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ABSTRACT

A new organic/inorganic biosorbent hydrogel
consisting of Arabic gum (AG),
polyamidoxime(PAQO), and CuFe204 was
synthesized by the grafting copolymerization
method. The first step was the preparation of
CuFe204 magnetic nanoparticles by the
coprecipitation method. Next, using a
crosslinker and a radical initiator, acrylonitrile
was grafted onto Arabic gum (AG) in the
existence of CuFe204 nanoparticles to produce
Arabic gum-g-polyacrylonitrile/CuFe204 (AG-g-
PAN/CuFe204) nanocomposite hydrogel. In the
last step, the acrylonitrile groups in the
nanocomposite hydrogel were modified using
hydroxylamine hydrochloride to obtain Arabic
gum-g- polyamidoxime/CuFe204 (AG-g-
PAO/CuFe204) nanocomposite hydrogel. X-ray
diffraction (XRD), scanning electron
microscopy image (SEM), fourier transformed
infrared (FT-IR), energy-dispersive X-ray analysis (EDX), carbon-hydrogen-nitrogen (CHN) analysis, zeta potential,
and Brunauer-Emmett-Teller (BET) analyses. vibrating sample magnetometer (VSM) and thermogravimetric
analysis (TGA) were used to characterize the produced nanocomposite. The adsorption effectiveness of AG-g-
PAO/CuFe204 for the removal of Pb(Il) from aqueous solutions was investigated under various experimental settings,
including starting Pb(Il) concentration, contact time, adsorbent dose, and pH. The Langmuir isotherm model
accurately categorized the experimental adsorption data, and the maximum adsorption capacity (Qmax) of the
produced biosorbent for Pb(ll) was determined to be 192.30 mg/g. The pseudo-second-order model suited the
adsorption kinetic data well. Additionally, after three consecutive cycles, the AG-g-PAO/CuFe204 can be successfully
reused without a significant loss in adsorption performance.
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1. Introduction

The use of freshwater has grown in modern civilizations, while per-capita water access has decreased. The quality
of available water resources, on the other hand, is deteriorating owing to increased industrial activity, agriculture,
inappropriate agricultural irrigation, increased production, ineffective municipal waste management, and a general
disregard for water resource management [1-3]. Heavy metal ions, dyes, radioactive materials, pesticides, drugs,
degradable waste, nitrates and phosphates, sediments, heat, and fluoride are known pollutants in water resources [1,
4-6]. Metal processing, mining, textile, battery production, plating, oil refining, paint manufacturing, pesticides,
tanning, paper, pigment and paint production, printing, and photography are the sources that discharge heavy metals
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to the environment and water resources [3]. The discharging of this type of contaminant into aquatic ecosystems, due
to non-biological degradation, high toxicity, intrinsic persistence, and their bioaccumulation and biomagnification in
nature especially in the food chain cause significant anomalies and problems in human health and quality of life of
other species [7].

Arsenic, cadmium, chromium, lead, and mercury is the common heavy metals pollutants. Lead, highly toxic metal
ions, can cause serious health problems for instance anemia, mental deficiency, brain damage, anorexia, vomiting,
and malaise in humans. According to Environmental Protection Agency, the maximum acceptable level for lead in
drinking water is 0.015 mg/ L. Therefore, the removal of these heavy metals before discharging contaminated effluents
into water sources was essential to protect the health of aquatic lives, animals, humans, and the environment. Scientists
have presented various methods such as membrane filtration, electrochemical, solvent extraction photocatalysis,
chemical precipitation, ion exchange, coagulation-flocculation, and adsorption for water treatment. The methods
mentioned above, despite their benefits such as rapid process, and being feasible on a lab scale, suffer from significant
drawbacks on a large scale, for example, the formation of concentrated sludge or byproducts, high energy costs, and
high-tech equipment [2, 4]. Adsorption has gained popularity due to its several advantages, including selectivity, ease
of operation, excellent performance, and the ability to use a wide range of cost-effective materials as adsorbents and
regeneration [8, 9]. Due to its positive characteristics such as natural resources, low cost, affordability, minimal
environmental impact, stability, uptake rate, reusability, adsorption capacity minimal toxicity to living cells, fair costs,
and availability, biopolymer-based adsorbents have been widely used as an ecologically friendly adsorbent to remove
water contaminants [10, 11]. A great number of polysaccharides was utilized in the construction of polysaccharide-
based adsorbent. Various gums such as guar gum[12], gum karaya[9, 13], xanthan gum[14], gum ghatti[15], and gum
tragacanth[16] as part of natural polymers with outstanding capability for hydrogel-forming, contributed to the gum-
based hydrogels construction[14]. The hydrogel is a three-dimensional homopolymer or copolymer network
compound. This soft and wet material with high swelling, high water absorption capacity without dissolving, and
flexible shape could provide metal ions with diffusion into its 3D network and subsequently stimulate interaction
between diffused metal ions in contaminated water and surface functional groups on hydrogel [17, 18]. Arabic gum
(AG), commonly known as acacia gum, is derived from specific acacia tree species. Based on the source, the chemical
and physical properties and the composition percentage of the constituent components could fluctuate somewhat
[19]. In general, about 97% of this compound is polysaccharides, and a very small portion of it, about 3%, is made
up of protein units. The main chain of this natural polymer consists of galactopyranose units linked by f (1,3)-
glycosidic bond. The side chains are mostly made up of two to five -(1,3)-linked galactopyranosyl units that are
linked to the linear chain through -glycosidic connections (1,6). Apart from galactose, glucuronic acid, rhamnose,
arabinose, and methyl glucuronic acid monomers are also present in the main backbone and branches [20, 21]. The
AG is a sophisticated neutral or slightly acidic compound that is usually formed in a combination of calcium,
magnesium, and potassium acidic salts, and as a result, it possesses a strong solubility in water [19].

Because of its physicochemical and structural qualities, this heteropolysaccharide has been widely used in a variety
of industries. For its emulsifying, thickening, and stabilizing capabilities, this substance is used extensively in the food
sector, such as in beverages, syrups, jellies, soft drinks, and ice cream formulation. It's also been employed in the
textile industry, printing, medicines, and the creation of cosmeceuticals [22]. As mentioned, natural polymer-based
hydrogel adsorbents have significant advantages, but reports indicate that the adsorption capacity of these unmodified
adsorbents is not satisfied [14, 15]. Therefore much effort has been made to modify this material with diverse materials
such as a silica-based nanoparticle, carbon-based compound, metal or metal oxide nanoparticle, polymers, and
montmorillonite, to achieve efficient adsorbent with high adsorption capacity, heightened thermal and mechanical
stability, or even magnetic recovery ability [9, 14]. The incorporation of magnetic nanoparticles in the network of a
natural polymer-based hydrogel grafted by vinyl monomers could indeed bring an extra active adsorption site for
efficient interaction with metal ions or another intended pollutant and thus enhance the absorption capacity.
Furthermore, the combination of different materials results in a nanocomposite hydrogel with synergistic properties
of compromising components. These kinds of materials have been the focus of research for the removal of heavy
metal ions from wastewaters due to their characteristic properties, such as high surface area, suitable porosity,
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biocompability, improved mechanical and thermal resistance, and high uptake rate. The literature survey demonstrated
the efficiency of polysaccharide/and gum-based nanocomposite hydrogel toward heavy metal absorption, for example,
Ghaemy and Sahraei reported the synthesis of modified gum tragacanth/graphene oxide composite hydrogel for adsorption of
Pb(I), Cd(IT), and Ag(I). The reported valus of adsorption capacity was about 142, 112 and 132 mg/g respectively. The
experimntal data has followed the Langmuir model and pseudo-first-order kinetic model [16]. Yutang and et al.
prepared the ethylenediaminetetra-acetic acid (EDTA) modified chitosan/polyacrylamide double network hydrogel
and applied it for adsorption of heavy metal ions. The fabricated nanocomposite hydrogel showed excellent efficiency
with theoretical maximum sorption capacities of 86.0, 99.4, and 138.4 mg/g for Cd(II), Cu(Il), and Pb(Il), respectively
[17].

Recent research has shown that adsorbents containing nitrogen-containing functional groups as strong chelating
ligands have been excellently able to remove heavy metals from aqueous solutions[23-26]. Given its great grafting
efficiency and reactivity, polyacrylonitrile (PAN) could be grafted onto the backbone of natural polymers, allowing
for additional chemical modifications [23, 27]. The current research used N, N-methylenebisacrylamide as a
crosslinker, and ammonium persulfate as a radical initiator to create a novel organic/inorganic hydrogel based on
grafted PAN onto the polymeric chains of AG in the existence of CuFe,O4 magnetic nanoparticles (MNPs). Using
hydroxylamine hydrochloride, the produced magnetic hydrogel was then manipulated to convert the nitrile groups to
amidoxime groups as bidentate ligands. Hence, the designed nanocomposite hydrogel with a combination of properties
from natural polymer, synthetic polymer, and inorganic nanoparticles was applied as an effective adsorbent for Pb(I)
removal from an aqueous solution. For this, The effects of important factors on adsorption capacity, i.e. metal ion
starting concentration, contact duration, adsorbent dose, and pH were assessed. The residual concentration of Pb(II)
after a contact time was measured by atomic absorption spectroscopy. Based on the experimental data, the Langmuir
and Freundlich models were used to assess the adsorption isotherm, and the adsorption kinetic was studied by the
pseudo-first and pseudo-second-order kinetic models. Then, the AG-g-PAO/CuFe,0O4 adsorbent regeneration was
explored well several times.

2. Experimental
2.1. Materials and characterization

Hydroxylamine hydrochloride, N, N'-methylene bisacrylamide (MBA), acrylonitrile (AN), and Arabic gum (AG)
were provided by Sigma Aldrich Company. NaOH, Fe(NO3),. 9H,0, Cu(NO3),. 3H>O, Pb(NO3),, ammonia solution
(NH4OH 28%), ammonium persulfate (APS), and all solvents were supplied from the Merck Company. FT-IR
spectra were obtained by KBr pellets on a Shimadzu 8400 S spectrometer. The samples were analyzed for elements
using energy-dispersive X-ray analysis (EDX) on a Numerix JEOL-JDX 8030 (30 kV, 20 mA). An X-ray
diffractometer was used to acquire sample X-ray diffraction (XRD) patterns (Bruker D8 Advance). A scanning
electron microscope (SEM, VEGA2 TESCAN) was used to examine the materials' morphology. A vibrating sample
magnetometer (VSM) analysis was used to determine the magnetic properties of the samples. Thermogravimetric
analysis (TGA) was used to investigate the thermal stability of materials with a BAHR-STA 504 instrument. The pH
was adjusted using a PHS-3C pH meter. A flame atomic absorption spectrophotometer (AAS) was used to determine
the concentration of Pb(II) in the mixture (Hewlett-Packard 3510).

2.2. Fabrication of AG-g-PAO/CuFe204nanocomposite hydrogel

The nanocomposite hydrogel was prepared in three steps. In the first step the CuFe>O4 magnetic nanoparticles by
the co-precipitation method according to reported literature [28]. In the next step, acrylonitrile was grafted onto Arabic
gum (AG) in the presence of CuFe;O4 nanoparticles by N, N-methylenebisacrylamide as a crosslinker, and ammonium
persulfate as a radical initiator to obtain Arabic gum-grafted-polyacrylonitrile/CuFe>Os (AG-g-PAN/CuFe;Oy)
nanocomposite hydrogel [29]. In the third step, the acrylonitrile groups in the nanocomposite hydrogel were modified
using hydroxylamine hydrochloride under the alkaline condition to obtain Arabic gum-grafted-
polyamidoxime/CuFe,O4 (AG-g-PAO/CuFe;04) nanocomposite hydrogel [30] (Scheme 1).
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Scheme 1. Schematic preparation of AG-g-PAO/CuFe204 nanocomposite hydrogel.
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2.3. Adsorption experiments

Many studies were conducted to determine the capacity of the AG-g-PAO/CuFe,O4 nanocomposite hydrogel to
remove Pb (I) from aqueous solutions. The influence of key factors on adsorption capacities, such as starting Pb (II)
concentration, contact duration, adsorbent quantity, and solution pH was investigated. To find the best medium pH,
HCI (0.1 N) and NaOH (0.1 N) were used to alter the various pH levels in the range of 2 to 8. After that, different
amounts of biosorbent from 5 mg to 20 mg and contact times from 30 to 120 min, and various initial Pb (II)
concentrations in the range of 20-200 ppm, were examined to obtain optimum adsorption conditions. The adsorption
isotherms were further investigated by referring the experimental results to the Freundlich and Langmuir models. The
pseudo-first-order and pseudo-second-order models were also implemented to examine the adsorption kinetics. The
experiments were done three times, with the average measured findings provided. The concentration of Pb(Il) in the
solution was determined using a flame atomic absorption spectrophotometer. The following equations were used to
compute the adsorption efficiency (1) and capacity (2) of Pb(II) onto the AG-g-PAO/CuFe204 nanocomposite [10].

R% = (%) x 100 (1
Qe = (=) x v @

The initial and equilibrium concentrations of Pb(I) in aqueous solutions (mg/L) are C; and C., respectively. V is
the solution volume (L) and m is the weight of the AG-g-PAO/CuFe,O4 biosorbent (g).

2.4. Desorption and reusability

50 mg of the AG-g-PAO/CuFe204-Pb complex was submerged in 0.2 M HCl and agitated for 1 hour at room
temperature to study biosorbent desorption and recyclability. The biosorbent was subsequently separated from the
acidic solution using a magnet. The concentration of liberated Pb(Il) in the elution medium was then measured by
AAS analysis. The percentage of desorption was calculated using the equation below [10].

%D = gx 100 A3)

The mg of Pb(Il) desorbed to the elution medium is A, while the mg of Pb(II) adsorbed on the AG-g-PAO/CuFe,04
biosorbent is B. To re-use the separated biosorbent, it was sonicated in 50 mL distilled water and agitated at room
temperature for about 1 hour, then collected using magnetic force, and finally dried and reused for more adsorption
experiments.
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3. Results and discussion

3.1. Characterization of adsorbent
The presence of the predicted functional groups was confirmed using FT-IR spectroscopy. Figure 1 shows the

FT-IR spectra of (a) AG, (b) AG-g-PAN/CuFe;04, and (c) AG-g-PAO/CuFe,O4. The stretching vibration of the O-H
bond of the carboxylic acid group and other hydroxyl groups is ascribed to a large absorption band in the region of
2500 to 3500 cm-1 in the FT-IR spectra of the AG [31]. The symmetric and asymmetric stretching vibrations of the
aliphatic C-H bond are associated with two absorption bands at 2898 cm™! and 2933 cm™!, respectively [32, 33]. The
stretching vibration of the COOH group's C=0 bond is responsible for the intense absorption band at 1625 cm™ [34].
The absorption bands in the range of 973-1143 cm-1 are attributed to stretching vibrations of C-O-C (glycosidic
bridge) and C-O-H bonds in the AG, while the bending vibration of CH, emerges at 1421 cm™ [32, 33, 35]. In
comparison to pure AG, the FT-IR spectra of AG-g-PAN/CuFe,O4 exhibit two additional sharp bands. The nitrile
functional groups of PAN grafted on the AG chain caused the first band to occur at 2243 cm’!, while the stretching
vibration of the Fe-O in CuFe,O4 caused the second band to form at 615 cm-1. It is hypothesized that the nitrile groups
of PAN in AG-g-PAO/CuFe;04 changed to amidoxime (HoN-C=NOH) groups in the FT-IR spectra of AG-g-
PAO/CuFe>Os. The elimination of the nitrile groups' absorption band at 2243 cm™! and the emergence of a new weak
absorption band verified this.

Transmittance (%)

3910 3410 2910 2410 1910 1410 910 410

Wavenumber (cm™")

Figure 1. The FT-IR spectra of (a) AG, (b) AG-g-PAN/CuFe204, and (¢) AG-g-PAO/CuFe204.

The EDX analysis was performed to evaluate the chemical structure and existence of the component elements of
the samples qualitatively. Figure 2 displays the results of this study for AG, AG-g-PAN, CuFe,04, AG-g-PAO, and
AG-g-PAO/CuFe;0s. In addition to the carbon and oxygen peaks, a nitrogen sharp peak was added to the EDX
diagram of AG-g-PAN, which is the consequence of the copolymerization of acrylonitrile on the AG chain. The
contributing elements of AG-g-PAO are comparable to those of AG-g-PAN, but peak intensities and element
percentages differ. Peak intensity and weight percentages have increased, particularly for oxygen atoms. Copper, iron,
and oxygen were present in CuFe>O,4. The peak of iron and copper elements were also identified in the EDX spectrum
of the AG-g-PAO/CuFe>04 nanocomposite.

CHN analysis was conducted to investigate the chemical alteration of AG-g-PAN/CuFe,O; to AG-g-
PAO/CuFe;04. Table 1 shows the percentages of hydrogen, nitrogen, and carbon components in the two samples. In
AG-g-PAN/CuFe,04 and AG-g-PAO/CuFe,0s, the molar ratio of nitrogen to carbon rose from 0.29 to 0.56, indicating
that the nitrile group was successfully converted to amidoxime.
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Figure 2. EDX spectra of (a) AG-g-PAN, (b) AG-g-PAO, and (¢) AG-g-PAO/CuFe:04.

Table 1. The result of elemental analysis (CHN)

Sample C(%) H (%) N (%)
AG-g-PAN /CuFeOs  38.75 4.02 11.12
AG-g-PAO/CuFe;04 22.94 4.54 12.84

XRD analysis in the 5-80° range was used to study the crystallinity of the produced materials. The XRD pattern

of AG revealed two distinct peaks at 27° and 19°, suggesting its amorphous nature, as previously described in the
literature [36, 37]. As reflected in Figure 3(I-a), the XRD pattern of the CuFe,O4 NPs has diffraction peaks at 20 =
18.39° 30.16°, 35.74°, 43.29°, 57.18°, and 62.76°, showing the crystalline nature of CuFe,O4 NPs. The XRD pattern
of AG-g-PAO (Figure 3(I-b)) shows a semi-crystalline structure, indicating that the grafted polyamidoxime to AG
has increased the crystallinity of the AG. The XRD pattern of the AG-g-PAO/CuFe,O4 biosorbent (Figure 3(I-c))
exhibits certain unique peaks at 6.67°, 18.38°, 31.82°, 42.99 °, 35.44°, 57.03°, and 62.61°, which are connected to the
presence of AG and CuFe;O4 in nanocomposite hydrogel. This demonstrated that the AG-g-PAO/CuFe204
nanocomposite hydrogel was effectively made. Furthermore, using the Scherer equation, the average crystal size of
the AG-g-PAO/CuFe204 nanocomposite was determined to be around 39 nm.

TGA curves of the (a) CuFe.Os NPs, (b) AG-g-PAO, and (c) AG-g-PAO/CuFe;Os nanocomposite in the
temperature range of 50 to 800 °C with a heating rate of 10°C/min were performed and displayed in Figure 3 to assess
the thermal behavior and breakdown of the produced materials (II). The weight loss of 5% below 130 °C in the TGA
curve of CuFe;O4 NPs (a) is due to the evaporation of HoO molecules [38]. Additionally, the elimination of the
hydroxyl group on the ferrite surface is attributed to the 8% weight loss from 130 to 400 °C [38, 39] and the creation
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of the metal oxide phase from the degradation of nitrate waste employed as a ferrite precursor [38, 40]. A very minor
weight loss with a very gradual slope happened as the temperature was increased from 400 to 600 °C, which might be
attributed to the crystallization of ferrite [41]. CuFe,O4 exhibited remarkable thermal stability, with a char production
of 90% at 800 °C.

The minor weight loss seen in the AG-g-PAO/CuFe,>04 nanocomposite thermogram (c) was due to the released
adsorbed water in the hydrogel network and CuFe;O4 NPs structure, as well as the elimination of the remaining organic
solvent. The disintegration of carboxylic acid, amidoxime functional groups in hydrogel network, decomposition of
polysaccharide backbone, and also dehydroxylation of CuFe;O4 NPs surface and AG, caused the next weight loss,
which began at 220 °C and proceeded with a constant trend up to 400°C [24]. Depolymerization of the main chain of
grafted PAO occurred as the temperature increased from 400 to 800 °C, resulting in the degradation of the gum
biopolymer chain to glucopyranose union [42].

At the end of this temperature range, the nanocomposite's residual weight was around 41%. When the TGA curves
of the AG-g-PAO and AG-g-PAO/CuFe,04 nanocomposite were compared, the AG-g-PAO lost almost 80% of its
weight by 800°C, while the AG-g-PAO/CuFe;04 nanocomposite lost 59%. As a result, the addition of CuFe,O4 NPs
to its network resulted in increased heat resistance.

VSM analysis was used to evaluate the magnetic properties of (a) CuFe,O4 NPs and (b) AG-g-PAO/CuFe;04
nanocomposite hydrogel using an applied magnetic field ranging from 10000 to +10000 Oe at ambient temperature
(300 K). Figure 3 shows that the magnetization curve of AG-g-PAO/CuFe,O4 nanocomposite has an S-like shape
without remanence (Mr) or coercivity (Hc), suggesting that the AG-g-PAO/CuFe;04 biosorbent is superparamagnetic.
The synthesized biosorbent had a saturation magnetization (Ms) of about 12 emu g}, which was less than the CuFe,O4
NPs' stated value of 36.03 emu g! [43]. Given that the nanocomposite hydrogel's principal component is an organic
component, this decrease is logical.
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Figure 3. (I) XRD patterns of (a) CuFe204 (b) AG-g-PAO, and (C) AG-g-PAO/CuFe:04. (II) the TGA analysis of (a) CuFe20O4
NPs, (b) AG-g-PAO, and (c¢) AG-g-PAO/CuFe,Os. (III) the VSM analysis of (a) CuFe204 NPs and (b) AG-g-PAO/CuFe2Os.
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Surface charges of the AG-g-PAO/CuFe;O4 nanocomposite adsorbents were determined by zeta potential
measurements. At pH 4, 6, and 10, the AG-g-PAO/CuFe,04 hydrogel nanocomposite's zeta potentials were measured
-12.7, -22.3, -34.1, respectively. By increasing the pH, the values of zeta potential become more negative, since
hydroxyl groups, carboxylic acids, and amidoxime groups in its structure are deprotonated.

An N adsorption-desorption study was performed on AG-gPAO and AG-g-PAO/CuFe,04 samples to determine
their specific surface areas and to investigate the effect of the inclusion of CuFe,O4 nanoparticles. A specific surface
area of 1.033 m?*/g of AG-g-PAO/CuFe;04 was found to be satisfactory in comparison with AG-g-PAO's 0.50
m?/g. According to this fact, AG-g-PAO/CuFe>Os has a greater surface area than AG-g-PAO due to the addition of
CuFe,O4 to the polymeric matrix. In addition, the pore size of the AG-g-PAO/CuFe;04 was measured to be 77.4 nm.

SEM analysis was used to examine the surface morphology and size distribution of the produced samples. Figure
4 shows SEM micrographs of (a) CuFe;Os, (b) AG-g-PAO, and (c) AG-g-PAO/CuFe;04 nanocomposite. SEM
micrographs of AG-g-PAO (a and b) revealed round swollen topologies on the smooth surface with uniform
distribution, which might be due to uniform PAO grafting onto the AG backbone. The aggregation of nearly sheet-
shaped particles can be seen in the SEM pictures of CuFe;O4 (c and d), with an average particle size of 37 nm for 20
particles. When compared to AG-g-PAO, the surface morphology of AG-g-PAO/CuFe;Os4 biosorbent showed
noteworthy differences, with a large number of sheet-like particles scattered throughout the AG-g-PAO matrix, which
appear to be connected to CuFe>Os.

¥
L

Figure 4. SEM images of (a and b) AG-g-PAO and (¢ and d) CuFe2O4 NPs and (e and f) the AG-g-PAO/CuFe20s.
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3.2. Optimization of the effective parameters on the Pb(Il) adsorption
The effects of metal ion starting concentration, contact duration, adsorbent dose, and pH are significant and deciding
factors. By adjusting these variables, the efficiency of heavy metal ions removal can be greatly improved [10].
Solution pH: Figure 5a shows the results of tests in which the pH of the aqueous solutions varied from 2 to 10.
The adsorption capability of the AG-g-PAO/CuFe,04 biosorbent is pH-dependent based on the chemical structure of
chelating sites, namely amidoxime as an amide, hydroxyl, bidentate ligand, and carboxyl groups. The interactions
between the active basic sites of the AG-g-PAO/CuFe,O4 biosorbent and the Pb(II) cations are influenced by the
acidity and alkalinity of the metal ion solution, as well as the concentration of proton and hydroxide ions. At low pH,
the active sites of the AG-g-PAO/CuFe,Oj4 are protonated and less accessible for coordination with Pb(II) cations. As
Figure 5a shows, the concentration of Pb(II) in solution at pH 2 did not decrease after 1h stirring in the presence of
the AG-g-PAO/CuFe;0O,4. This observation can be explained by the electrostatic repulsion between protonated
chelating sites of the AG-g-PAO/CuFe;04 and lead cations[10]. The adsorption capacity grew as the pH climbed from
2 to 6, approaching its maximum value of around 148 mg/g, but when the pH increased to 8 and 10, the adsorption
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capacity marginally fell to 127 and 116 mg/g, correspondingly. The reason for this decrease in adsorption capacity at
higher pH is attributed to the increase in the concentration of hydroxide ions and the formation of other species of Pb
ions such as Pb(OH), and even Pb(OH)j3(10). In other words, there is a competition between the AG-g-PAO/CuFe;04
biosorbent chelating sites and hydroxide ions to interact with the Pb(II) cations in an aqueous solution, so that all
metal cations not are available to the adsorbent chelating sites. The pH of 6 was chosen as the ideal pH for further
adsorption trials since it had the most adsorption capacity.

Adsorbent dosage: Adsorption studies were carried out in the presence of varying amounts of the AG-g-
PAO/CuFe»04 biosorbent at optimal pH to study the link between the amount of the AG-g-PAO/CuFe;04 adsorbent
and its adsorption ability for Pb(II). The amount of adsorbent steadily increased from 0.002 g to 0.014 g, while the
adsorption capacity fell from 360 to 65 mg/g, in accordance with the obtained data (Figure Sb). The increased number
of Pb(II) ions accessible for adsorption per unit mass of the AG-g-PAO/CuFe,O; biosorbent results in a higher amount
of adsorption capacity at a lower adsorbent dose. However, when the amount of adsorbent was increased, the
adsorption efficiency increased since the swelling and availability of a greater number of active sites with an increase
in the dose of absorbent. When the adsorbent dose was 0.014 g, the greatest adsorption effectiveness was around 91
percent. Therefore, 0.014 is the best quantity of adsorbent for the following studies.

Contact time: The effect of contact time on the AG-g-PAO/CuFe,O4 biosorbent's adsorption ability for the
removal of Pb (II) was examined. Figure 5c¢ shows that increasing the contact period from 30 to 90 minutes at the
optimal pH and adsorbent dose raised the adsorption capacity to 69.22 mg/g. However, as the response time
approaches 120 minutes, the adsorption capacity does not improve and even slightly declines. As a result of the
research, the best contact period for future experiments is 90 minutes. A significant number of unoccupied chelating
sites of biosorbent are accessible to coordinate with metal cation in an aqueous solution at the start of the metal ion
adsorption process. The interactions between adsorbent chelating sites and metal ions grow when the contact duration
is increased to 90 minutes, till the highest equilibrium adsorption capacity is reached. However, no increase in
adsorption capacity was found after this period, which could be interpreted by the occupancy of the AG-g-
PAO/CuFe>0,4 biosorbent active sites and the proximity to equilibrium.

The initial concentration of Pb(Il) ions: By adjusting Pb(II) ions concentration from 25 to 200 mg/L at optimal
pH (6), adsorbent dose (0.014 g), and contact duration (90 min), the relationship between initial metal ions
concentration and adsorption capacity of the AG-g-PAO/CuFe;O; biosorbent was investigated. The initial
concentration of Pb(Il) influenced the biosorbent adsorption capacity (Figure 5d), and the severity of the effect
increased as the initial concentration rose from 25 to 200 mg/L. Moreover, raising the starting concentration of Pb(II)
ions while keeping the quantity of adsorbent constant improved the ratio of adsorbate to the adsorbent, resulting in an
increase in adsorption capacity until it approaches an equilibrium level[44].
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Figure 5. (a) Effect of solution pH (2-10), adsorbent dosage (0.010 g), initial concentration (100 mg/L), V (10 mL), Time (60
min), T (298 K), (b) adsorbent dosage (0.02-0.014 g), pH 6, initial concentration (100 mg/L), V (10 mL), Time (60 min), T (298
K), (¢) contact time (30—120 min), pH 6, adsorbent dosage (0.014 g), initial concentration (100 mg/L), V (10 mL), Time (60 min),
T (298 K), (d) initial concentration (50-200 mg/L), pH 6, adsorbent dosage (0.014 g), V (10 mL), Time (90 min), T (298 K). Qe is
the equilibrium adsorption capacity (mg/g).
3.3. Adsorption isotherm
The adsorption isotherm investigation was used to investigate how Pb(Il) interacts with AG-g-PAO/CuFe;04
biosorbent. In recent years, Langmuir and Freundlich's models have been used to describe equilibrium adsorption
isotherms and predict maximum adsorption capacity [10, 11, 45, 46]. A single-layered absorption of pollutants onto
the adsorbent surface is described by the Langmuir isotherm. All sites on the adsorbent surface are assumed to have
the same energy and affinity for interacting with pollutants, resulting in homogeneous adsorption [47]. Admittedly,
the adsorption capacity reaches its greatest levels when contaminants form a full monolayer on the adsorbent surface
[23]. The Freundlich model, on the other hand, is based on multilayer adsorption of pollutants on a heterogeneous
adsorbent surface [48]. Langmuir's (4) and Freundlich's (5) models are mathematically expressed in the equations
provided [11].
C__ 1,1, @)
Qe KL Qmax Qmax
1 (&)
LogQ. = logK; + Elog Ce
Ce is the equilibrium concentration of metal ions (mg/L); Qe and Qmax are the equilibrium and maximum adsorption
capacity (mg/g), respectively; Ki (L/mg) and Kr (L/mg) are the Langmuir and Freundlich constants calculated from
the plot between Ce/Q. and Ce, and between log Q. and log C., respectively. n is a factor to determine the favorability
of the adsorption process; when n>1, At high concentrations, adsorption of Pb(Il) on adsorbent is ideal [45]. Figure 6
provides the charts for the Langmuir and Freundlich isotherm models. Table 2 presents the comprehensive
information acquired from these two isotherms. The Langmuir isotherm is highly compatible with experimental results
than the Langmuir isotherm, showing monolayer adsorption of metal ions onto the homogeneous surface of the AG-
g-PAO/CuFe,0; biosorbent, according to the corresponding correlation coefficient (R2) of isotherm models. The
obtained biosorbent's highest adsorption capacity for Pb (II) is 192.30 mg/g when compared to some of the other
biosorbents published in recent years to demonstrate the prepared biosorbent's competence. The AG-g-PAO/CuFe;04
biosorbent has a higher Qmax than other published biosorbents, as seen in Table 3. This is due to the presence of
several chelating agents in the copolymer, such as hydroxyl, amine, and amidoxime functional groups, as well as
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CuFe,04 NPs in the produced nanocomposite hydrogel network, where it has a significant affinity for the building of
a stable Pb(II) complex in aqueous solution. Therefore, the AG-g-PAO/CuFe,0O,4 biosorbent is a good option for
successful heavy metal ion adsorption from wastewater.

Table 2. Isotherm and kinetic constants, correlation coefficients, and statistical parameters, for adsorption of Pb(II) on the
adsorbent.

Parameters
gm (mg/g) 192.30
Langmuir Ki(L/mg) 0.058
R? 0.97
Isotherm
K (L/mg) 12.65
Freundlich n 1.41
R? 0.95
Ki 0.0345
.. . Qe, exp (Mg/g) 69.29
Kinetics Pseudo-first-order Q. cal (/) 4518
R? 0.962
K2 0.0007
Qe, exp (Mg/g) 69.29
Pseudo-second-order Q. cal (/) 76.92
R? 0.99
0.3 2.5
. a b
0.25 x4 e N
et 2 _ T T
O 2 ...-"' |.+! """"
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Figure 6. (a) The Langmuir and (b) Freundlich isotherm (Condition: initial concentration (50-200 mg/L), pH 6, adsorbent
dosage (0.014 g), contact time (90 min), T (298 K).

Table 3. Comparison of the adsorption capacities of various adsorbents for Pb(II) adsorption.

Qmax Time C m
Adsorbents (mg/g) pH G (mg/L) (mg) Ref.
Guar gum/bentonite 83.52 5.1 240 50 10 [49]
Wool graft polyacrylamidoxim 23.56 6 720 20 200 [50]
magnetic PVA/modified GT/GO beads 81.78 6 24h 20 50 [51]
Poly m-phenylenediamine- grafted -dextrin 80 6 120 80 120 [10]
Xanthangum/montmorillonite 187.08 4 240 100 10 [52]
Magnetic chitosan grafted thiacalix[4]arene 23.28 7 240 50 50 [11]
AG-g-PAO/CuFe>O4 192.30 6 90 200 140 Present work
CuFex04 39.54 6 90 200 140 Present work
AG-g-PAO 156.25 6 90 200 140 Present work
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3.4. Adsorption kinetics
The investigation and determination of various adsorption processes, the rate-limiting stage of the adsorption

process, and the equilibrium time can all be done using adsorption kinetics [53]. The adsorption rates of Pb(II) onto
the AG-g-PAO/CuFe;04 biosorbent were assessed using pseudo-first-order and pseudo-second-order models in this
work. Equations 6 and 7 are used to represent them mathematically, accordingly [46].

L0g(Q, — Q) = LogQ, — ¢ ©

2.303

Lt .1, )
Qe kQ8 Q.

The adsorption capacity (or quantity of Pb(II) adsorbed onto biosorbent) at time and equilibrium, accordingly,
are Qt (mg/g) and Q.(mg/g). The pseudo-first-order and pseudo-second-order rate constants are K; (1/min) and K>
(g/mg.min), accordingly. Figure 7 and Table 2 present the results of the kinetic linear plots and their full information
pseudo-second-order model is better adequate for understanding Pb(II) adsorption kinetics on the AG-g-
PAO/CuFe»04 biosorbent, based on the correlation coefficients and discrepancy between the predicted and observed
Qe values of the two analyzed kinetic models. As aresult, chemisorption, which includes a coordination bond between
the metal ion and the chelating ligands of the adsorbent, is the rate-limiting stage of the Pb(II) adsorption process on

biosorbent.
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Figure 7. (a) The pseudo-first-order (b) and pseudo-second-order models (Conditions: Contact time (30-120), pH:6,
adsorbent dosage (0.014 g), initial concentration (100 mg/L), T (298 K).

3.5. Recovery and reusability

Adsorbent retrievability and recyclability are essential for the protection of the environment and expense, time,
and energy efficiency since adsorbents with these features effectively decrease the challenges associated with old
adsorbent waste and even the current adsorbent manufacturing process [54]. Three cycles of adsorption and desorption
experiments were conducted to determine the AG-g-PAO/CuFe,O;4 biosorbent's reusability. Under acidic conditions
(HC1 2M), the coordination bond between the metal cation and the biosorbent was broken, releasing the metal ion into
the acidic solution. The adsorbent was then isolated first by a magnet, washed several times with distilled water, and
dried for subsequent adsorption/desorption experiments. Figure 8a shows that after three cycles, the adsorption
percentage dropped from 97.01% to 93.98%, whereas the desorption percentage dropped from 96.2% to 92.87%.
These findings reveal that the biosorbent keeps its capacity to remove metal ions through three adsorption-desorption
cycles with no substantial loss of adsorption efficacy.
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3.6. Suggested mechanisms of adsorption

Absorption of Pb(Il) on AG-g-PAO/CuFe,04 biosorbent was demonstrated by EDX analysis of biosorbent before
and after adsorption of Pb(Il). The functional groups and chemical structure of the adsorbent are significant in the
process of adsorption. The AG-g-PAO/CuFe,>04 nanocomposite hydrogel, with its large number of chelating groups
such as carboxyl, hydroxyl, and amidoxime groups and also the three-dimensional network, has a very excellent ability
to adsorb lead ions from aqueous solution. To confirm the adsorption of Pb(II) on the AG-g-PAO/CuFe;04, EDX
analysis was employed. In this way, the biosorbent was analyzed before and after the adsorption of Pb(Il). Comparing
the EDX spectrum of the AG-g-PAO/CuFe,04 hydrogel biosobent before and after adsorption (Figure 8b and Figure
8c), showed that new peaks related to lead element were present in the EDX spectrum of biosobent after adsorption.
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Figure 8. (a) Reusability of the AG-g-PAO/CuFe204 adsorption/desorption percentages of Pb(II) during three cycles. (Reaction

conditions: contact time (90 min), solution pH:6, adsorbent dosage (0.014g), Initial concentration (100 mg/L) solution volume: 10
mL. T (298 K). (b, ¢) EDX spectra of the AG-g-PAO/CuFe204 nanocomposite hydrogel before and after Pb(Il) adsorption.

1002

4. Conclusions

In three main processes, the AG-g-PAO/CuFe,>04 nanocomposite was developed as a unique organic/inorganic
hydrogel, and it was analyzed with FTIR, CHN, and EDX, SEM, XRD, TGA, and VSM analyses. The adsorption of
Pb(II) from an aqueous solution was accomplished when using AG-g-PAO/CuFe,>04 nanocomposite hydrogel. The
best conditions for Pb(I) adsorption onto AG-g-PAO/CuFe,04 were 200 mg/L starting concentration of Pb(II), 0.014
mg adsorbent dosage, and 90 minutes contact time at pH=6. The adsorption isotherm data were matched with a
Langmuir isotherm model having a Qmax of 192.30 mg/g, and the experimental adsorption kinetics were well aligned
to pseudo-second-order and adsorption isotherm data. The creation of a stable complex between the chelating ligands
of the adsorbent network, namely amidoxime (as a bidentate ligand), hydroxyl, amidoxime, carboxyl groups, and
Pb(II), can clarify the process of metal adsorption on the hydrogel network. The AG-g-PAO/CuFe;04 biosorbent had
better thermal stability than AG-g-PAO and lower thermal stability than CuFe,O4 NPs. Moreover, the existence of
CuFe,04 NPs in the AG-g-PAO hydrogel network enabled the creation of a recyclable magnetic hydrogel that could
be easily removed from aqueous solutions. After three sequential cycles, the synthetic adsorbent's high ability to
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absorb Pb(I) was only diminished by around 4%. Considering the aforementioned merits of this nanocomposite
hydrogel, more research is certainly possible, including using it as a photocatalyst for the degradation of organic
pollutants and examining its catalytic performance for organic reactions and its antibacterial properties.
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