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Abstract
This study investigates the remediation of lead and arsenic pollution from wastewater using synthesized and characterized
magnetic adsorbents. Magnetite (Fe-Mag), magnetic chitosan (Chito-Fe-Mag), and magnetic magnesium ferrite (Mg-Fer)
were synthesized and characterized in the remediation of lead and arsenic ions from water. The remediation of lead ions was
optimum at pH 6, at which the Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces attract Pb ions via electrostatic and coordination
interactions. Conversely, arsenic adsorption was maximized at pH 2.5, where positively charged adsorbent surfaces interacted
with arsenic anionic species. The removal efficiencies of both metal ions increased with longer contact time and higher initial
concentrations. Maximum lead adsorption capacities were achieved after 90 minutes for Mg-Fer and Fe-Mag and 120 minutes
for Chito-Fe-Mag, with corresponding capacities of 109.41, 93.87, and 132.45 mg/g. On the other hand, maximum arsenic
adsorption capacities were attained after 120 minutes for all three adsorbents, reaching 26.96, 29.78, and 39.84 mg/g for Mg-
Fer, Fe-Mag, and Chito-Fe-Mag, respectively. The initial concentration of lead and arsenic ions may affect the remediation
capacity due to its effects on mass transfer resistance and the availability of both free active sites and metal ion ratios.
Langmuir, Dubinin-Radushkevich, and pseudo-second-order models show an acceptable fit with experimental data.
According to the Langmuir model, the maximum adsorption capacities of Mg-Fer, Fe-Mag, and Chito-Fe-Mag were 129.87,
114.94, and 136.99 mg/g for lead and 34.60, 38.76, and 46.08 mg/g for arsenic, respectively. The mean free energy (E) values
suggest that the adsorption processes are primarily physical in nature. The higher adsorption efficiencies achieved (up to 78.3
for As and up to 98.1 for Pb) suggest the potential of these Mg-Fer, Fe-Mag, and Chito-Fe-Mag for wastewater treatment
applications.
Keywords:Magnetic adsorbents; Magnetite nanoparticles; Chitosan; Magnesium ferrite; Lead; Arsenic; Remediation.

1. Introduction

The contamination of water bodies with heavy metals has become a prominent environmental issue [1]. Lead (Pb) and arsenic (As)
are heavy metal and pose significant risks to human health and aquatic life. Lead is a soft, malleable and bluish-gray metal [2, 3]. Lead does
not react with water but reacts with acids (such as hydrochloric acid). Lead forms a protective oxide layer when exposed to air, making it
somewhat resistant to corrosion [3]. The lead element primarily occurs in the +2 and +4 oxidation states; however, the +2-oxidation state is
the more stable state [2, 3]. Lead is commonly used in lead-acid batteries, radiation shielding applications, paints, and alloys [2]. Lead and its
compounds are toxic and accumulate in the body, leading to cumulative poisoning [3, 4]. This toxicity increases with solubility of lead
compounds. In children, lead accumulation can cause cognitive deficits, in adults, progressive renal disease. Symptoms include abdominal
pain, diarrhea transitioning to constipation, nausea, vomiting, dizziness, headache, and weakness [3]. On the other hand, arsenic (As) is
widely distributed in the environment and is known to be highly toxic to humans [5]. Arsenic in the soil environment normally occurs in the
+3 and +5 oxidation states [5, 6]. As3+ is more toxic and more mobile in soil than As5+. Arsenic has been suggested to play a biological role in
trace amounts. However, high exposures to arsenic in water, sediment, and soil, have proved to be toxic for plants, animals, and humans.
Chronic arsenic exposure, mainly through contaminated drinking water, causes diverse health problems, including various cancers, diabetes,
neurotoxicity, and skin lesions [7]. Both natural (like erosion and weathering of crustal rocks) and anthropogenic activities (like industrial
processes, mining, metallurgy, and industrial and urban waste) release metal ions compounds into the environment [7]. Therefore, the
remediation of these metal pollutions from fresh and wastewater sources is essential for minimizing health risks associated with their
exposure.

Conventional methods for heavy metal removal, such as precipitation, coagulation, solvent extraction, distillation, adsorption, and
electrochemical methods, have limitations like high cost, sludge generation, and low efficiency for diluted solutions. Adsorption is a surface
phenomenon where metal ions (adsorbate) adhere to the surface of a solid material (adsorbent) due to physical or chemical interaction
between two phases (adsorbate and adsorbent) [8]. Adsorption is an effective technique that is widely used in water treatment for removing
heavy metal from water due to its efficiency, versatility, and relative simplicity [9-13].
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In recent years, the development of magnetic adsorbents has presented a promising alternative for heavy metal remediation due to
their unique properties, such as high surface area, ease of separation, and reusability [5, 8, 14]. Magnetic adsorbents are materials that
combine adsorptive and magnetic properties [15, 16]. The magneto responsive adsorbents benefit from the combination of features inherent to
both their components: magnetic beads and adsorbents functional groups. The particles impart magnetic properties to the adsorbents. These
properties allow for the rapid and easy separation of adsorbents from the adsorption medium by the application of an external magnetic field
without the need of any filtration apparatus [15]. This improves the operative technology of recovery and separation of adsorption process
[17]. Therefore, such magnetic adsorbents continue to attract the attention of many investigators [8]. Magnetic adsorbents include magnetic
nanoparticles and magnetic polymers (organic and inorganic material) [8, 15, 18, 19]. Magnetic graphene oxide/manganese ferrite adsorbents
prepared by coprecipitation method have been used to remove lead and arsenic from water [20]. The remediation lead and arsenic was
maximum at pH 5, and 4-6.5, respectively [20]. Magnetic chitosan adsorbent was synthesized for arsenic removal from water [21]. The
highest adsorption efficiency for arsenic removal, 20.1 mg/g, was obtained at pH 3. Magnetic chitosan/graphene oxide adsorbent was
synthesized for arsenic removal from water [22]. The maximum chitosan/graphene oxide adsorbent capacity, 45 mg/g was obtained at pH 7.3.
Arsenic removal from water was studied using magnetic carbon nanocomposites [23]. The results demonstrated that the presence of magnetite
particles into the magnetic carbon nanocomposites matrix increases the adsorption of arsenic [24]. Adsorption of lead and arsenic using
poly(amidoamine)/carbon nanotubes/silver nanoparticles was studied. Adsorption efficiencies of 76-99 and 76% of Pb(II) and As(III) were
attained within 15 min. The removal of Pb(II) and As(III) on the adsorbents was chemisorption process followed the pseudo-second-order and
Langmuir models [23]. Another study investigated the adsorption of As(V), Pb(II), Cd(II), and Cr(III) from aqueous solutions using natural
and modified chabazite [25]. Natural chabazite exhibited the highest adsorption capacity for Pb(II). Modification enhanced As(V) adsorption
by 79%, enabling the modified zeolite to remove both cations and anions from aqueous solutions [25].

This study investigates the remediation of lead and arsenic pollution in wastewater using synthesized and characterized magnetic
adsorbents. The magnetic adsorbents will be applied to remove lead and arsenic ions from liquid samples, and the role of factors like metal
ion concentration, pH, and contact time on the adsorption process will be evaluated. The influence of each factor will be analyzed to optimize
the adsorption process. Further analysis will involve determining the kinetics and isothermal parameters, which characterize the rate and
mechanism of lead and arsenic ions from liquid samples by the used magnetic adsorbents.

2. Experimental
2.1. Chemicals

Arsenic and lead standard solutions (1000 mg/L As and Pb, traceable to NIST SRM H3AsO4 and Pb(NO3)2 in 0.5 mol/L HNO3,
respectively) served as sources of As and Pb ions. Solution acidity was adjusted with diluted NaOH and HCl. Magnetic chitosan adsorbent
(Chito-Fe-Mag) was prepared from chitosan extracted from shrimp waste, following the procedure outlined in our previous work [26]. The
following Sigma-Aldrich and Merck products were used: magnesium chloride (≥98%), iron(III) hexahydrate (≥98%), iron(II) tetrahydrate
(≥98%), zinc chloride (≥98%), sodium hydroxide (≥97%), glacial acetic acid (≥99%), glutaraldehyde (50 wt. % in H2O), and hydrochloric
acid (37%).

2.2. Synthesis of Mg-Fer, Fe-Mag, and Chito-Fe-Mag
Magnetite nanoparticles were prepared using the modified coprecipitation method [15, 27]. Under mechanical stirring, 200 mL of

iron (III) chloride solution (2.0 mol/L) was mixed with 200 mL of iron (II) chloride solution (1.2 mol/L), then ammonia solution was added
(pH 10-12). After the addition of the ammonia solution, magnetite nanoparticles appeared in the solution. The magnetite nanoparticles (Fe-
Mag) were stirred into the solution for 60 min, then were separated, washed with deoxygenated water, and dried at 1050C. Magnetic chitosan
adsorbent (Chito-Fe-Mag) was prepared by dissolving 4.0 grams of chitosan in acetic acid solution (120 mL, 6M). The solution was stirred
overnight until chitosan solution became homogenous. Under mechanical stirring, the magnetite nanoparticles prepared in the previous step
were dispersed in the homogenous chitosan solution. The solution was stirred for 2h, then it was added drop by drop into NaOH/ethanol
solution. After the addition of all homogenous chitosan solution into the alkaline solution, the magnetic chitosan beads (chitosan-mag) formed
were stirred for additional 24h. The formed beads were separated, washed, and redispersed in glutaraldehyde solution. The mixture was
agitated under gentle heating (500C) for 8h. The product (chitosan-mag/glutaraldehyde or Chito-Fe-Mag) was obtained. The obtained
chitosan-mag/glutaraldehyde was washed (ethanol and water) and dried. The magnetic magnesium ferrite (Mg-Fer) was synthesized via the
combustion method [28-30]. The stoichiometric concentrations of magnesium and iron chloride salts were dissolved in separate aqueous
solutions. The clear magnesium (II) ions solution was added to the clear iron (III) ions solution, under mechanical stirring for 2h. Acetic acid
solution was added to the previous solution and stirred for 2h. The pH of the resulting solution was adjusted to pH 8.5. under stirring, the
resulting solution was heated to 85 °C. After self-combustion of the obtained acetic/ferrite product, the products obtained were rinsed into
water for 2h under stirring. The obtained acetic/ferrite product was dried at 650 °C to remove precursor. After 6h of heating, magnetic
magnesium ferrite (Mg-Fer) was obtained.

2.3. Remediation of lead and arsenic ions from water

The remediation of lead and arsenic ions from water was studied using batch experiments. In these experiments several factors
were studied and optimized. For solution pH optimizing, several metal ion solutions were prepared. The pH of these solutions was adjusted to
different values (1.0-6.5). The magnetic adsorbent particles (0.01 g) were stirred in lead and arsenic solution (0.02 L) for 60 minutes, then
recovered and the remaining lead and arsenic concentration were determined using Thermo Elemental Atomic Absorption Spectrometer
(SOLAAR S4, England). The adsorption capacity of the Mg-Fer, Fe-Mag, and Chito-Fe-Mag for each metal ions determined using the
following Equation (Eq. 1) [15].

qe =
Ci − Ce

Wt.
× V 1

where qe, Ci, Ce, Wt. and V are the adsorption capacity (mg/g) of the Mg-Fer, Fe-Mag, and Chito-Fe-Mag, initial metal ions
concentrations (mg/L), remaining (equilibrium) metal ions concentrations (mg/L), weights of Mg-Fer, Fe-Mag, and Chito-Fe-Mag (g) and the
volume of metal ions solution (L), respectively. The initial concentration of metal ions in water plays a crucial role in determining the
adsorption efficiency and capacity of the adsorbents. To examine how the lead and arsenic initial concentration affects their remediation,
several solutions with different lead and arsenic concentration were prepared (24-180 mg/L). The pH of obtained solutions was adjusted to
optimum pH from the previous experiments. The magnetic adsorbent particles (0.01 g) were stirred in metal ions solution (0.02 L) for 60
minutes. After equilibrium was attained, the magnetic adsorbent particles were removed from the metal ions solutions, and the remaining lead
and arsenic concentration were detected to calculate their remediation capacity to use in adsorption isotherm study. To examine the effect of
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contact time between lead or arsenic ions and Mg-Fer, Fe-Mag, and Chito-Fe-Mag on the remediation of their ions from water, two solutions
of lead and arsenic ions were prepared. The initial concentration of lead and arsenic ions and pH were optimum values from the previous
experiments. The magnetic adsorbent particles (0.01 g) were stirred in lead and arsenic ions solution (0.02 L) for different contact times. After
that certain period was attained, the magnetic adsorbent particles were removed from the lead and arsenic ions solutions, and the remaining
lead and arsenic concentration were detected to calculate their remediation capacity and it in kinetic study. To evaluate the role of solid/liquid
ratio on the adsorption process, lead and arsenic ions solutions (pH and initial concentration of lead and arsenic ions were optimum values
from the previous experiments) were added to different wights of Mg-Fer, Fe-Mag, and Chito-Fe-Mag particles (0.05-0.16 g). The magnetic
adsorbent particles were stirred in lead and arsenic ions solution for optimum contact times evaluated from kinetic study. After equilibrium
was attained, the magnetic adsorbent particles were removed from the lead and arsenic ions solutions. The remaining lead and arsenic
concentration were detected to calculate their remediation capacity. The efficiency of the used adsorbents (q%) for lead and arsenic ions at
different solid/liquid ratio times were determined using Equation 2 [31].

q% =
Ci − Ce

Ci
× 100 2

3. Results and discussion
3.1. Characterization of the Mg-Fer, Fe-Mag, and Chito-Fe-Mag

Three Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents were prepared, characterized and applied for lead and arsenic remediation
studies. The magnetite nanoparticles (Fe-Mag) were prepared using the coprecipitation method, magnetic magnesium ferrite (Mg-Fer) was
synthesized via the combustion method, and coated chitosan adsorbent was prepared and then crosslinked with glutaraldehyde to give Chito-
Fe-Mag adsorbent. The synthesis of Fe-Mag involves multiple steps including deprotonation, oxidation, and dehydration. Equations 2
represents the Fe-Mag formation.

2FeCl3 + FeCl2 + 8NH3 + 4H2O → Fe3O4 + 8NH4Cl (3)

Magnetic chitosan adsorbent (Chito-Fe-Mag) was prepared from chitosan extracted from shrimp waste, following the procedure
outlined in our previous work [26, 32, 33]. The Magnetic chitosan adsorbent was synthesized from the extracted chitosan in a multistep
synthesis, Figure 1. In the first step, chitosan extracted from shrimp waste was redissolved in acid media to form a clear chitosan solution.
This solution was utilized to coat magnetite nanoparticles by precipitation in alkaline medium. In the second step, the obtained chitosan-mag
beads were dispersed in glutaraldehyde solution for crosslinking reaction.

Figure 1 Synthesis of the magnetic chitosan (Chito-Fe-Mag) adsorbent.

The magnetic magnesium ferrite (Mg-Fer) was synthesized via the combustion method [28, 29]. The stoichiometric concentrations of
magnesium and iron chloride were mixed and added to acetic acid solution. With heating, a gel type material (acetic/ Mg-Fer) is formed and
then self-combusted and heated to at 650 °C to produce Mg-Fer, Figure 2.

Three Mg-Fer, Fe-Mag, and Chito-Fe-Mag were characterized prior to their application in remediation of lead and arsenic ions
from liquid solutions. FT-IR spectroscopy was used to confirm the presence of characteristic functional groups and the metal-oxygen bonding
within the synthesized Mg-Fer, Fe-Mag, and Chito-Fe-Mag, Figure 3. The FT-IR spectrum of the synthesized magnesium ferrite
nanoparticles (Mg-Fer) exhibited absorption bands falling within the interval of 420-784 cm-1, which are indicative of spinel ferrite structures
(Figure 3(a)). A strong band around 578 cm-1 corresponds to the intrinsic stretching vibrations of the Fe–O bond in the tetrahedral sites, while
a weaker band near 420 cm-1 is ascribed to the M–O (Mg–O) vibrations in the octahedral sites [30, 34]. The detection of these absorption
bands confirms the achieved formation of the spinel-type structure of Mg-Fer (MgFe2O4) [29, 35]. The synthesis of magnetite was confirmed
by FTIR, as depicted in Figure 3(b). The spectrum confirms the existence of Fe–O stretching vibrations at 553 cm⁻ ¹. In Chito-Fe-Mag,
additional bands were detected at 3374-3441 and 1400 cm-1 (O–H and N–H stretching), 1659 and 1727 cm-1 (amine, amide, and CO), and
1068 and 1125 cm-1 (C–O stretching), confirming the achieved coating of magnetite with chitosan, Figure 3(c). These bands indicated the
detection of hydroxyl and amine groups responsible for adsorption activity of the (Chito-Fe-Mag) adsorbent.
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Figure 2 Synthesis of magnetic magnesium ferrite (Mg-Fer) adsorbent.

Figure 3 FTIR spectra of Mg-Fer (a), Fe-Mag (b), Chito-Fe-Mag (c), and the three adsorbents combined (d).

SEM images of Mg-Fer, Fe-Mag, and Chito-Fe-Mag showed a difference in morphological structures for the three materials due to
their different composition, Figure 4(a-c). Also, the morphological differences between Fe-Mag Chito-Fe-Mag may be due to chitosan
encapsulation [36]. The Chito-Fe-Mag surface appeared smoother and more compact, consistent with a chitosan coating. EDX charts of Mg-
Fer, Fe-Mag, and Chito-Fe-Mag confirmed the elemental composition of the samples Figure 4(d-e). Magnetite and magnesium ferrite showed
strong signals for Fe and O, and Mg in the latter. Magnetic chitosan displayed additional peaks for C and N, corroborating the organic content
of chitosan. The elemental ratios were in good agreement with theoretical values, confirming achieved doping and coating processes. X-ray
Diffraction (XRD) analysis confirmed the spinel structure of magnetite (Fe-Mag, Fe3O4), magnetic chitosan (Chito-Fe-Mag), and magnesium
ferrite (Mg-Fer, MgFe2O4) nanoparticles. Dynamic Light Scattering (DLS) analysis was conducted to determine the hydrodynamic size
distribution and colloidal stability of Mg-Fer, Fe-Mag, and Chito-Fe-Mag materials. DLS analysis revealed distinct size differences and
dispersion characteristics of Mg-Fer, Fe-Mag, and Chito-Fe-Mag. The Fe-Mag exhibited a moderate size falling within the interval of 43.8 to
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190.1 nm (average size of 116.9 nm), indicating some degree of particle agglomeration possibly due to magnetic interactions. Mg-Fer showed
the smallest size (21.4 to 105.7) with an average of 63.7 nm. The smaller average hydrodynamic diameter of Mg-Fer suggests an improved
dispersion and reduced aggregation, possibly due to weaker interparticle magnetic forces or better crystallinity. The Chito-Fe-Mag exhibited
the largest size (141.8 to 1990 nm with an average size of 779.2 nm). The largest size of Chito-Fe-Mag and greater variation in particle size
can be ascribed to the detection of the chitosan polymer coating around the Fe-Mag core. This chitosan layer increases the hydrodynamic
radius and can lead to greater variation in particle size. Therefore, the chitosan coating significantly altered the nanoparticles size and
dispersity. The increase in hydrodynamic diameter reflects both the physical thickness of the chitosan layer and potential swelling of the
polymer in water.

Figure 4 SEM images of Mg-Fer (a), Fe-Mag (b), Chito-Fe-Mag (c), and EDX charts of Mg-Fer (d), Fe-Mag (e), Chito-Fe-Mag (f).

3.2. Effect of pH on the remediation of lead and arsenic
Medium pH significantly influences metal ions adsorption depending on the adsorbent's surface chemistry, the metal speciation,

and the other adsorbates competition between H⁺ in the system and metal ions for adsorption sites. The effect of pH on the remediation of
lead (50 mg/L) and arsenic (50 mg/L) ions was studied spanning from 1 to 6.5 pH values. The capacities at different pH values, calculated
using Eq. 1, were illustrated in Figures 5 (a) and 5(b). The remediation of lead ions was optimum at pH 6, whereas the remediation of arsenic
ions was optimum pH 2.5. The used Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents have different functional groups. The functional groups
of Mg-Fer and Fe-Mag in water are -OH groups, whereas Chito-Fe-Mag has -NH, -NH2, and -OH groups. For lead remediation: At low pH
(pH˂3), -NH, -NH2, and -OH groups are protonated, making the Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces positively charged. Therefore,
Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces repel Pb ions and reduce their adsorption capacity. Also, the competition between Pb ions and
excess H⁺ ions (H⁺ ions protonate the magnetic adsorbent surface) in the adsorption system for adsorption sites reduce their adsorption
capacity. At pH (pH 3-6), the deprotonation of -NH, -NH2, and -OH groups occur, making the Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces
negatively charged. Therefore, the Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces attract Pb ions via electrostatic and coordination interactions.
Therefore, this deprotonation increases adsorption capacity. Also, the competition between excess Pb ions and H⁺ ions in the adsorption
system vanished at higher pH values. The optimum capacity of Mg-Fer, Fe-Mag, and Chito-Fe-Mag for lead ions (pH 6.0, 60 min., and 0.01g
of magnetic adsorbent, and 50 mg/L of lead ions) were 76.41, 52.48, and 92.37 mg/g, respectively. At higher pH (pH>6), lead ions
hydrolyzed and precipitated. Several hydroxide species may form like Pb(OH)+, Pb(OH)2, and Pb(OH)2-. Pb(OH)+ , Figure 5(c) [37], may be
adsorbed but with lower affinity due to its large size compared with Pb2+ ions, thus, the adsorption amount decreased. On the other hand, both
arsenic forms (+3 and +5 forms) form anionic species (H2AsO3-, HAsO32-, AsO33-, H2AsO4-, HAsO42-, AsO43-) in aqueous mediums, Figure 5
(d) [7, 38]. As mentioned previously, -NH, -NH2, and -OH groups are protonated at low pH (pH˂3), making Mg-Fer, Fe-Mag, and Chito-Fe-
Mag surfaces positively charged. Therefore, the Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces attack the negatively charged anionic species of
arsenic ions and increases their adsorption capacity [39]. Also, there is no competition between anionic species of arsenic ions and H⁺ ions
for adsorption sites. The optimum capacity of Mg-Fer, Fe-Mag, and Chito-Fe-Mag for arsenic ions (pH 2.5, 60 min., and 0.01g of magnetic
adsorbent, and 50 mg/L of arsenic ions) were 19.2, 19.8, 29.6 mg/g, respectively. At higher pH (pH> 2.5), arsenic form anionic species in
aqueous mediums where the protonation of -NH, -NH2, and -OH groups increase, making the Mg-Fer, Fe-Mag, and Chito-Fe-Mag surfaces
negatively charged. Thus, the arsenic sorption species decreases due to electrostatic repulsions between negatively charged magnetic
adsorbent surface and anionic species. Therefore, lead adsorption is facilitated by electrostatic and coordination interactions between the
adsorbent surfaces and Pb ions where arsenic adsorption is facilitated by electrostatic interactions. The surface charge properties of
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nanomaterials critically influence their colloidal stability, adsorption efficiency, and interactions with charged species in aqueous systems.
The zeta potential and point of zero charge (PZC) of Mg-Fer, Fe-Mag, and Chito-Fe-Mag were studied. Zeta potential is a key indicator of
surface charge and electrostatic stability of colloidal particles. All Mg-Fer, Fe-Mag, and Chito-Fe-Mag exhibited positive zeta potential at pH
2, indicating positively charged surfaces in acidic media. However, at pH 8 all materials exhibited negative zeta potentials, indicating
negatively charged surfaces under neutral conditions. Magnesium ferrite displayed a more negative value, suggesting enhanced surface
deprotonation or substitutional effects of doped magnesium ions increasing surface acidity. All Mg-Fer, Fe-Mag, and Chito-Fe-Mag showed a
positive zeta potential at pH 2.5, ascribed to protonated NH and OH groups on their structure. This positive surface charge enhances its
interaction with negatively charged arsenic species. Also, the capacity of Chito-Fe-Mag is higher than that of Mg-Fer and Fe-Mag due to its
increased protonated NH and OH function groups. Also, Chito-Fe-Mag tends to agglomerate less in acidic conditions due to repulsive forces
among positively charged particles.

Figure 5 Effect of pH on the remediation of lead (a), arsenic (b), lead species distribution (c), and arsenic (III and V) species distribution (d)

3.3. Effect of initial concentration on the lead and arsenic remediation
The effect of initial concentration of metal ions on the remediation of lead (at pH 6.0) and arsenic (at pH 2.5) ions was studied in

the concentration range of 24 to 180 mg/L. The Mg-Fer, Fe-Mag, and Chito-Fe-Mag particles were stirred in metal ions solutions till
equilibriums, and then separated, and the lead and arsenic equilibrium concentration were detected to calculate their adsorption capacity.
Figures 6(a) and 6(b) show the capacities obtained at different lead and arsenic concentration. The remediation of both metal ions increases as
their initial concentration increases. The optimum capacity of Mg-Fer, Fe-Mag, and Chito-Fe-Mag for arsenic and lead ions was obtained at
initial concentration of 100 and 140 mg/L of arsenic and lead ions, respectively. The optimum capacity of Mg-Fer, Fe-Mag, and Chito-Fe-
Mag for lead ions was 104.27, 84.71, and 120.19 mg/g, respectively. The optimum capacity of Mg-Fer, Fe-Mag, and Chito-Fe-Mag for
arsenic ions was 23.27, 25.25, and 32.84 mg/g, respectively. The lead and arsenic concentration may affect the remediation capacity and
efficiency of these ions due to resistance to mass transfer and availability of both free active sites and metal ions. As initial concentration of
lead and arsenic ions, their ratio to available active sites increases, therefore adsorption capacity increases. Also, higher lead and arsenic
initial concentration increase the gradient of mass transfer and therefore enhance adsorption capacity.

Figure 6 Effects of initial concentration on remediation of lead (a) and arsenic (b) ions from water.
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3.4. Adsorption isotherms models
The adsorption isotherms are relationships show the amount of lead and arsenic that can be adsorbed by the Mg-Fer, Fe-Mag, and

Chito-Fe-Mag adsorbents (adsorption capacity, qe) in relation to the equilibrium lead and arsenic concentration in lead and arsenic liquid
phase (equilibrium concentration, Ce). Adsorption isotherm parameters provide information about the interaction mechanism that occurs
between the Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents and the lead and arsenic including adsorption nature, binding constant,
adsorption energy, and adsorption affinity. There are several monolayer and multilayer adsorption isotherms used in adsorption of lead and
arsenic from water [1]. Langmuir isotherm is a chemical adsorption isotherm models consider the monolayer adsorption process that the
adsorbate molecules are adsorbed (Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents) in the adsorption sites of the adsorbents [40]. Langmuir
isotherm suggests that the adsorbents (Mg-Fer, Fe-Mag, and Chito-Fe-Mag) and the adsorbate (lead and arsenic) are in dynamic equilibrium
(at equilibrium the adsorption rate equals the desorption rate), and the extent of surface coverage (θ) depends on the concentration of the
adsorbate. Langmuir isotherm also suggests adsorption in monolayer coverage, all adsorption sites are energetically equivalent, and each
adsorption site can hold only one adsorbate molecule, and the ability of a molecule to adsorb in each adsorption site is independent of the
occupation of neighboring. The following Equation (Eq. 4) shows the linear form of Langmuir model [1, 41].

Ce

qe
=

Ce

Qm
+

1
KLQm

(4)

where Qm and KL are the maximum Mg-Fer, Fe-Mag, and Chito-Fe-Mag capacity derived from Langmuir model (mg/g) and ratio
of the adsorption rate and desorption rate (L/mg). The Langmuir model can be linearized by plotting Ce/qe versus Ce values. The equilibrium
data were analyzed using Langmuir model. Figures 7(a) and 7(b) show Langmuir plots for the lead arsenic remediation. Ce/qe versus Ce give
straight with high coefficient of determination (R2) values. Therefore, Langmuir isotherm may be used to fit the lead and arsenic remediation
using Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents. Table 1 illustrates the values of the maximum Mg-Fer, Fe-Mag, and Chito-Fe-Mag
capacity derived from Langmuir model compared to the experimental ones. There is a similarity between the two values, which confirms the
suggestion of using Langmuir isotherm to fit the remediation of lead and arsenic ions from water using Mg-Fer, Fe-Mag, and Chito-Fe-Mag
adsorbents. The maximum Mg-Fer, Fe-Mag, and Chito-Fe-Mag capacity derived from Langmuir model for lead ions adsorption are 129.87,
114.94, and 136.99 mg/g, respectively. Where the maximum Mg-Fer, Fe-Mag, and Chito-Fe-Mag capacity derived from Langmuir model for
arsenic ions adsorption are 34.60, 38.76, 46.08 mg/g, respectively. Based on the Langmuir assumption, fractional coverage (θ, the ratio of
occupied to total adsorption sites) represents the extent of monolayer surface coverage [40]. The θ value is proportional to the initial lead and
arsenic concentrations. Equation S1 (Supplementary File) can be used to determine θ at varying initial concentrations of lead and arsenic [42].
Figures 7(c) and (d) show the fractional coverage (θ) for lead and arsenic at varying initial concentrations. Higher θ values on Mg-Fer, Fe-
Mag, and Chito-Fe-Mag surfaces indicate their strong affinity for lead and arsenic remediation. The separation factor (RL), derived from
Langmuir parameters, indicates adsorption favorability: RL > 1 (unfavorable), RL = 1 (linear), and RL < 1 (favorable) [40]. Equation S2
(Supplementary File) can be used to calculate RL values for the remediation of lead and arsenic ions from water using Mg-Fer, Fe-Mag, and
Chito-Fe-Mag adsorbents [43]. Separation factors (RL) values calculated for lead remediation (0.0509-0.5927) and arsenic remediation
(0.1867-0.6765) using Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents were less than 1 (Figures S1 and S2, Supplementary File).

Figure 7 Langmuir model for lead (a) and arsenic (b) remediation, fractional coverage (θ) of lead (c), and fractional coverage (θ) of arsenic
(d).
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Table 1 Langmuir parameters for the remediation of lead and arsenic ions from water.
Metal ions Adsorbent qe (mg/g) Qm (mg/g) KL (L/mg) R2

Lead Mg-ferrite 104.27 129.87 0.0438 0.9976

Fe-Mag 84.71 114.94 0.0286 0.9942

Chito-Fe-Mag 120.19 136.99 0.1037 0.9976

Arsenic Mg-ferrite 23.27 34.60 0.0259 0.9549

Fe-Mag 25.25 38.76 0.0239 0.96260

Chito-Fe-Mag 32.84 46.08 0.0363 0.91850

The Freundlich model, an empirical adsorption isotherm, describes multilayer adsorption. Equation 5 presents a Freundlich linear
form [44].

log qe =
log Ce

n
+ log KF (5)

The Freundlich model's constants, n (heterogeneity) and KF (adsorption capacity, mg/g), were evaluated for lead and arsenic
remediation using equation 5. Figures S3 and S4 (Supplementary File) display the Freundlich isotherm fits (log qe vs. log Ce) for Mg-Fer, Fe-
Mag, and Chito-Fe-Mag adsorbents. Values for n and KF were derived from the slope (1/n) and intercept (log KF) of these plots. Table 2
compares the Freundlich-derived maximum adsorption capacities with experimental values. Although the log qe vs. log Ce plots exhibited
high R2 values, the observed n > 1 (Table 2) indicates that the Freundlich isotherm is less acceptable to describe lead and arsenic remediation
process.
Table 2 Freundlich parameters for the remediation of lead and arsenic ions from water.
Metal ions Adsorbent qe (mg/g) KF (mg/g) n R2

Lead Mg-ferrite 104.27 20.51 2.12 0.9665

Fe-Mag 84.71 8.19 1.900 0.9629

Chito-Fe-Mag 120.19 8.38 1.50 0.9402

Arsenic Mg-ferrite 23.27 1.98 1.74 0.9167

Fe-Mag 25.25 2.03 1.69 0.9378

Chito-Fe-Mag 32.84 2.075 0.99 0.8958

The Dubinin-Radushkevich (D-R) model is a semi-empirical adsorption model based on Polanyi’s potential theory, and it can be
used in the modeling of the adsorption processes on porous adsorbents [40, 45]. The D-R model suggests that adsorbent size is comparable to
the micropore size, and the adsorption of adsorbates on porous adsorbent materials can be expressed using the adsorption potential (ε, ε=
RTln(1+1/Ce)). Here R is the gas constant (8.314 J/mol K), T is the temperature (K), and Ce is the equilibrium concentration of metal ions
(mmol/L). The linear form of the D-R model is given by Equation 6 [40].

lnqe = lnQDR − KDRε2 (6)
Ce and QDR, KDR, and ε represent the equilibrium concentration of metal ions (mmol/L) and the maximum Mg-Fer, Fe-Mag, and

Chito-Fe-Mag capacity derived from D-R model (mmol/g), the D-R binding constant (mol2/kJ), the adsorption potential based on the
Polanyi’s potential theory (kJ/mol), respectively [45]. The calculated KDR values were then used to determine the mean free energy. The mean
free energy of remediation of lead and arsenic ions from water using Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents can be calculated using
Equation S3 (Supplementary File). E and KDR are the mean free energy of remediation reaction (kJ/mol) and the D-R binding constant
(mol2/kJ), respectively. The values of mean free energy are determined to detect the nature of the adsorption processes. Physical adsorption
processes have E values less than 8 kJ/mol and chemical adsorption processes have E values more than 8 kJ/mol [40, 45]. The experimental
data of lead and arsenic ions remediation was analyzed using Equation 6. Figures 8(a) and 8(b) show D-R plots (ln qe versus ε2) for lead and
arsenic ions remediation by Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents. The QDR and KDR values were determined from slope (-KDR) and
intercept (ln QDR) of the ln qe versus ε2 lines. Table 3 illustrates the values of QDR, KDR, and E derived from D-R model. The D-R model gives
straight lines with high R2 values and maximum Mg-Fer, Fe-Mag, and Chito-Fe-Mag capacity comparable to the experimental ones. This
indicates the favorability of the D-R model to fit the remediation of lead and arsenic ions from water using these adsorbents. The values of E
for the lead remediation by the Mg-Fer, Fe-Mag, and Chito-Fe-Mag are falling within the interval of 5.00 to 7.07 kJ/mol. The values of E for
the remediation of lead and arsenic remediations using Mg-Fer, Fe-Mag, and Chito-Fe-Mag are in the range of the physical adsorption
processes.

Figure 8 D-R model for remediation of lead (a) and arsenic (b) ions from water.
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Table 3 Dubinin‒Radushkevich parameters for the remediation of lead and arsenic ions from water.

Metal ions Adsorbent qe (mg/g) QDR
(mmol/g)

QDR
(mg/g)

KDR
(mol2/kJ2)

E
(kJ/mol)

R2

Lead Mg-ferrite 104.27 0.59 122.62 2.00E-08 5.00 0.9953

Fe-Mag 84.71 0.49 101.95 2.00E-08 5.00 0.9909

Chito-Fe-Mag 120.19 0.69 141.95 1.00E-08 7.071 0.9925

Arsenic Mg-ferrite 23.27 0.37 27.55 6.00E-08 2.89 0.9936

Fe-Mag 25.25 0.40 29.77 6.00E-08 2.89 0.9974

Chito-Fe-Mag 32.84 0.55 41.20 5.00E-08 3.16 0.9624

3.5. Effect of time
The contact time between the adsorbent and metal ions in adsorption systems significantly influences the adsorption efficiency.

Hence, it is crucial to study the effect of contact time between the lead and arsenic ions and adsorbents to balance efficiency and operational
cost. The adsorption capacity of the Mg-Fer, Fe-Mag, and Chito-Fe-Mag for lead and arsenic ions at different contact times was determined
and plotted graphically (Figures 9(a) and 9(b)). The results show that the contact time between the Mg-Fer, Fe-Mag, and Chito-Fe-Mag
adsorbents and lead or arsenic ions strongly influences the adsorption capacity. The remediation of both metal ions increases as their contact
time with the Mg-Fer, Fe-Mag, and Chito-Fe-Mag increases until equilibrium is attained. The optimum capacity of lead ions was obtained
after 90, 90, and 120 minutes of contact with Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents, respectively. The optimum capacity of Mg-Fer,
Fe-Mag, and Chito-Fe-Mag for lead ions was 109.41, 93.87, and 132.45 mg/g, respectively. On the other hand, the optimum capacity of
arsenic ions was obtained after 120 minutes of contact with the adsorbents. The optimum capacity of Mg-Fer, Fe-Mag, and Chito-Fe-Mag for
arsenic ions was 26.96, 29.78, and 39.84 mg/g, respectively. The effect of contact time between the Mg-Fer, Fe-Mag, and Chito-Fe-Mag
adsorbents and lead or arsenic ions may be divided into three kinetic steps. The initial kinetic step is fast adsorption of lead or arsenic ions on
the Mg-Fer, Fe-Mag, and Chito-Fe-Mag adsorbents surfaces due to the availability of all active sites for lead or arsenic ion adsorption. The
second kinetic step shows an intermediate adsorption rate for both lead and arsenic adsorption by the Mg-Fer, Fe-Mag, and Chito-Fe-Mag
adsorbents. This slowdown in adsorption rate for both lead and arsenic may be due to reduced availability of adsorption sites for lead or
arsenic ion adsorption. Also, after the initial rapid adsorption on the Mg-Fer, Fe-Mag, and Chito-Fe-Mag ' surface, adsorption may occur into
the Mg-Fer, Fe-Mag, and Chito-Fe-Mag ' pores, which is slower than surface adsorption due to possible pore diffusion limitations. The final
kinetic step is reaching equilibrium, at which all active sites are occupied with lead or arsenic ions, and according to the Langmuir model,
dynamic equilibrium is obtained where the rate of adsorption equals the rate of desorption.

Figure 9 Effect of time on the remediation of lead (a) and arsenic (b) ions from water.

3.6. Adsorption Kinetic models
The pseudo-first order kinetic model is widely used to describe the initial adsorption rate of metal ions onto solid adsorbents. This

model is particularly useful for reactions where one of the reactants is present in large excess and does not change significantly during the
reaction. Pseudo-first-order kinetic model is particularly useful when one reactant is in significant excess, such as the solvent (water) in
single-adsorbate systems, and its concentration does not change significantly during the adsorption reaction. This allows the reaction rate to
be effectively determined by the concentration of only one reactant term. The model is represented by Equation 7 [26, 39].

log qe − qt = log Q1 −
k1

2.303
t (7)

Where: qe is the equilibrium adsorption capacity (mg/g); qt is the adsorption capacity at time t (mg/g); Q1 is the theoretical
adsorption capacity from the pseudo-first order model (mg/g); k1 is the pseudo-first order rate constant (1/min); and t is the contact time (min).
According to the pseudo-first order model, the plot of log (qe – qt) vs. (t) should give a straight line with slop (-k1/2.303) and intercept log(Q1),
as illustrated in Figures S5 and S6 (Supplementary File). The values of k1 and Q1 were determined from slope (-k1/2.303) and intercept
(log(Q1), respectively. The low regression (R2) values for the lead and arsenic adsorption plots indicate the pseudo-first order model's poor fit
to the adsorption data.
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Table 4 Pseudo-first-order model parameters for the remediation of lead and arsenic ions from water.

Metal ions Adsorbent qe (mg/g) Q1 (mg/g) k1 (min-1) R2

Lead Mg-ferrite 109.41 42.37 0.0343 0.9916

Fe-Mag 93.87 58.88 0.0343 0.9935

Chito-Fe-Mag 132.45 51.39 0.0309 0.9834

Arsenic Mg-ferrite 26.96 24.97 0.0343 0.9909

Fe-Mag 29.78 23.34 0.0288 0.9958

Chito-Fe-Mag 39.84 20.45 0.0203 0.9818

The pseudo-second-order kinetic model is commonly used to describe adsorption processes, often providing a better fit for metal
ion adsorption systems than the pseudo-first-order model. The model is represented by Equation (8) [26, 39].

t
qt

=
1

k2Q2
2 +

1
Q2

t (8)

The theoretical adsorption capacity derived from pseudo-second order kinetic model (q2, mg/g) and pseudo-second order rate
constant (k2, g/mg.min) were determined from the slope (1/Q2) and intercept (1/k2.Q22) of the log(t/qt) vs. (t) plots (Figures 10(a) and 10(b)).
Generally, the goodness of the kinetic equations may be checked from the consistency of the values of experimental adsorption capacity (qe)
with the value of theoretical adsorption capacity derived from to the used model. As depicted in Table 5, the theoretical (derived from to the
pseudo-second order kinetic model) and experimental adsorption capacities were similar. Furthermore, the higher R2 value for the pseudo-
second order kinetic model in lead and arsenic adsorption indicates its effectiveness in describing the experimental data. These findings
suggest that lead and arsenic adsorption is a chemisorption process followed by the pseudo-second order.

Table 5 Pseudo-second-order model parameters for the remediation of lead and arsenic ions from water.

Metal ions Adsorbent qe (mg/g) Q2 (mg/g) k2 (g/mg.min) R2

Lead Mg-ferrite 109.41 114.94 0.0015 0.9987

Fe-Mag 93.87 105.26 0.0008 0.9968

Chito-Fe-Mag 132.45 136.99 0.0013 0.9991

Arsenic Mg-ferrite 26.96 32.47 0.0013 0.9991

Fe-Mag 29.78 34.36 0.0015 0.9975

Chito-Fe-Mag 39.84 42.37 0.0020 0.9931

Generally, metal ion diffusion into porous adsorbents involves both boundary layer diffusion (film diffusion) and intraparticle
diffusion. The Weber-Morris model (Equation 9), which examines the relationship between adsorption capacity (qt) and the square root of
time (t0.5), is key to determining if pore diffusion limits the adsorption rate [16, 46].

qt = kIPDt1
2 + C (9)

The intraparticle diffusion rate constant (kIPD, g/mg.min0.5) was determined from the slopes of (qt) vs. (t0.5) plots (Figures 10(c) and
10(d)). The intercept (C) of these plots relates to film diffusion and boundary layer thickness. The linearity of the intraparticle diffusion plots,
with high R2 values, suggests that intraparticle diffusion significantly influences the adsorption of lead and arsenic ions within the magnetic
adsorbent pores. Therefore, the intraparticle diffusion is the rate-determining step in the current adsorption process.

Table 6 Intraparticle diffusion model parameters for the remediation of lead and arsenic ions from water.

Metal ions Adsorbent qe (mg/g) C kIPD (mg/g min0.5) R2

Lead Mg-ferrite 109.41 0.3217 0.0224 0.9921

Fe-Mag 93.87 0.1587 0.032 0.9905

Chito-Fe-Mag 132.45 0.4063 0.0224 0.9832

Arsenic Mg-ferrite 26.96 0.0561 0.0299 0.9508

Fe-Mag 29.78 0.0891 0.0297 0.9809

Chito-Fe-Mag 39.84 0.2249 0.0281 0.9914
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Figure 10 Pseudo-second-order model for lead (a) and arsenic (b) remediation, and intraparticle diffusion model for the remediation of lead (c)
and arsenic (d) ions from water.

3.2.4. Effect of adsorbent mass
The solid/liquid ratio represents the amount of magnetic adsorbent (adsorbent mass) relative to the volume of the metal ions

solution. The solid/liquid ratio is a key factor affecting the kinetics, efficiency, capacity, and cost of removing metal ions from water using
solid adsorbents. This study investigates the effect of the magnetic adsorbent/solution ratio on lead and arsenic remediation. Varying masses
of magnetic adsorbent were added to 20 mL of lead and arsenic solutions at optimal pH and initial concentration, and the resulting adsorption
efficiency and capacity were evaluated. The results show that low adsorbent masses resulted in lower removal efficiency due to insufficient
binding sites on the magnetic adsorbent for lead and arsenic concentrations. Conversely, higher adsorbent masses provide more active sites
and surface areas for lead and arsenic ions adsorption, enhancing lead and arsenic ion adsorption and increasing removal efficiency (Figures
11(a) and 11(b)). On the other hand, adsorption capacity shows an inverse relationship with magnetic adsorbent mass. The adsorption
capacity decreases with increasing magnetic adsorbent mass. At lower masses, a higher metal ion concentration per gram of adsorbent leads
to increased capacity but incomplete removal. As magnetic adsorbent mass increases, the resulting lower metal ion concentration per gram
reduces adsorption capacity (Figures 11(c) and 11(d)).

Figure 11 Effects of adsorbent mass on adsorption capacity (mg/g) of lead (a) and arsenic (b) remediation, and adsorption efficiency (%) of
lead (c) and arsenic (d) remediation.
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5. Conclusions

In this study, three magnetic adsorbents were prepared (Mg-Fer, Fe-Mag, and Chito-Fe-Mag), characterized and applied for heavy
metal removal from aqueous solutions. The magnetite nanoparticles (Fe-Mag) were prepared using the coprecipitation method, magnetic
magnesium ferrite (Mg-Fer) was synthesized via the combustion method, and magnetic chitosan was prepared and then crosslinked with
glutaraldehyde. To give Chito-Fe-Mag adsorbent. The characterization analyses confirmed the structural, size, and functionalization of the
adsorbents. XRD confirmed the crystal structure and crystallite size, which were supported by SEM morphology and EDX elemental
composition. FTIR provided evidence of surface functional groups, especially in Chito-Fe-Mag. The remediation of lead and arsenic ions
from water using these adsorbents was studied using batch experiments. In these experiments several factors were studied and optimized. The
optimum conditions were pH 6, 140 mg/L, and 90-120 min of contact time for lead adsorption and pH 6, 100 mg/L, and 120 min of contact
time for arsenic adsorption on the used adsorbents. As initial concentration of lead and arsenic ions increases, their ratio to available active
sites increases, therefore adsorption capacity increases. Also, higher initial concentration of lead and arsenic ions increases the gradient of
mass transfer and enhances adsorption capacity. The experimental data fit Langmuir and Dubinin-Radushkevich isotherm models. The D-R
model yielded maximum adsorption capacities for lead on Mg-Fer, Fe-Mag, and Chito-Fe-Mag of 122.62, 101.95, and 141.95 mg/g,
respectively, and for arsenic of 27.55, 29.77, and 41.20 mg/g, respectively. The pseudo-second order kinetic model effectively described the
adsorption process, as indicated by high R2 values and agreement between theoretical and experimental adsorption capacities. Furthermore,
the linearity of intraparticle diffusion plots with high R2 values suggested that intraparticle diffusion significantly influenced adsorption rates
and was likely the rate-determining step. This study supports SDG by offering an economical and environmentally friendly method for heavy
metal removal from wastewater.
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