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‘I
In this study, the sol-gel auto-combustion method is employed to synthesize barium hexaferrite (BaFe »O,9) using carboxymethyl cellulose |
as chelating agent. The properties and identity of the synthesized BaFe;,O,o nanoparticles were verified with X-ray diffraction (XRD), |
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), energy dispersive spectroscopy (EDS) and vibrating
sample magnetometry (VSM). The adsorption efficiency of the prepared nanoparticles toward lead(II) metal ions was estimated using |
atomic absorption spectroscopy (AAS). The synthesized BaFe,O,o was utilized as an adsorbent for removing lead(II) from the aqueous |
solution. The utilization enhancement studies of the synthesized nanoparticles were influenced by several factors, which include incubation |
time, pH of metal ion solutions, adsorbent doses, initial lead(II) metal ion concentration and temperature. Under optimum conditions,
when 0.20 g of adsorbent was used with 5 mg/L of lead(II) ion solution at a pH 6, the adsorption percentage was found to be 91.53%. |
Endothermic adsorption and the Langmuir isotherm models were found to best fit the data of lead(II) adsorption. Notably, the maximum |
adsorption capacity (qm) for lead adsorption was 4.57 mg/g. These findings demonstrated that the novel single material BaFe;,O,o magnetic |
nanoparticles can function as a highly effective nanosorbent for the treatment of wastewater and they can effectively remove lead(Il) ions. |
|
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INTRODUCTION

Water pollution is one of the most pressing global concerns
as the world faces a future with declining water resources [1].
Heavy metals in water originate from various sources, including
those caused by humans as well as by natural processes [2].
These heavy metals eventually make their way into the bodies
of animals and humans through the food chain due to their
absorption by plants, where they have a deleterious impact on
health and vitality [3]. The release of untreated or minimally
treated heavy metals into waterways has several adverse effects
on human health and the environment. Heavy metals are parti-
cularly harmful to humans because of their great stability and
solubility in water. Heavy metal contaminants have numerous
adverse impacts on the environment and human health because
of their high reactivity, propensity to form complexes and high
biochemical and physiological activity [4]. According to the

World Health Organization [5], heavy metals become toxic at
concentrations greater than 1 mg/L. Lead causes cerebral, renal,
circulatory and nervous disorders when its concentration is
6.0 x 107 mg/L, which corresponds to the maximum contami-
nant level (MCL) standards for harmful heavy metals [6]. Lead
is typically released into the environment by the metal mining
industry. The production of acid lead batteries [7], agricultural
wastewater discharge, domestic sewage discharge and atmos-
pheric deposition all contribute to lead pollution [8]. Lead is a
non-biodegradable metal that exists in nature in low quantities.
However, atmospheric lead levels are steadily rising because
of human activities such as manufacturing, mining and the
burning of fossil fuels. Lead is toxic to the human body when
exposed to amounts exceeding the optimum range and children,
in particular, are vulnerable to lead poisoning because of their
increased likelihood of coming into contact with dust contain-
ing environmental lead [9]. Therefore, wastewater contaminated
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with heavy metals must be treated before being released into
the environment to prevent unintended consequences, such as
contamination of drinking water supplies. Numerous techniques,
which include coagulation, chemical precipitation, membrane
filtration, ion exchange and biosorption [10-12], have been
developed to reduce heavy metal pollution in water. Most of
these methods are not sustainable because of some challenges
involved, such as additional pollution, high energy consum-
ption, high costs and complex processes. The adsorption process
is a low-cost technique to remove heavy metals from polluted
fluids [13]. Adsorption is classified as either physical, in which
non-specific van der Waals forces cause an increase in the adsor-
bate concentration at the interface or chemisorption, where
covalent or ionic bonds are formed between the adsorbate and
the adsorbent. Unlike chemisorption, which is selective, typi-
cally irreversible and generates heat in the range of tens to
hundreds of kJ/mol, physical adsorption is only weakly specific,
reversible and thermally effective [14].

The search for a cost-effective adsorbent that has high
stability and is highly effective continues. These adsorbents
are often prepared from porous materials, which gives them a
high surface area. Therefore, the synthesis of an adsorbent with
a large surface area and low diffusion resistance is crucial to
environmental remediation. Thus far, extensive research has
been conducted on the use of magnetic nanomaterials in water
purification. Several studies have demonstrated the effective-
ness of magnetic nanomaterials in water purification by remo-
ving organic, inorganic and heavy metal contaminants [15].
Magnetic nanosorbents are potential options for the removal
of heavy metals in the presence of an external magnetic field
because of their high efficiency, low cost, flexibility of adsor-
ption process, high specific surface area, facile synthesis methods
and high adsorption and desorption properties [ 16]. In a previous
studies [17,18], magnetic adsorbents such as magnetic nano-
biocomposite, magnetic polyresorcinol @ CoFe,O;@MnS nano-
particles, amino/thiol bifunctionalized magnetic nanoadsorbent,
nano metal ferrites-MFe,0, and DMSA @Si0O, @Fe;0, nano-
composite were investigated for heavy metal adsorption proce-
sses.

Barium hexaferrite (BaFe,O)9) is a permanent magnet that
has numerous applications in magnetic nanomaterial techno-
logy, making it an important material class within the family
of permanent magnets [19]. BaFe 0o can be rapidly and easily
separated from the solution due to its high magnetocrystalline
anisotropy and high coercivity [20]. These nanomaterials are
effective as adsorbents due to their high surface area and pore
volume and have piqued commercial interest [21]. Various
methods including the sol-gel technique were utilized for the
synthesis of BaFe ;0o magnetic nanoparticles [22]. In previous
study, the sol-gel auto-combustion method was used to success-
fully synthesize BaFe,O o, resulting in the formation of single-
phase barium hexaferrite at low cost [23]. Various new appro-
aches have been developed in recent years to remove heavy
metals from the wastewater produced by industrial processes.
Due to several advantageous characteristics of BaFe;0,o, it is
being utilized in several new applications in the adsorption
process. In this study, BaFe,Oynanoparticles were synthesized

via the sol-gel auto-combustion method using carboxymethyl
cellulose as a chelating agent for removing lead(Il) ions present
in an aqueous solution. Additionally, the various factors that
impact the efficiency of adsorbents in removing heavy metals
from wastewater were also studied. These factors include incu-
bation time, pH value, adsorbent dose, initial concentration
and temperature. The removal efficiency of heavy metals was
estimated using atomic absorption spectroscopy (AAS). The
adsorptive behaviour of the BaFe 0,9 adsorbent was analyzed
via isotherm and thermodynamic experiments.

EXPERIMENTAL

All the chemical reagents used in the experiment were of
analytical grade and used as received. Iron(II) nitrate nona-
hydrate [Fe(NO;);-9H,0], barium(II) nitrate [Ba(NO3),], carboxy-
methyl cellulose and lead(Il) nitrate nonahydrate [Pb(NOs3),-
9H,0] were purchased from Sigma-Aldrich, USA. Nitric acid
(65% HNOs), sodium acetate and ammonium hydroxide (28-
30%) were purchased from Baker, U.K.

Preparation and characterization of BaFe,,O,, magnetic
nanoparticle adsorbent

The adsorbent magnetic nanoparticle, barium hexaferrite
(BaFe ,0yy), was prepared by reported techniques [24]. BaFe ;0,9
was prepared by mixing 0.26 g of barium(II) nitrate and 4.85 g
of iron(I1I) nitrate in 50 mL of distilled water. Both solutions
were mixed and continuously stirred for 30 min. Then, 6% (w/v)
carboxymethyl cellulose was added as a chelating agent to the
above solution while stirring. After heating the mixture to 80 °C,
NH,OH (30% v/v) was slowly added until the mixture attained
a highly alkaline pH (pH = 10). To remove the solvent and set
the gel, the resulting solution was stirred for 2 h at 90 °C and
then at 200 °C. The dried gel swelled on ignition. Besides, the
gel completely self-combusted within a minute, resulting in a
black powder. The crystal structure was characterized using
the X-ray diffraction (XRD) technique (Shimata, XD-D1, Japan)
and the phase of the synthesized BaFe,O, was characterized
by a diffractometer (source: CuK, radiation). The sample was
analyzed using the scanning electron microscopy-energy disper-
sion spectroscopy (SEM-EDS) technique with a Quanta 400
(SEM-Quanta) system. The Fourier-transform infrared (FTIR)
spectrum of barium hexaferrite (BaFe,O,9) magnetic nano-
particles was recorded on a Nicolet iS5 spectrometer from
Thermo-Scientific. The measurements were taken using the
KBr pellet method at room temperature in the wavelength range
of 4000-500 cm™. The specific surface area (Autosorb iQ S/
N:1050017338 Station: 2) was calculated using the Brunauer-
Emmet-Teller (BET) method. The magnetization of the BaFe,O)o
samples was measured using the vibrating sample magneto-
metry (VSM) (Lake Shore; Model 7404) technique in the range
of -12 kOe to 12 kOe at room temperature.

Preparation of stock solution of Pb(II) ion: To prepare
a stock solution of Pb(II) with a concentration of 100 mg/L,
100 mg of Pb(NOs),-9H,0 was dissolved in 1000 mL volum-
etric flask using 1% HNO; as solvent. The experimental solutions
of 1, 5, 10, 15, 20, 25 and 30 mg/L were prepared by sequen-
tially diluting the stock solution. A series of dilutions of the
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standard stock solution were prepared at concentrations of 1,
5, 10, 20 and 30 mg/L for a standard calibration curve.

Adsorption of Ph(II) ions on BaFe;,O, magnetic nano-
particle adsorbent: The adsorption efficiency of Pb(II) on
BaFe ;0,9 magnetic nanoparticle adsorbent was established
through batch experiments. Moreover, several factors that
affect the efficiency of adsorption were considered and batch
adsorption experiments were conducted. In each batch experi-
ment, the adsorbent BaFe;O,y was weighed and added to a
125 mL Erlenmeyer flask and 25 mL of Pb(Il) solution was
subsequently added. The prepared solution was shaken with
an orbital shaker with a speed of 150 rpm after its pH was
adjusted. The impact of the following parameters of the experi-
ment on the removal of Pb(Il) from aqueous solution was inves-
tigated: incubation time (10, 20, 30, 40, 50, 60 and 90 min),
pH value of solution (1, 2, 3, 4, 5, 6 and 7), adsorbent dose
(0.02, 0.04, 0.08, 0.12, 0.16 and 0.20 g), initial concentration
of Pb(Il) (1, 5, 10, 15, 20, 25 and 30 mg/L) and temperature
(10, 30 and 50 °C). The suspension of BaFe;,Os adsorbent
was separated from Pb(II) using an external magnet and the
supernatant solution was analyzed by atomic absorption
spectrophotometer (AAS). The equilibrium amount of adsor-
ption (q.) and the percentage of adsorption (% adsorption)
were calculated using the following equations:

O_Ce

XV

Adsorption capacity (q,) = @))

CO _CC

Adsorption (%) = x100

@)

where q. denotes the adsorption capacity in the equilibrium
state (mg/g); C,represents the initial Pb(II) concentration (mg/
L); C. represents the Pb(II) concentration (mg/L) in the equili-
brium state; V denotes the volume (L) of the solution and m
denotes the mass (g) of the adsorbent.

Adsorption isotherms: Equilibrium isotherm studies can
be employed to predict the requirements for isotherm modeling
in the adsorption section and the behaviour of the adsorbate
during adsorption. In this study, Langmuir and Freundlich
models were analyzed to appropriate the experimental data of
the adsorption process. Table-1 presents the equilibrium iso-
therm models used and their corresponding equations. To quan-
tify the thermodynamics of Pb(II) adsorption.

RESULTS AND DISCUSSION

FTIR studies: As depicted in Fig. 1, the functional groups,
the phase purity and the crystallinity of synthesized BaFe ;09
magnetic nanoparticles were determined using FTIR and XRD
techniques. The absorption bands at 3354 cm™ are attributed
to the O-H stretching. The peaks corresponding to C=0 asym-
metric stretching and C-O bending vibrations of CMC were
observed at 1567 and 1322 cm™ (Fig. 1a). It must be noted that
the absorption band at 1450 cm™ (C-O) has resulted from the
carbonate groups and carbonate intermediates like BaCOjs that
correspond to the residue in the XRD result [25]. The bands
observed at wavenumbers of 603-594 cm™ are reflections of
the metal-O bending vibrations in a tetrahedral shape. The
absorption bands at 1175-1020 cm™ correspond to the Ba-O
stretching vibrations.

XRD studies: The phase and crystallinity of the synthesized
BaFe,,0, magnetic nanoparticles were supported by the XRD
patterns. The XRD peaks corresponding to the BaFe ;O samples
were observed in the 20 range of 15-75°. The three main peaks
observed in the 20 regions of 35°, 57° and 64° of the spectrum
correspond to the BaFe ,O,9 phase (JCPDS No. 84-757) [26].
As shown in Fig. 1b, the BaFe ;O phase is depicted with a
red star, indicating that BaFe 0,y can be formed when CMC is
used as the chelating agent. Furthermore, the presence of

TABLE-1
EQUILIBRIUM ISOTHERM MODELS USED IN THIS STUDY

Isotherm models Equation

Plot Parameters

Langmuir CJ/q. = 1/9,K, + C/q,, (CJ/g) vs. C, qm (mg/g), Ky (L/mg), R®
Freundlich log q. = 1/nlog C, + log K¢ Ing.vs. InC, K (mg/g), n, R?
@) * (b)
'y
T A
< | 2900 —~ L
3 S
2 3ss4  CH 8
_22 —H stretching g
= stretching C_Q e00| &
a stretching l Metal-O %
© 1567 orO-H|] €
= oo 1021 Do = ¥ BaFe,,0,
symmetric stlz?c_ﬁn lane
stretching 9 A BaCO,
1 1 1 1 I 1 1 I 1 1 1 I 1 1 U ) 1
4000 3500 3000 2500 2000 1500 1000 500 15 20 25 30 35 40 45 50 55 60 65 70 75
Wavenumber (cm™) 26 (°)

Fig. 1. (a) FTIR spectrum of the BaFe ;0,9 adsorbent and (b) XRD pattern recorded for the BaFe ;0,9 adsorbent
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BaCO; minor phases (green triangle) implies that a single-
phase form of BaFe ;O\ cannot be prepared using the sol-gel
auto-combustion method, which agrees with the FTIR result.
The outcome of this work is the synthesis of BaFe ;0 using
carboxymethyl cellulose as a chelating agent. The resulting
function group and phase follow a pattern similar to the M-
type BaFe ,Oo hexaferrite in the previous literature [27]. The
average crystallite sizes were calculated using Scherrer’s
equation as follows:

K

BcosO 3)
where D denotes the average crystallite size (nm), k=0.9, A is
the X-ray wavelength (A = 1.5406 A), B denotes the full width
at half maximum (FWHM) of the highest intensity peak in
radians and 0 denotes the half of the diffraction peak angle
[28]. The average crystallite size for BaFe ;0,9 was found to
be 68.73 nm.

EDS and mapping analysis: The elemental composition
of the BaFe;O,y magnetic nanoparticles was confirmed and
characterized using the EDS technique. It is observed from
Fig. 2 that the synthesized BaFe 0,9 component excludes Fe,
O, Ba and C elements. As indicated in Fig. 2a, the percentage
composition of the elements was found to be 54.69%, 24.24%,
11.90% and 9.20%, respectively. The distribution of the elements
in the synthesized BaFe »O,o is approved by EDS mapping.
The findings demonstrate that Fe, O, Ba and C are uniformly
distributed in the hexaferrite structure. As illustrated in Fig.
2c-f, the samples have extremely homogeneous structures.

SEM and TEM studies: The SEM and high-resolution
transmission electron microscopy (HRTEM) images revealed
the morphology of BaFe ;0,9 magnetic nanoparticles, which

| peee— T 1
25 ym 25 ym

are spherically shaped and have a particle size of approximately
15-20 nm. The particle sizes were found to be in the nanoparticle
range. Moreover, the SEM image shows that the samples are
uniformly formed and slightly agglomerated. The clustering
is attributed to the magnetic properties of ferrites (Fig. 3a). The
HRTEM images in Fig. 3b present several crystalline planes
of the BaFe;Oy adsorbent. This confirmed the crystalline
nature of the nanoparticles and agrees with the findings of the
previous study [29].

Magnetization studies: The magnetic properties of the
BaFe,,O,y nanomaterial were analyzed using a vibrating sample
magnetometer (VSM) at room temperature in an applied mag-
netic field between -20 kOe and +20 kOe. Fig. 4 shows that
the magnetization of the magnetic BaFe;O,y adsorbent was
27.79 emu/g, the coercive field (H.) value was 12239 (Oe) and
ithas an S-shaped hysteresis loop. The high values of saturation
magnetization (M;) and the area of the static magnetic hyster-
esis curve are indicative of hard ferromagnetic characteristics
and the exceptionally robust nature of the material. The high
M values of BaFe ;0,9 and the magnetic properties of the material
lead scientists to consider magnetic nanomaterials as the most
effective adsorbents. Therefore, the synthesized nanocompo-
site has magnetic properties and can be easily separated from
the aqueous solution using an external permanent magnet [30].

Adsorption studies: To achieve a highly effective treat-
ment process for BaFe ;0,9 adsorbent, the maximum adsorption
parameters were optimized. The experiment was conducted
to determine the optimal conditions for the removal of Pb(Il),
ions which include the incubation time, pH value, adsorbent
dose, initial concentration of Pb(II) and temperature. These
conditions were determined by examining the Pb(II) removal
efficiency of BaFe 0,9 nanoadsorbent.

Fe Lo1_2

25 uym

Fig. 2. EDS, SEM and elemental mapping results obtained for the BaFe ;0,9 adsorbent, (a) EDS spectrum, (b) original SEM image and

mapping of (c) iron, (d) oxygen, (e) barium and (f) carbon
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Fig. 4. Magnetic hysteresis loop of BaFe >0,y adsorbent

Effect of incubation time: The impact of incubation time
on the removal efficiency of Pb(II) ions by BaFe ,O,y adsorbent
was estimated by performing the experiments for 10-90 min
ata pH of 7 and adsorbent dosage of 0.02 g with 5 mg/L of Pb**
solution. The adsorption percentages of Pb(II) ions increased
rapidly within 10 min and attained equilibrium after 20 min
with an adsorption capacity (qe) of 3.20 mg/g (Fig. 5). The rapid
increase in the adsorption percentage in the early stages is due
to the metal ions occupying a considerable fraction of the surface
reactive sites. Over longer periods, the metal ions become less
easily accessible to empty active sites on the adsorbent surface
and once the process has attained equilibrium, these sites become
completely saturated [31]. The adsorption attains a constant
rate after 30 min. Hence, 30 min of incubation is determined
to be the appropriate equilibrium interval for Pb(II) adsorption.

Effect of pH value: The effect of pH value on the removal
efficiency of Pb(II) ions by BaFe ;0,9 adsorbent was evaluated
by conducting the experiments for a period of 30 min with an
adsorbent dosage of 0.02 g and 5 mg/L of Pb** solution having
pH values in the range of 1-7. Fig. 6 depicts the effect of pH
value on the adsorption capacity of BaFe;,O,y adsorbent. It is
observed that the removal percentage of Pb(II) ions increased

Fig. 3. (a) SEM image and (b) HRTEM image of BaFe ;0,4 adsorbent
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Fig. 5. Effect of incubation time on the adsorption capacity of BaFe 0o
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Fig. 6. Effect of pH value on the adsorption capacity of BaFe,O19 adsorbent

substantially from 8.5% to 91.5% when the pH of the aqueous
solution was raised from 1 to 7. The results of the pH value
demonstrated that the adsorption capacity (q.) of Pb(II) ions
rose from 0.60 mg/g to 3.73 mg/g as the pH value of aqueous
solution increased. Therefore, the high values of the adsorption
percentage with increasing pH can be attributed to the low pH
of the solution. There are electrostatic interactions between
H* and Pb* ions. To increase the concentration of H* in the
aqueous solution, which is much higher than that of Pb*, the
active sites on the BaFe;,0,9 absorbent surface were protonated.
Consequently, the electrostatic interactions between the positi-
vely charged Pb* ion and the negatively charged hydroxyl group
(-OH) of BaFe,0;9 absorbent are reduced [32]. Therefore, the
optimum pH value of the solutions was chosen as 6.

Effect of adsorbent dose: Fig. 7 shows the effect of the
BaFe ;0,9 nanoparticle adsorbent dosage (0.02-0.20 g/L). The
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Fig. 7. Effect of adsorbent on adsorption capacity of BaFe .09 adsorbent

experiments were conducted for 30 min with 5 mg/L of Pb(II)
solution at pH 7. The adsorption percentage of Pb(II) ions
increased from 70.61% to 98.81% as BaFe,,0,¢ adsorbent dosage
was increased from 0.02 to 0.20 g/L. Moreover, the adsorption
capacity (qe) decreased from 3.09 mg/g to 0.46 mg/g. The rise
in removal efficiency with increasing dosage of BaFe ;09
adsorbent is attributed to the increase in adsorption active sites
on the surface of BaFe ;0,9 nanoparticle adsorbent [33]. The
maximum Pb(II) adsorption capacity was observed at an adsor-
bent dose of 0.20 g. This concentration was determined to be
the optimum adsorbent dosage.

Effect of temperature: The experiments were conducted
for 30 min with 5 mg/L of Pb(Il) solution and 0.20 g/L of
adsorbent at pH 6 at different temperatures (10, 30 and 50 °C).
Fig. 8 shows that the adsorption capacity (q.) and adsorption
percentage increased with rising temperature, which is consis-
tent with the results of the previous report by Atsar et al. [34].
As shown in Fig. 8a, the adsorption capacity increased from
1.64 to 2.01 mg/g and Fig. 8b depicts the increase in adsorption
percentage from 63.10% to 78.50%. The increase in heavy
metal adsorption by the adsorbent as the temperature increases
demonstrates the endothermic nature of the adsorption process.

Effect of initial concentration of Pb(II) ions: The adsor-
ption efficiency is also affected by the initial concentration of
Pb(II) ions in an aqueous solution. The impact of Pb(II) ion

2.50
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Temperature (°C)

concentration on removal percentages was investigated for
different metal ion concentrations of 1, 5, 10, 15, 20, 25 and
30 mg/L with 30 min of incubation time and 0.20 g/L of adsor-
bent at a pH 6. As displayed in Fig. 9, the adsorption capacity
(qe) increased from 0.45 to 4.17 mg/g and the adsorption per-
centage of Pb(II) ions decreased from 83.41% to 19.06%. More-
over, during the initial phase, all the active sites on the BaFe ;0,9
material significantly increase the percentage of removal, comp-
arable to the findings reported earlier [35].
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Fig. 9. Effect of initial concentration on the adsorption capacity of
BaFe ;0,9 adsorbent

Isotherm studies: The equilibrium and isothermal condi-
tions were modeled by implementing the well-known Freund-
lich and Langmuir equations. These equations describe the
equilibrium concentrations of metal ions and the adsorbent
equilibrium constants. Langmuir’s equation is based on the
principle that maximum sorption occurs when adsorbate ions
form a saturated monolayer on the adsorbent surface. However,
the Freundlich isotherm equation is typically used for calcu-
lating the adsorption capacity of the adsorbent. To analyze the
Pb(II) adsorption pattern of BaFe;,O,y adsorbent, the experi-
mental data utilizing the optimal conditions (incubation time
= 30 min, pH = 6, adsorbent dosage = 0.20 g, initial Pb(II)
concentration = 5 mg/L) were plotted according to the
Langmuir and Freundlich equations. Fig. 10a and 10b illustrate

100
% 0)
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0

0 10 30 50
Temperature (°C)

Fig. 8. Effect of temperature on the adsorption capacity of BaFe»O,9 adsorbent
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Fig. 10. Experimental data and isotherm plots of Pb(II) adsorption on BaFe,O,y adsorbent (a) Langmuir model (b) Freundlich model

the experimental data and isotherm plots, respectively. Table-2
presents a summary of the parameters of different isotherms.
Based on the R? values obtained from the different isotherms,
the best-fitted isotherm is Langmuir (R;* = 0.9844 > R¢* =
0.9257) and the q., value is 4.57 mg/g. This demonstrates the
occurrence of homogenous adsorption with constant adsorp-
tion energy on the BaFe,O,y adsorbent surface. At the comple-
tion of adsorption process, a monolayer of adsorbate forms
on the surface of the adsorbent [36].

Proposed adsorption mechanisms: The functional groups,
which are correlated with the nanosorbent material considered
for the process, simulate the mechanism of adsorption process
of BaFe,,0,o adsorbent. It was found that Pb(II) ions partially
dissolved in the effluent and exist as individual molecules. As
shown in Fig. 11, the hydroxyl group on the surface of BaFe ;019
adsorbent reacts with the Pb(II) ion, resulting in Pb(II) sorption.
Hydroxyl groups, because of their hydrogen bonding prop-

Fe(NO,), # Ba(NO,), # CMC

Sol-gel
auto-combustion

TABLE-2
PARAMETERS OF DIFFERENT ISOTHERMS
FOR THE ADSORPTION Pb(II) ON BaFe,,0,y

Isotherm models Parameters
qm (mg/g) 4.57
Langmuir K (L/mg) 0.66
R? 0.9844
K (mg/g) -2.88
Freundlich n 2.25
R? 0.9257

erties, enable chelation with Pb(Il) interlayer cations. There
are a pair of electrons in each of these functional groups that
could be transferred to a metal ion [37].

Comparison with other studies: Table-3 presents the qm
value of adsorbents, which were compared with BaFe ;09
adsorbent for the removal of Pb(II) ions. Table-3 provides a
comparison of the maximum adsorption capacities of the present

Fig. 11. Proposed mechanism of Pb(II) adsorption on BaFe;,O,s adsorbent
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TABLE-3
MAXIMUM ADSORPTION CAPACITIES OF THE REPORTED
ADSORBENTS FOR Pb(I1I) REMOVAL IN THE LITERATURE

Adsorbent qn (mg/g) Ref.
Fe;0, magnetite nanoparticles 0.189 [38]
Iron oxide nanoparticles immobilized-sand 2.08 [39]
Magnetic biochar xanthation of sugarcane 1.58 [40]
Magnetic cellulose nanocomposite 2.86 [41]
Barium hexaferrite 4.57 This work

adsorbent (4.57 mg/g) with those of reported adsorbents. A
comparison of the values revealed that BaFe ;O adsorbent is
an efficient adsorbent material that is appropriate for the removal
of Pb(Il) ions from aqueous solutions. Therefore, these nano-
sorbent materials have significant potential as cost-effective
adsorption materials for removing Pb(II) ions from wastewater
and can be easily separated via an external magnet.

Conclusion

In this study, barium hexaferrite (BaFe,019) nanomaterial
adsorbents were effectively synthesized via the sol-gel auto-
combustion method using carboxymethyl cellulose as chelating
agent. This synthesis method is simple, cost-effective and eco-
friendly. The structure and phase of the synthesized BaFe ;O
were verified using FTIR, XRD and EDS techniques. Accor-
ding to the findings of SEM and HRTEM analyses, the BaFe,O9
nanoparticles exhibit a homogeneous structure approaching a
spherical nanoparticle. The application of the VSM technique
revealed the superparamagnetic nature of BaFe ;0,9 with a
magnetization saturation of 27.79 emu/g, which is high enough
to be separated by an external magnet. Furthermore, the appli-
cation of BaFe;,O,9 nanomaterial adsorbent for removing Pb(II)
ions from aqueous solutions was analyzed. Moreover, several
adsorption factors that impact the removal efficiency, such as
incubation time, pH value, adsorbent dose, temperature and
initial concentration of Pb(II) ions, were investigated. It is found
that BaFe,O,y nanoparticle is a powerful adsorbent for Pb(II)
under appropriate conditions. Under optimum conditions, 0.20 g
of adsorbent was mixed with 5 mg/L of lead metal ion solution
at pH 6 and the adsorption percentage was found to be 91.53%.
The Langmuir isotherm models were determined to best fit the
data while analyzing the isotherm model of Pb(II) adsorption.
The highest capacity (q.) for lead adsorption was 4.57 mg/g.
The results revealed that BaFe;O;y nanomaterial adsorbent
can efficiently and rapidly eliminate Pb(II) ions from aqueous
solutions.
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