some of the adsorption sites were occupied by arsenite anion so that
a smaller number of biosorption sites are available for further adsorption leading to decrease of adsorption rate. After the occupation of
all the adsorption sites by arsenite anion, there was no or negligible possibility of biosorption resulting adsorption equilibrium. The
biosorption equilibrium was achieved at 90-min time at optimum pH of 9.

Fig. 2. SEM images of (a) RPP, (b) Fe(III)-SPGP prior to adsorption, and (c) Fe(III)-SPGP following the adsorption of As (III).

Fig. 3. Adsorption kinetics of As (III) on Fe(III)-SPGP: (a) PFO kinetic plot and (b) PSO kinetic plot. Values are presented as mean ± standard error
(n = 3).
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3.4. Biosorption kinetics studies

The properties and mechanism of the adsorption of As (III) onto Fe(III)-SPGP were investigated by using pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic models. Adsorption kinetics investigations were conducted at an optimal pH of 9. Two separate
graphs of log(qe–qt) vs time (Fig. 3(a)) and t/qt vs time (Fig. 3(b)) were plotted to evaluate the kinetics parameters of both models. The
kinetic plot for As (III) adsorption showed that the measurement of correlation coefficients (R2) for PSO was found to be greater (close
to 1) than that of PFO. The kinetic parameter estimates are presented in Table 1.

The adsorption of As(III) onto Fe(III)-SPGP was effectively elucidated by the pseudo-second order kinetic model. It has been
suggested that the ligand sites of exchange in Fe(III)-SPGP and the As(III) anion may contribute to the biosorption process through
electron sharing or transfer. Evidence from prior investigations also suggested that As(III) biosorption favors a pseudo-second-order
model [28,29].

3.5. Effect of initial concentration and isotherm modelling

When utilizing 25 mg of Fe(III)-SPGP at the most suitable pH settings, an analysis was carried out to assess the impact of varied
initial concentrations of As(III) ranging between 10 and 500 mg/L, as illustrated in Fig. S5 provided in the SI. As per the results, an
increase in the concentration of As(III) ions led to a rapid rise in biosorption capacity, followed by a gradual increase when it reached
saturation (plateau) at high concentrations. One possible explanation for the initially high biosorption rate is that an increasing
number of accessible sorption sites have been made available by the biosorbent. Once a certain concentration threshold is reached, not
more biosorption can take place since no more sites are accessible. The removal of arsenic occurred more rapidly at lower concen-
trations in comparison to higher concentrations, implying that Fe(III)-SPGP is much more suitable for treating aqueous solutions
containing very small quantities of arsenite.

Applying a variety of models to the data, such as the Langmuir (Fig. 4 (a)) and Freundlich (Fig. 4 (b)) isotherms, allowed the
biosorption system to be determined through the process of fitting the data. When learning more about the properties of a biosorbent’s
surface, an adsorption isotherm is an invaluable tool. It offers a comprehensive explanation of the equilibrium ratio of metal ions,
encompassing both the solid and liquid states, as well as the relationship between the metal ion and the biosorbent. The best fitting
model for As(III) adsorption on Fe(III)-SPGP was identified using the results of the plots. Fig. 4(a) and Figure (b) show the Langmuir
and Freundlich isotherms, respectively, that have been linearized for Fe(III)-SPGP, and a table contains the isotherm parameters that
were calculated (Table 2). According to the isotherm analysis, the R2 measurement of Fe(III)-SPGP for the Langmuir isotherm plot was
0.999, which is higher than the R2 value 0.898 for the Freundlich isotherm. The Langmuir isotherm model was employed for the
computation of the maximum adsorption capacity (qmax), resulting in a value of 63.29 mg/g, closely resembling the experimental
measurement of 61.48 mg/g. The findings showed that adsorption on a single layer occurred, and that the biosorbent’s active sites
were evenly dispersed over its surface.

Further utilizing the Langmuir isotherm equation, it was discovered that the RL values for As(III) on Fe(III)-SPGP between 0 and 1 as
shown in Fig. 4 (c). This value is situated within the interval of (0< RL < 1), indicating the appropriateness of the process for the
adsorption of As(III) and the compatibility of the adsorption data with the Langmuir adsorption isotherm [33].

Using Fe(III)-SPGP as an example, this study compares the maximum capacity for As(III) adsorption to that for various biomass-
based biosorbents described in the literature (Table 3). According to the findings, the As(III) absorption capability of Fe(III)-SPGP
is impressive when compared to the other biosorbents that have been reported. This finding suggests that Fe(III)-SPGP could be a
promising contender for removing As(III) ions from water samples.

3.6. Influence of co-existing ions

It was determined how different competing ions affected the biosorption of As(III), and the outcomes are revealed in Fig. S6
provided in the SI. As can be observed in the figure, the presence of SO4

2− and Cl− at any concentration level, very marginally lowers the
percentage of As(III) that is adsorbed when compared to the blank. This could be since these ions are less capable of binding than As
(III) ions. However, the addition of PO4

3− considerably decreased As(III) biosorption because phosphate and arsenite ions vie for
binding sites on the biosorbent. Because of their identical chemical and structural properties in aqueous solutions, phosphate and
arsenite cause a sharp decrease in arsenate biosorption [40].

3.7. Desorption study and reusability of Fe(III)-SPGP

The adsorbed metals should be removed from the biosorbent for the study of desorption before being regenerated for a subsequent
cycle of the process. One way to effectively minimize costs is by employing a technique called biosorbent regeneration. Since As(III) ion

Table 1
As(III) adsorption kinetic parameters on Fe(III)-SPGP.

Kinetics models Adsorbate qe(exp) (mg/g) qe(cal) (mg/g) K1 (min− 1) K2 (mg/g/min) R2

PFO As(III) 23.41 12.70 3.08 × 10− 2 – 0.967-
PSO As(III) 23.41 24.03 – 6.60 × 10− 3 0.998
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is weakly adsorbed on Fe(III)-SPGP at pH greater than 11, using an alkali solution makes it simple to desorb As(III) from the exhausted
biosorbent. Therefore, the Fe(III)-SPGP which adsorbed As(III) can undergo rejuvenation for the purpose of reutilization by means of
the application of a 0.1 M NaOH solution. The presence of a significant amount of OH− ions in the alkaline solution could have
facilitated the exchange of adsorbed As(III) anions through a ligand exchange process [31]. The Fe(III)SPGP desorbed by NaOH was
isolated and neutralized for reuse by rinsing with DI water. After desorption, up to four series of biosorption/desorption were con-
ducted in order to assess the potential for reusing the biosorbent. The As(III) biosorption capacity declined from 76.6 % to 51.3 % after
four consecutive cycles, as illustrated in Fig. S7. It was discovered that few attractive sites cannot be fully reversed through the
desorption process. Even though its biosorption capacity decreased with repeated recycling, the Fe(III)SPGP was a greatly ecological
and favorable biosorbent for removing As(III) from water solution. The desorption of As(V) from As(V) adsorbed Zr(IV) loaded
saponified pomegranate peel [19]; Fe(III) loaded saponified pomelo peel [41] and desorption of Cr(VI) from Cr(VI) adsorbed modified
Lichi chinesis seed powder [42], were seen in a manner resembling this.

3.8. Mechanism of As(III) adsorption and desorption on Fe(III)-SPGP

Scheme 2 depicts the process of adsorption and desorption of As(III) on Fe(III)-SPGP. The dominant monoanionic species (H2AsO3
− )

and neutral species (H3AsO3) are considered to be accountable for replacing hydroxyl ions or water molecules during the adsorption of
As(III). The process of surface protonation gives the biosorbent a positive charge. Electrostatic attraction phenomena occur between
the protonated surface of the biosorbent and the monoanionic species (H2AsO3

_ ), leading to the adsorption of H2AsO3
_ onto the surface

of Fe(III)-SPGP. It’s possible that As(III) is adsorbed onto protonated sites of -OH in the Fe(III)-SPGP occurs via an ion-exchange

Fig. 4. Biosorption of As(III) onto Fe(III)-SPGP: (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) change of RL with initial As(III) con-
centration. Values are presented as mean ± standard error (n = 3).

Table 2
Adsorption of As(III) onto Fe(III)-SPGP: Isotherm parameters.

Adsorbate Langmuir Isotherm Freundlich Isotherm

qmax (mg/g) KL (L/mg) R2 KF [(mg g− 1) (L mg− 1)1/n] 1/n R2

As(III) 63.29 0.90 0.999 11.88 0.309 0.898

Table 3
Capacity for As(III) biosorption of different biosorbents compared to that of Fe(III)-SPGP.

Biosorbents Optimal pH qm (mg/g) Reference

Zr(IV)-loaded saponified pomegranate peel 8.0 72.52 [19]
La(III)-loaded saponified watermelon rind 12.08 37.73 [31]
Zr(IV)-loaded apple peels 9.0 15.68 [32]
Modified hazelnut shell 9.0 11.84 [34]
Zr-chitosan modified sodium alginate composite – 43.19 [35]
Powdered almond shell 7.2 4.6 [36]
Iron-coated seaweeds 7.0 4.2 [37]
ZrO2-coated sawdust 7.0 29.0 [38]
La2O3-coated sawdust 7.0 22.0 [38]
Iron dopped amino-functionalized sawdust 7.0 10.1 [39]
Fe(III)-SPGP 9.0 63.29 Present work

B.D. Pant et al.



Heliyon 10 (2024) e37382

9

process. Another possible mechanism for As(III) adsorption onto protonated sites of -OH inside the Fe(III)-SPGP involves an ion-
exchange reaction [28,29]. The kinetic data for As(III) adsorption onto Fe(III)-SPGP align closely with the pseudo-second-order ki-
netic model, indicating that the process may be influenced by chemisorption. The results suggest that the adsorption of As(III) on the Fe
(III)-SPGP surface is controlled by both ligand exchange, which forms inner-sphere surface complexes, and the electrostatic in-
teractions between the negatively charged arsenate ions and the positively charged adsorbent’s surface.

The biosorbent that has been used up by the biosorbent can be regenerated with the help of a NaOH solution, which also allows the
As(III) ions to be recovered. In accordance with Scheme 1, the hydroxyl ions that are present in solution participate in a ligand
replacement process with the sorbed oxyanions of As(III).

4. Conclusions

The elimination of As(III) by Punica granatum and its chemically modified form was investigated in this work, and their efficacy
was evaluated by modulating a number of various factors. According to the findings of the investigation, it was determined that the Fe
(III)-SPGP demonstrates effective potential in removing As(III) from water solutions through the process of adsorption. A variety of
analytical methods, including FTIR, SEM, and EDS, were utilized to successfully characterize sorbents. The efficiency of the biosorbent
was determined using a batch method with a number of parameters, including the pH of the solution, the length of time the biosorbent
was in contact with the sample, and the amount of biosorbent used. It was discovered that Fe(III)-SPGP have a maximum adsorption
capacity (qmax) of 63.29 mg/g. It has been determined that the Langmuir model was the one that is more appropriate, and that the
pseudo-second-order kinetic model can adequately describe how the adsorption process works. This study reveals that an easy
treatment procedure can be used to modify the pomegranate peel, which can be obtained at a low cost from readily available material.
The current study was carried out using the batch method, however it is also possible to carry it out using the column method.

Scheme 2. Mechanism of As(III) adsorption and desorption on Fe(III)-SPGP.
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Furthermore, Fe(III)-SPGP exhibits promising characteristics as a biosorbent that can effectively eliminate toxic As(III) from industrial
effluents.
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