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Abstract

In this study, a novel composite — nano-Fe;O,/pomegranate peel biochar/alginate hydrogel beads (nFe;O4-PPBC/Alg) — was synthesized as an
alternative adsorbent for removing Cr(VI) ions from aqueous solutions. The adsorbent material was characterized using FT-IR analysis and
scanning electron microscopy (SEM). Cr(VI) removal efficiencies were calculated using the standard batch adsorption method to determine the
optimal pH, adsorbent dose, contact time, and initial concentration. Various adsorption isotherms, such as Freundlich, Langmuir, and Dubinin-
Radushkevich, were employed to describe the adsorption behavior at equilibrium. The Langmuir adsorption isotherm was found to be the most
suitable to describe the observed adsorption phenomena, and the adsorption capacity of nFe;O4-PPBC/Alg for Cr(VI) was determined to be 316.25
mg/g by the Scatchard linearization method. To investigate the adsorption processes on the nFe;O4-PPBC/Alg, kinetic models, including pseudo-
first order and pseudo-second-order models, were applied. The pseudo-second-order kinetic model provided the best fit to the experimental data.
The adsorption capacity of pomegranate peel biochar for removing Cr(VI) ions has not been previously enhanced by encapsulating it in an alginate
matrix and simultaneously magnetizing it. In this context, this study makes a significant contribution to the existing literature. This research

demonstrated that nFe;O,-PPBC/Alg is an effective adsorbent for the removal of Cr(VI) from aqueous solutions.
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1. Introduction

Although heavy metals are naturally present in the
Earth's crust, their concentrations in the environment
can become hazardous due to both natural and human-
induced processes. Human activities such as mining,
agriculture, urbanization, industrial operations, and
improper waste disposal are the primary drivers of
environmental = contamination.  These  activities
significantly accelerate the release and distribution of
heavy metals, leading to elevated levels in water which
threaten ecological systems and human health. Key
industrial sources for the heavy metals include metal
processing in refineries, leather tanning, coal
combustion in power plants, petroleum combustion in
nuclear power facilities, as well as production in plastics,
and microelectronics

textiles, manufacturing [1].

Chromium is frequently present in industrial
wastewater, especially from industries such as catalyst
production, electroplating, dye pigment
manufacturing, leather tanning, ceramics, glass
production, wood preservation, cooling tower water

treatment,

and

corrosion  prevention, and  alloy

manufacturing [2]. The extensive industrial application
of chromium has a significant downside: environmental
pollution [3,4].

Hexavalent chromium, Cr(VI), is a dangerous and
cancer-causing contaminant that presents serious threats
to human health and the environment. Many natural
water bodies have been contaminated with Cr(VI), a
compound known to cause teratogenic, mutagenic,
carcinogenic effects, and damage to multiple organs
upon human exposure. Consequently, developing an
effective and holistic approach for the degradation of
Cr(VI) has become crucial, as its high solubility in water
and environmental persistence make it a significant
global concern. Chromium mainly exists in two forms:
Cr(ll) and Cr(VI), with Cr(VI) being 100 times more
toxic than Cr(Ill) in aqueous environments. Cr(VI) is
primarily present as Cr,O7*-, CrO42-, HCrO,~ in water [5].

These anions exhibit strong oxidative and migratory
properties, posing significant environmental and health
risks.

Citation: $. Parlayici, E. Pehlivan, Highly efficient hexavalent
chromium  removal  using  nano-FesOs/pomegranate  peel
biochar/alginate composite as an advanced biosorbent, Turk J Anal
Chem, 7(1), 2025, 22-32.

**Author of correspondence
Tel: +90 (332) 205 18 45 Fax: N/A
Received: December 4, 2024 Accepted: January 19, 2025
doi https://doi.org/10.51435/turkjac.1595052

erolpehlivan@gmail.com

*This paper was presented at the 6th International Environmental Chemistry Congress, EnviroChem 05-08 November 2024, Trabzon Tiirkiye.


mailto:erolpehlivan@gmail.com
https://doi.org/10.51435/turkjac.1595052
https://envirochem.org.tr/
https://orcid.org/0000-0003-2069-7477
https://orcid.org/0000-0003-3960-6790

Parlayict and Pehlivan

Various methods are available to reduce Cr(VI)
concentrations in water bodies, including adsorption
[6,7], techniques [8],
treatments  [9], [10],
precipitation, ion exchange, and reverse osmosis are
often

electrochemical membrane

bioremediation chemical

expensive, complicated, and ineffective,

particularly at low concentrations.

Therefore, there is a pressing need for more cost-

effective, eco-friendly, and efficient solutions.
Adsorption is favored for its simplicity and broad
applicability, making it a competitive technology for
addressing heavy metal pollution in water. Various
adsorbents, including biopolymer composite [11],
activated carbon [12], biochar [13], and modified
chitosan [14], have been explored for Cr(VI) removal.
Nevertheless, there remains a demand for adsorbents
that are more sustainable, environmentally friendly, and

cost-effective.

Common adsorbents like biochar, activated carbon,
graphene, clays, carbon nanotubes, and organic
frameworks are typically nanoscale powders, often
modified with metallic or organic materials. However,
there remains a need to develop suitable embedding
materials to immobilize these nanomaterials within
appropriate matrices effectively. Among these materials,
activated carbon stands out as the most suitable
adsorbent due to its high surface area and excellent
adsorption capacity. However, the high cost of
commercial activated carbon has driven the search for
more affordable alternatives with comparable
properties. Among the materials studied, biochar has
emerged as one of the most environmentally friendly
and functional options. Biochar differs significantly from
carbon. Its production involves lower
temperatures compared to those used for activated
carbon. In the case of activated carbon, the biomass

activated

undergoes significant carbonization, losing most of its
functional groups. To enhance the carbonized surface
and increase porosity, it is further treated with steam or
chemicals. In contrast, biochar production does not
require such treatments. The biomass is carbonized at
lower temperatures, preserving its functional groups or
even activating them, making biochar a versatile
material for various applications.

Biochar has recently gained considerable attention as
an effective adsorbent due to its large specific surface
area (SSA), abundance of functional groups (FGs), and
complex pore structures [15]. Biochar, a carbon-rich
material created through the pyrolysis of biomass, has
emerged as an affordable, environmentally friendly
solution for wastewater contaminant removal [11]. Its
appeal lies in its high surface area, rich functional
groups, and sustainable production process. However,
its slow adsorption kinetics and limited adsorption
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capacity underscore the need for composite materials
with enhanced properties. HCrOs~ ions can be adsorbed
onto the COOH, and OH surface groups of biochar,
where they form hydrogen bonds and undergo redox
reactions with phenolic compounds. This process
facilitates the reduction of Cr(VI) to Cr(IIl), which is then
immobilized in situ on the adsorbent surface.

Numerous studies have previously focused on
modifying biochar with nanomaterials or metal nano-
oxides [16]. Among these, nano-zero valent iron (nZVI)
stands out for its advantageous properties, including
cost, high specific area,
reducibility, strong reactivity, and nano-scale particle
size. Consequently, there is a growing body of research

low surface excellent

employing nZVI-modified biochar for the remediation of
heavy metals and organic pollutants in the environment.
This research involves a novel and effective strategy that
combines alginate and Fe;O4 nanoparticles with biochar
derived from pomegranate peel. The nFe;O,-PPBC/Alg
is a new composite that combines the biocompatibility of
alginate, the adsorption capabilities of biochar made
from pomegranate peel, and the magnetic properties of
Fe3O4 nanoparticles. This composite efficiently adsorbs
and removes Cr(VI), addressing environmental issues
including water pollution. Its cost-effectiveness is
increased by its magnetic qualities, which make recovery
and reuse simple.

Alginate (Alg) is an inexpensive and easily produced
biomaterial rich in carboxyl groups. Alg is a commonly
used natural linear anionic polysaccharide, mainly
composed of f-1,4-glycosidic linkages between a-L-
mannuronic acid and B-D-guluronic acid. It is highly
biocompatible, biodegradable, and capable of forming
gels of various sizes and shapes through cross-linking
with divalent or trivalent metal ions [17]. Alg, a natural
polysaccharide extracted from brown algae, is highly
regarded for its exceptional gel-forming properties and
strong ion-binding capabilities. Its
biocompatibility, biodegradability, and versatile gel-
forming characteristics have made it a popular choice in
numerous applications [15]. Because alg has both

metal

hydrophilic and hydrophobic groups, it can hold onto a
large amount of bound water while being prepared,
creating free diffusion routes for molecules that are
soluble in water. Alg is a useful substance for treating
heavy metal ions because of this characteristic, which
permits contaminants to enter the gel's interior. When
incorporated into biochar composites, Alg improves
adsorption capacity by offering additional binding sites
on the composite [18,19].

Expanding on these ideas, Alg and biochar were
thoroughly mixed and introduced into a nFe;O4 solution,
forming a nFe;O,-PPBC/Alg composite gel. nFe;O, is
highly prone to oxidation and loss, making it
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challenging to directly use nano-iron/carbon composite
materials [20]. Anaerobic or protective nano-iron can be
applied to solve this issue, such as in groundwater
environments, beneath an FeS layer, or incorporated into
polymers like alginate, chitosan, or polyaniline. Alg,
known for its excellent stability and high mechanical
strength, is a well-established coating material [21].

This study introduces nFe;Os+PPBC/Alg, a highly
effective composite material for enhancing the
adsorption of Cr(VI) from aqueous solutions. Using
biomass waste as a raw material to produce biochar
adsorbents is crucial for reducing the cost of adsorbents.
Biochar is favored for its high specific surface area and
porosity, which provide abundant adsorption sites.
However, most biochars are in powder form, which
presents challenges in usage, particularly with complex
recovery processes. Magnetic metal oxides such as Fe;O,
have become increasingly popular in recent years. When
nano Fe;O; is incorporated into the adsorbent structure,
the composite can be easily separated from the solution
medium using an external magnetic field. On the other
hand, nano Fe;O, particles often require combinations
with other materials to mitigate issues related to their
limited adsorption capacity, powder accumulation, and
to enhance their adsorption properties. In light of these
factors, nFe;O,-PPBC/Alg was synthesized.

By leveraging the binding properties of Alg, the
porous structure of pomegranate peel biochar, and the
synergistic effects of FesO4 nanoparticles, the composite
demonstrates significant potential for adsorption of
Cr(VI) in prepared aqueous solutions. The research aims
to investigate the factors influencing Cr(VI) adsorption
onto nFe;0,-PPBC/Alg, evaluate its adsorption
performance using adsorption models, and uncover the
underlying mechanisms through FT-IR, and SEM
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analyses. The uniqueness of this study lies in the fact that
Cr (VI) adsorption on nFe;O;-PPBC/Alg has not been
reported in the literature. The use of pomegranate peels,
derived from plant waste, converted into biochar and
encapsulated in non-toxic biopolymers like alginate,
presents several advantages over other adsorbents by
eliminating the need for complex pre-treatment
processes. Utilizing pomegranate peel waste as a raw
material helps reduce the challenges associated with
waste accumulation. Furthermore, the novelty of this
study is emphasized by the use of renewable, low-cost
materials, the simplicity of preparation and application,
and the enhancement of the alginate gel adsorbent's
performance without requiring chemical
processes. Additionally, the system simplifies the
removal process by converting the adsorbents into a

active

magnetic form, facilitating their separation from the
aqueous medium.

The study evaluates adsorption capacity, kinetics,
and Cr(VI) removal mechanisms, providing valuable
insights into the composite's efficiency. This offers a cost-
effective and promising solution for mitigating Cr(VI)
pollution in wastewater, supporting environmental
remediation and safeguarding aquatic ecosystems.

2. Material and method

2.1. Preparation of adsorbents

Pomegranates were sourced from a local market in
Turkey. The peels and edible parts of the fruit were
separated. The peels were washed with pure water and
dried in an oven for 24 hours. The dried peels were then
heated at 600 °C in a Magma THERM MT1210/B2 muffle
furnace for 3 hours under low-oxygen conditions to
produce biochar [22]. The biochar (PPBC) was cooled in

e
CaCl, Solutioj]t—rl

Figure 1. Synthesis scheme of nFe;O,-PPBC/Alg composite

nFes:O0:-PPBC/Alg
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Figure 2. (a) SEM images of nFe;O,-PPBC/Algae composite and (b) after adsorption Cr(VI)

a desiccator, ground into a fine powder, and sieved to
obtain particles with a size of 125 um for use in
composite preparation. To prepare nFe;O,-PPBC/Alg,
sodium alginate was first dissolved in 100 ml of distilled
water (5% w/v). The solution was mixed with a magnetic
stirrer for about 4 hours to create a homogeneous gel.
Separately, two suspensions were prepared: one
containing 2.5 g of nano-Fe;O, in 20 ml of distilled water
and another containing 2.5 g of PPBC in 20 ml of distilled
water. Each suspension was stirred at 300 rpm for 2
hours to ensure proper dispersion. These suspensions
were then added to the alginate gel and stirred with a

magnetic stirrer for 6 hours to form a uniform solution.
The resulting mixture was introduced dropwise into a
0.5 M CaCl, solution using a syringe, forming spheres.
These spheres (beads) were stirred in the solution at 100
rpm for approximately 3 hours. The beads were left in
the solution overnight, then collected by filtration,
washed with water until reaching a neutral pH, and
dried at 60 °C for 24 hours (Fig. 1). This description
details the step-by-step process of preparing the

pomegranate peel biochar composite and its
incorporation = with alginate and iron oxide
nanoparticles.
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3. Results and discussion

3.1. Characterization of composite

The composite, nFe;04-PPBC/Alg, was characterized
using FT-IR spectroscopy to identify its surface
functional groups. Post-adsorption FT-IR analysis was
also performed to verify the adsorption of Cr(VI) ions.
Surface morphology was studied by capturing scanning
electron microscopy (SEM) images of the composite both
before and after the adsorption process.

3.2. SEM analysis of composite

Using SEM, the structural differences in nFe;O,-
PPBC/Alg before and after Cr(VI) adsorption were
observed. The SEM image in Fig. 2a reveals a rough
surface before adsorption. In contrast, Fig. 2b shows the
Cr (VI) ions forming deposits and accumulating over the
surface pores, confirming their successful adsorption
onto nFe;O4-PPBC/Alg.

3.3. FT-IR spectrum of composite

The functional groups' types were analyzed using FT-IR
spectroscopy. Fig. 3 presents the FT-IR spectra of nFe;O4-
PPBC/Alg composite both before and after the
adsorption process. From the spectrum, a broad peak
around 3270 cm™ indicates the stretching vibrations of
O-H groups. The peak at 1590 cm™ corresponds to the
stretching vibrations of the carboxyl group (-C=0). A
peak at 1420 cm™ is attributed to the stretching
vibrations of aromatic C=C bonds. The band observed at
1016 cm™ signifies the stretching of ether (-C-O) and
alcohol (-C-O) groups. Additionally, the absorption
band at 535 cm™, characteristic of Fe;O4 nanoparticles, is
associated with the Fe-O bond's stretching vibrations.

The surface functional components of nFe;Os-
PPBC/Alg after with Cr(VI) ions were
determined by FT-IR spectrometry. The results are given
in Fig. 3. After the removal of Cr (VI) from aqueous
media using the nFe;O,-PPBC/Alg composite, the range
of absorption peaks in the structure of the produced

contact

composite was changed, which could be due to the
interaction of present functional groups in the structure
of the composite with Cr(VI) ions.

3.4. Effect of solution pH on Cr(VI) adsorption

The pH of a solution plays a critical role in regulating the
adsorption process. To examine how pH influences the
adsorption of Cr(VI) ions by nFe;O,-PPBC/Alg, the
equilibrium concentrations were analyzed at pH levels
ranging from 2 to 8, after a 60-minute equilibrium
period. These findings are illustrated in Fig. 4. Generally,
as the pH increases, the efficiency of Cr(VI) removal by
nFe;O0,-PPBC/Alg decreases.
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Figure 3. Pre- and post-adsorption FT-IR plot of nFe;O,-PPBC/Algae
before and after adsorption

The highest adsorption occurs within the pH range of
2.0 to 3.0. At lower pH levels, the adsorbent surface
acquires more positive charges, enhancing the
electrostatic attraction for anionic Cr(VI) species [11]. At
higher solution pH values, hydroxide ions (-OH) may
compete with Cr(VI) for adsorption sites, reducing
overall removal efficiency. Venkatrajan et al. reported
similar findings, suggesting that the adsorption of Cr(VI)
ions is predominantly driven by electrostatic
interactions at lower pH levels [5]. The maximum
chromium removal efficiency was observed when the
adsorbent surface acquired a positive charge through
protonation, facilitated by the higher concentration of H*
ions in the medium.
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3.5. Effect of contact time on adsorption of Cr (VI) ions
Contact time is a key factor in the adsorption process,
with fast adsorption being a highly desirable trait. The
impact of contact time on Cr(VI) adsorption was studied
at intervals of 5, 15, 30, 60, 120, 180, 240, 300, and 360
minutes, using a composite dose of 1 g/L at pH 2 and a
temperature of 25 °C. As illustrated in Fig. 5, the
adsorption of Cr(VI) ions occurred rapidly as the contact
time increased from 5 to 60 minutes, approaching
equilibrium within this period. After 60 minutes, the
adsorption rate slowed significantly with prolonged
contact time. The equilibrium time is influenced by the
type of adsorbent and the number of accessible active
adsorption sites. The rapid adsorption efficiency of
nFe;0,-PPBC/Alg makes it cost-effective for use in small-
scale reactor systems. Based on these findings, a contact
time of 60 minutes was chosen as the optimum for future
experiments.

3.6. Effect of adsorbent dose

The influence of adsorbent dosage on Cr(VI) removal
was assessed through experiments conducted with
various dosages (0.5, 1.0, 2.0, 3.0, and 4.0 g/L). Fig. 6
illustrates the relationship between adsorbent amounts
and both adsorption capacity and removal efficiency. In
general, the adsorption capacity of Cr(VI) initially
increases with higher adsorbent doses but decreases
after reaching a peak. Similarly, the percentage of Cr(VI)
removal rises with the dose but levels off beyond a
certain point. A rapid increase in Cr(VI) adsorption was
observed when the nFe;O,-PPBC/Alg dose was raised
from 0.5 to 1.0 g/L. Beyond the 1 g/L dosage, adsorption
reached a steady state, with only minor gains in
efficiency. Adsorption capacity was found to increase
proportionally with adsorbent dosage up to 1 g/L.
Consequently, 1 g/L was identified as the optimal
adsorbent dosage for further experiments.

3.7.Effect of the
adsorption

The initial concentration of Cr(VI) ions plays a crucial
role as a driving force to counteract mass transfer
resistances between the aqueous and solid phases.
Higher removal efficiency results from the adsorbent's
accessible active sites often capturing the majority of the
Cr(VI) ions at lower starting concentrations. The
adsorption rate decreases as the concentration rises
because the active sites get saturated. Adsorption is
stimulated by a larger concentration gradient, which is
produced by higher starting concentrations. This may
result in faster adsorption at first, but when adsorption
sites are occupied, equilibrium is attained sooner. As the
Cr(VI) concentration increases, the competition among

initial Cr(VI) concentration on
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Cr(VI) ions for the limited adsorption sites becomes
more intense, leading to a decline in the overall
adsorption performance. Fig. 7 illustrates how the initial
adsorption. The adsorption
capacity was measured across a range of initial Cr(VI)
concentrations (10 to 350 ppm). Results indicated that

concentration affects

adsorption capacity increased with higher Cr(VI)
up certain threshold. This
enhancement in retention capacity with rising initial
concentrations is likely due to the driving forces that
help overcome the resistance encountered during the

concentrations, to a

transfer of Cr(VI) ions from the solution to the nFe;O4-
PPBC/Alg surface [23].

3.8. Adsorption isotherms

Adsorption isotherms illustrate the distribution of
Cr(VI) ions between the liquid and solid phases once
equilibrium is reached during the adsorption process
[24]. Equilibrium data are crucial for analyzing and
designing adsorption systems. The adsorption behavior
of Cr(VI) on nFe;O,-PPBC/Alg was evaluated using
widely recognized models, including the Langmuir,
Freundlich, and  Dubinin-Radushkevich  (D-R)
linearization methods the composite’s
suitability. For the Langmuir model, two different linear
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methods were used, namely the Hanes-Woof and
Scatchard methods [25]. The experimental isotherms for
Cr(VI) adsorption onto nFe;O,-PPBC/Alg are presented
in Fig. 8.

Based on equilibrium data, adsorption isotherms
were analyzed, and R? values were calculated. The
Langmuir model demonstrated the best fit to the data,
with a correlation coefficient of 0.990, indicating a
monolayer adsorption process. Considering the linear
regression values in Table 1, the Langmuir model was
found to be more suitable for describing the adsorption
of Cr(VI). Accordingly, the Langmuir adsorption
capacity was determined as Qm=303.03mg g". The
Langmuir isotherm model assumes that the adsorbent
surfaces are homogeneous and form a single layer, with
uniformly distributed and equivalent binding sites for
Cr(VI) ions. This suggests that Cr(VI) ions are adsorbed
onto nFesO4-PPBC/Alg in a monolayer fashion. The
separation factor (RL) is a dimensionless constant
derived from equilibrium parameters. If the Rt value lies
between 0 and 1, the adsorption process is considered
favorable for dye removal. For nFe;O,-PPBC/Alg, the Ru
value was calculated to be 0.256, indicating that the
adsorption of Cr(VI) ions onto this adsorbent is effective
and suitable.
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Figure 8. Langmuir (Hanes-Woof linearization), Langmuir (Scatchard linearization) Freundlich, and D-R isotherm graphs for nFe;O4

PPBC/Alg
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Figure 9. Plots of pseudo-first order and pseudo-second order kinetic models for Cr(VI) adsorption

The graph resulting from the application of the
Freundlich equation to the data indicates that the
adsorption of Cr(VI) does not follow this isotherm model
(Fig. 8). The Freundlich isotherm is typically used for
multilayer adsorption and assumes a heterogeneous
surface where the heat of adsorption is distributed
unevenly among the adsorbed molecules. The fact that
the Cr(VI) adsorption by nFe;O,-PPBC/Alg does not
align with the Freundlich model for single-layer
adsorption further confirms this.

The Dubinin-Radushkevich (D-R) isotherm is widely
used for systems where the adsorption curve is
influenced by the sorbent's porous surface. This model
helps identify whether the adsorption mechanism is
physical or chemical. If the E value lies between 8 and 16
kJ/mol, the adsorption mechanism is considered
chemical. E was calculated as 1.618 kj/mol in this study,
thus, it can be said that the Cr(VI) adsorption mechanism
proceeds physically (Table 1). The Scatchard plot, a
linearized representation of the Langmuir isotherm,
offers  additional confirmation regarding the
heterogeneity of binding sites. A linear plot suggests the
presence of only one type of binding site, indicating
homogeneity, whereas deviation from linearity implies
heterogeneity. The R? value of 0.9815 demonstrates
strong linearity, confirming the homogeneous nature of
the surface and supporting the conclusion that the

Table 1. Values of isotherm parameters for Cr(VI) adsorption

Langmuir model is the most suitable for describing the
adsorption mechanism [25].

Additionally, the values obtained through Scatchard
analysis align with the Langmuir isotherm, suggesting
that the Langmuir adsorption isotherm is more
appropriate for the process.

3.9. Adsorption kinetic modeling

The adsorption kinetics of Cr(VI) ions were analyzed
using data fitted to pseudo-first order and pseudo-
second order kinetic models (Fig. 9). The pseudo-second
provided an excellent fit to the
data. A the
experimental adsorption capacities and the theoretical

order model

experimental comparison between
values predicted by the two models is shown in Table 2.
The theoretical ge values from the first-order kinetic
model deviated significantly from the experimental
values, and the correlation coefficients were lower. This
suggests that the first-order kinetic model does not
adequately describe the adsorption of Cr(VI) by nFe;O,-
PPBC/Alg. On the other hand, the correlation coefficients
for the linear plots of #/g: versus t in the second-order
model were very close to 1. The theoretical g values in
the second-order model were also very close to the
experimental values, indicating that the second-order
model fits the adsorption of Cr(VI) ions by nFe;Os-
PPBC/Alg quite well.

Models Linear equations Parameters
Langmuir Hanes-Woof linearization
c, C 1 QOm (mg/g) Kt (L/mg) R2 RL
e e
—=— 301.25 0.0146 0.9901 0.256
e Qm KLQm
a Scatchard linearization On (mg/g) Kt (L/mg) R2
C. = @Ky~ 4K 316.25 0.0135 0.9815
Freundlich I — Ink 1l c Kr (L/g) n R2
Mde = Iy 43 e 5958 1325 0.9825
D-R Ing, = InQ,,, — K, &*
1
€ =RTIn (1 + C—) On (mg/g) Ko(mol/kP?)  E(/mol) R
1 € 186.85 1.91x107 1.618 0.9266
E=
J2K,
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Table 2. Comparison of pseudo-first order and pseudo-second order
adsorption rate constants, along with calculated and experimental ge
values, for various initial Cr(VI) concentrations.

Pseudo-second order
k2

Pseudo-first order

(e exp k1 qe qe
Co (mg/L) - R? (g.mg R2
(mg/g) (min) (mg/g) mint) (mg/g)
100 8234 0.0131 5846 0.953 0.0003 90.91 0.996
200 155.57 0.0076 42.71 0.491 0.0004 158.73 0.995
300 21791 0.0134 100.15 0.863 0.0002 238.10 0.993
In(ge — qv) t 1 1
E . = Inqe — kit —Zﬁ‘l'—f
quations Linear plot of In(ge — qt) (de T2Ge e
vs. Linear plot of t/qt vs. ¢

3.10. Thermodynamic parameters

The impact of temperature on Cr(VI) adsorption was
examined over a range of temperatures (25 °C, 35 °C, 45
°C, and 55 °C) as shown in Fig. 10. At 25 °C, the negative
value of the free energy change (AG°) indicates that the
adsorption process occurs spontaneously, suggesting
that nFesO4-PPBC/Alg is effective for Cr(VI) ion
adsorption. The positive AH° value implies that the
adsorption process is endothermic. Meanwhile, the
positive AS° value indicates an increase in disorder at the
adsorbent-Cr(VI) interface during the adsorption of
Cr(VI) onto the surface of nFe;O4,-PPBC/Alg.

1.2 4

......

0 T T T 1
0.003 0.0031 PA}OSZ 0.0033 0.0034

Figure 10. Plot of In(Kc) - 1/T

3.11.
Table 4 compares the adsorption capacities reported in
the literature with those observed in our study. From the
analysis of these studies, it can be concluded that nFe;O4-
PPBC/Alg exhibits a high adsorption capacity for Cr(VI)
removal.

Comparison of adsorbent capacities

Table 3. Thermodynamic properties of Cr (VI) adsorption

AS° AH® AG° (J mol?)
(J K-'mol-) (J mol-) T=298 K T=308 K T=318 K T=328 K R?
26.935 5938.21 —2092.39-2361.74 -2 631.08 -2 900.43  0.979

Turk J Anal Chem, 7(1), 2025, 22-32

Table 4. Cr(VI) adsorbing capacities of different adsorbents
Adsorbent qe (mg/g) Ref.

Calcium cross-linked Alginate/Chitosan biocomposite 9.8

Iron cross-linked Alginate/Chitosan biocomposite 104 [5]
Zirconium cross-linked Alginate/Chitosan biocomposite ~ 14.8
Magnetic nano-hydroxyapatite encapsulated alginate 29 14 [26]
beads

Magnetic alginate beads 14.29 [27]
Carbonized manganese-crosslinked Sodium alginate ~ 104.50  [28]
Chitosan-humic acid-graphene oxide composite 83.64 [7]
Coffee grounds biochar/sodium alginate 30.66 [11]
Sugarcane bagasse biochar 15.73

Brinjal stem biochar 71.89 [29]
Citrus peel biochar 16.34
Cranberry kernel shell 6.81

Rosehip seed shell 15.17 [24]
Banana peel 10.42
nano-Fe;Os/pomegranate peel biochar/alginate beads ~ 316.25 sf:;s,y

3.12. Reusability
composite

nFe;O0,-PPBC/Algae composite for Cr(VI) removal must
be regenerated and reused. For this purpose, 0.01M
NaOH was employed in the desorption studies [30-32].
Fig. 11 displays the graph showing the data from
repeated adsorption/desorption cycles for Cr(VI) ions
after 7 cycles. The data from Fig. 11 reveal a slight
decrease in the adsorption capacity of nFe;O,-PPBC/Alg
with each cycle. After 7 regeneration cycles, the Cr(VI)
adsorption capacity of nFe;O,-PPBC/Alg only decreased
by 7.5%. These results suggest that nFe;O,-PPBC/Alg can
be effectively reused for Cr(VI) ion adsorption.

study of nFe;0,-PPBC/Alg

100 -
95 -
90 -
85
80 -

75 4

Removal efficiency (%)

70 -
1 2 3 4 5 6 7
Cycle

Figure 11. Reusability study of nFe;O,-PPBC/Alg

4. Conclusions

In this study, nFe;O,PPBC/Alg was successfully
synthesized using a straightforward method. The
composite exhibited remarkable adsorption capacity,
stability, and reusability, positioning it as a promising
candidate for mitigating Cr(VI) pollution. The optimal
reaction conditions were found to be an initial
concentration of 2 mg/L, a pH of 2.0, an adsorbent dose
of 1 g/L, and a reaction time of 60 minutes. The Langmuir
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adsorption isotherm was found to be the most suitable
for describing the observed adsorption phenomena, with
the adsorption capacity of nFe;O4-PPBC/Alg determined
to be 316.25 mg/g for Cr(VI). The nFe;O4-PPBC/Alg
composite proves to be a highly effective for the removal
of Cr (VI) from the aqueous medium. The combined
effects of nano-Fe;O,, pomegranate peel biochar, and
alginate enhance the adsorption process through various
mechanisms such as electrostatic interactions, surface
binding, and the availability of functional groups.
Additionally, the use of nFe;O,-PPBC/Alg adds a
sustainable, cost-effective, and renewable component to
the adsorbents. This research underscores the potential
of such composite materials for treating industrial
wastewater and highlights the significance of
developing  efficient,  environmentally
adsorbent for sustainable environmental cleanup.

friendly
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