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Abstract

This study synthesizes a magnetic biochar nanocomposite from camel manure
via pyrolysis and co-precipitation to remove lead and cadmium from aqueous
solutions. The researchers characterize the material using FTIR, XRD, SEM-
EDX, and XPS, confirming the presence of iron oxide and surface func-
tional groups. Batch adsorption experiments indicate that the composite
achieves high removal efficiencies (97.46% for Pb and 99.17% for Cd) fol-
lowing pseudo-second-order kinetics.
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1. Introduction

Heavy metal contamination of aquatic systems represents one of the most persis-
tent environmental challenges due to their non-biodegradable nature, toxicity,
and tendency for bioaccumulation [1]. Anthropogenic activities such as industrial
discharge, agricultural runoff, mining operations, and urban expansion signifi-
cantly contribute to the continuous release of toxic metal ions into water bodies
[2]. Once introduced into the environment, these metals persist for extended pe-
riods and may enter the food chain, posing serious risks to ecosystems and human
health [3]. Numerous heavy metals in their ionic state are toxic or carcinogenic
[4]. The levels of heavy metals in soil, groundwater, and different water bodies

surpass acceptable limits in several nations due to unplanned urbanization, indus-
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try, population increase, and inadequate management regulations, posing a latent
threat to the human food chain [4]. Cd(II) is detrimental to both animals and
humans, potentially resulting in several long-term and short-term health prob-
lems [5]. Cadmium(II) can enter the body by inhalation, ingestion, or dermal ab-
sorption. Brief exposure to cadmium can induce vomiting, diarrhea, spasms, pe-
ripheral neuropathy, hepatic damage, seizures, shock, alterations in renal func-
tion, and adverse effects on the lungs, circulatory system, liver, and neurological
system [6]. Furthermore, cadmium can impact the lungs, kidneys, bones, and
growth, and may induce cancer over time [7]. Finally, Pb(II) is a very toxic and
accumulative toxin that predominantly deposits in the kidneys, bones, muscles,
and brain [8]. Chronic lead poisoning adversely affects the kidneys, neurological
and reproductive systems, brain, and liver [9]. Conventional wastewater treat-
ment technologies, including membrane filtration, ion exchange, coagulation,
electrochemical treatment, and reverse osmosis, have been employed to mitigate
heavy metal contamination [10]. However, these methods often suffer from high
operational costs, energy consumption, incomplete removal at high metal con-
centrations, and the generation of secondary pollutants. Consequently, the devel-
opment of cost-effective, environmentally benign, and sustainable materials for
heavy metal remediation has become a research priority [11]. As a result, there is
a need for affordable and environmentally acceptable biomaterials to remove en-
vironmental pollutants. According to published research, biomaterials for the re-
moval of environmental contaminants, such as algae [12], bacteria [13], fungi
[14], plants [15], serve as environmentally benign and cost-effective biosorbents
for the elimination of environmental contaminants.

Biochar, a carbon-rich material obtained through the thermal decomposition
of biomass under oxygen-limited conditions, has emerged as a promising adsor-
bent owing to its porous structure, surface functional groups, chemical stability,
and low production cost [16]-[18]. Biochars derived from animal manure are par-
ticularly attractive due to their high mineral content, surface heterogeneity, and
contribution to waste valorization [19] [20]. Several studies have demonstrated
the effectiveness of manure-based biochars in immobilizing metal ions through
surface complexation, ion exchange, and precipitation mechanisms. The dairy
dung-derived biochar removed Cu, Zn, and Cd from water. Mostly, biochar pre-
cipitates metal ions with PO, and CO; ions to adsorb metals [21]. Biochar
produced from cow and pig manure adsorbs Cu(II) metal ions (>88 mg/g) and
Pb(II) (>200 mg/g) [22].

The efficiency of biochar made from co-pyrolyzing swine dung and corn straw
for adsorbing metal ions including Ni, Cu, and Pb was studied. Chicken manure
biochar also adsorbs Pb(II) ions from aqueous solutions [23]. Batool et al found
that biochar made from farmyard and chicken manures removed Cu(II) best at
pH 2 [24].

Additionally, it has been shown that modified yak dung has enhanced adsorp-
tion capacities for heavy metals such as Pb(II), Cu(II), Cd(II), and Zn(II) ions.
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According to the study, Pb(II) absorption capacity increased from 76.41 mg/g to
169.57 mg/g when yak dung biochar was treated with H,O, [25].

In Saudi Arabia, camel husbandry generates substantial quantities of organic
waste, which remain underutilized despite their significant resource potential.
There are two million camels in Saudi Arabia, as per the Ministry of Environment,
Water, and Agriculture [26]. Daily dung production by mature drought camels
averages 8 - 11 kg, with higher yields for dairy camels [27]. When accumulated
annually, this amounts to about 4 million tons. However, this waste is now being
used on a modest scale in Saudi Arabia, primarily as fertilizer for farmers. Trans-
forming camel manure into functional biochar provides an environmentally sus-
tainable solution for waste management while offering a low-cost material for
wastewater treatment. Therefore, this study aims to synthesize camel manure-de-
rived biochar modified with iron oxide nanoparticles and evaluate its efficiency
for the removal of Pb(II) and Cd(II) ions from aqueous solutions. The adsorption
performance is systematically investigated under varying experimental condi-
tions, including pH, contact time, adsorbent dosage, and initial metal concentra-

tion, to assess its potential applicability in environmental remediation.

2. Material and Methods
2.1. Chemicals

The solution was prepared using iron chloride hexahydrate (FeCl;-6H,0O). Copper
sulfate hexahydrate (CuSO4-5H,0), lead nitrate (Pb(NOs),), cadmium chloride
(CdClLy), and anhydrous chromium chloride (CrCls) were utilized to prepare metal
solutions for the adsorption experiments. The media’s and other solutions’ pH
was adjusted using HCl and NaOH.

2.2. Biochar Production Uses Camel Manure

Camel excrement was collected from a camel farm located near Sharourah, which
is in the Najran area of Saudi Arabia. After the plant particles were removed, the
manure was dried in the air. The dung was dried in the oven for 48 hours at a
temperature of 60°C. Camel dung was converted into biochar by subjecting it to
slow pyrolysis in an electrical muffle furnace at 500°C for 4 hours in an oxygen-
free atmosphere. The charcoal cooled down overnight in the container by free
convection. The selected fraction was kept in airtight containers until it was tested
after the biochar was sieved to a size of 0.6 to 1.4 mm [28].

2.3. Synthesis of Biochar/Fe304 Nanocomposite

The biochar/Fe;O4nanocomposite was synthesized by dissolving 2 g of iron chlo-
ride hexahydrate (FeCl;-6H,0O) in 100 mL of distilled water, adding 3 g of biochar
to a 250 mL beaker, and mechanically stirring at 250 rpm for 2 hours forming the
biochar/Fe,O; nanocomposite. The mixture had been heating on an 80°C hot plate
for 3 hours. The reaction pH was 8.5. Nanocomposite production was confirmed

by liquid color change for dark brown color. Biochar/Fe,0s; nanocomposite was
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isolated from solution by centrifugation at 4000 rpm for 30 minutes after reaction.
The biochar/Fe,O; nanocomposite powder has been incubated at 400°C for two
hours. Dry material was powdered and calcined at 600°C for two hours in an

open-air furnace.

2.4. Physio-Chemical Characterizations of Biochar/Fe3;04
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Figure 1. The schematic synthesis of biochar/Fe,Os nanocomposite.

The biochar/Fe;O4 nanocomposite was studied using several analytical methods,
including SEM, FTIR, BET, EDX, TGA, and XRD. FTIR analysis (range 500 - 4000
cm™) was used to identify the biomolecules that were responsible for the reduc-
tion, stabilization, and capping of the biochar/Fe;O, nanocomposite. FTIR spec-
trum analysis was done using Origin Pro 8.5 software. SEM was used to determine
the size and surface appearance of the biochar/Fe;O4 nanocomposite. Important
information regarding the NPs’ physical characteristics was revealed by this
method. The biochar/Fe;O4 nanocomposite was analyzed using EDX to determine

the presence of Fe and other elements. The EDX data revealed the atomic content
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of the produced NPs, which reflected their atomic structure. Data were recorded
over 2@ range of 20 - 80 with a step increment of 0.02 and interval time of 0.008 s
per step. Surface morphology and composition on the surface were visualized and
determined using Scanning Electron Microscopy-Energy Dispersive X-ray Spec-
troscopy (SEM-EDX, Thermos Scientific, US, SU-70). X-ray diffractometer XRD
analysis was performed to verify the quality of the biochar/Fe,O; nanocomposite.
The TGA analysis used measurement of the weight loss during defined tempera-
ture for biochar/Fe;O, nanocomposite. Using the Scherrer equation, the average
crystalline size of the produced iron oxide nanoparticle. To find the zeta potential
of each biochar and biochar/Fe;O,, a 0.002 g sample was dissolved in 25 milliliters
of Milli Q water. Using 0.1 M NaOH and 0.1 M HCI, the suspension pH was
brought within the range of 2 to 10. The suspensions were ultrasonically distrib-
uted for three hours at 25°C in a bath-type sonicator. The Zetasizer Nano ZS90,
Malvern, UK’s JS94G+ micro electrophoresis device was used to test the electro-

phoresis mobility (Figure 1).

2.5. Batch Adsorption Experiments

The biochar/Fe;O, nanocomposite was used as the adsorbent in the adsorption
studies, and the adsorbate was Pb, and Cd ions. Within a 250 ml conical flask, 0.5
gramme of the adsorbent was dissolved in 100 ml of an aqueous solution that in-
cluded metal ions at a concentration of 100 mg/l. The present study examined the
effects of several variables on the adsorption of Cd, Pb ions, including pH (varying
from 2 to 10), starting metal ion concentration (10 - 100 mg/1), and contact period
(10 - 120 minutes). An orbital shaker was used to stir the mixture of adsorbents
and adsorbate at 150 rpm for a predetermined amount of time at room tempera-
ture. Whatman-40 filter paper was used to filter the mixture, and a Flame Atomic
Adsorption Spectrometer (FAAS) SHIMADZU AAS AA-7000, Japan, was used to
measure the initial and final metal concentrations in the filtrate. The percentage
removal efficiency and the capacity for adsorption of each metal ion by the bio-
char/Fe,0; nanocomposite have been calculated, as indicated in Equation (1) and

Equation (2) [29].

q, =(Cil/_l/—CE)xV (1)

R(%)z(COT'CG)x @

i

The starting and equilibrium concentrations of metal ions after a time, £ are
denoted as C; (mg/L) and C. (mg/L), respectively. Vstands for the volume of the
metal ion solution (L), W for the mass of the biochar/Fe,O3; nanocomposite used
(g), and g. for the mass of metal ions adsorbed onto the biochar both at equilib-
rium and after time ¢

The pseudo-first- and pseudo-second-order models, which provide mathemat-

ical frameworks to comprehend the temporal elements of the adsorption process,
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were used to investigate adsorption kinetics. The initial adsorption rate and rate
constant are estimated via the pseudo-first-order model, which mostly concen-
trates on early-stage behavior. The pseudo-second order model, however, assumes
that the adsorption rate and empty sites are proportionate. A more thorough
knowledge of the whole adsorption process, including rate constants and maxi-
mum adsorption capacities, is offered by the pseudo-second order model.

The equations of the pseudo-first-order model may be found in Equation (3).
q,=q.(1-e") (3
The pseudo-second-order model is expressed in its nonlinear form as:

gkt
q =

=< 4
1+q,k,t )

After the solid adsorbent was washed with water, the desorbed concentrations
of the metal ions were analyzed to investigate the leaching of Pb(III) and Cd(II)
ions. Following that, Pb(III) and Cd(II) were repeatedly removed using the regen-
erated adsorbent, and the corresponding removal efficiencies were evaluated at

the second run.

3. Results and Discussion

3.1. Characterization of Biochar/Fe3;04

Figure 2 shows the results of an FTIR analysis of biochar made from camel ma-
nure and biochar/Fe;O, nanocomposite. This analysis compared the functional
groups in the biochar and those linked to the biochar/Fe;O4 nanocomposite that
might aid in the adsorption of heavy metals. Many noticeable peaks were seen in
the biochar spectra at wavenumbers 3325, 2931, 1777, 1642, and 1038 cm™. The
presence of the O-H at about 3325 cm™ supports the presence of alcohols, car-
boxyl, and phenols in biochar because of the presence of lignin and hemicellulose
[30]. It also shows the presence of the broad peak of O-H stretching. The alkyl’s -
C-H stretch in biochar is represented by the band at 2931 cm™. There is probably
a C=0 (carbonyl) present, which is the cause of the broad peak seen at about 1677
cm™. The peak at 1690 - 1380 is explained by C=0 stretching, which is frequently
found in carboxyl and ketone compounds, as well as C=C vibrations in aromatic
rings. According to [31], the sulfoxide group (S=0) is represented by the peak at
1034 cm™. Like this, the biochar/Fe;O, nanocomposite’s FTIR spectra shows clear
peaks. A peak was detected at 3321 cm ™, indicating the presence of an O-H func-
tional group. In alkenes, a noticeable peak at 1632 cm™ that is connected to the
C=C stretching vibration was noted. As previously reported [32], the presence of
the C-H stretching mode in asymmetric and symmetric aliphatic and aromatic
hydrocarbons was also suggested by the identification of a prominent peak at 1450
cm™. Sulfur oxide and hydroxyl groups were detected in the biochar/Fe;O,4 nano-
composite by FTIR analysis, as indicated by separate peaks at 1051 and 3321 cm™,
respectively. These results imply the production of a biochar/Fe;O, nanocompo-
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site and the reduction of Fe** ions; the absorption band at 631 cm™ offers com-
pelling proof of the successful establishment of Fe-O bonds. Previous research on
the FTIR spectroscopy of biosynthesized iron oxide nanoparticles has found ab-
sorption bands at wavelengths like 618 [33] and 630 [34], which is in line with our
findings. The surface charge of biochar was measured using zeta potential values
as a function of pH, as shown in Figure 3. As may be seen, the sites of zero charge
for biochar and biochar/Fe;O, are 3.2 and 3.7, respectively. Biochar/Fe;O, has a
greater pHPZC value than biochar, which may be explained by the impregnation
of Fe;0,, which has a pHPZC value of 5 [35]. Higher temperature-produced bio-
char often has less negative charges because it lacked acidic functional groups [36].
Biochar/Fe;O, showed the highest potential for electrostatic adsorption and the
highest negative surface charges in the pH 2 - 10 range [37] [38].

1601
140
204

001 N-OY s=0
80 1
60 -
40+ OH

= Biochar
201 == Biochar/Fe,0

%Transmittance

4000 3500 3000 2500 2000 1500 1000 500
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Figure 2. FT-IR spectra of camel manure-derived biochar and biochar/Fe;O.
nanocomposite, illustrating surface functional groups and Fe-O bond formation.
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Figure 3. Zeta potential of biochar and biochar/Fe;O4 as a function of solution pH, indi-
cating the point of zero charge and surface charge behavior.

The phase purity and crystallinity of the biochar/Fe;O, nanocomposite can be
discerned through XRD analysis. The research demonstrated consistent XRD pat-
terns of the biochar/Fe;O, nanocomposite, which utilized biochar nanoparticles
[28]. The diffraction peaks of the synthesized Fe;O4-NPs, as illustrated in Figure 4,
were observed at 26 values of 36.57°, 43.47°, 54.52°, 61.25°, 63.74", 71.91°, and
84.66°. These peaks correspond to the crystal planes designated as (111), (200),
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(311), (400), (422), (511), (440), and (533), respectively. In contrast, several distinct
phase peaks were noted within the 26 range of 30” - 90° as illustrated in Figure 4,
suggesting the extent of crystallinity in the phases observed in the two biochars. The
observed weak diffraction peak at 36.57° may be ascribed to the presence of amor-
phous carbon [39]. The diffraction peaks under analysis exhibited a strong correla-
tion with the standard XRD patterns of magnetite (FesO4), as referenced by JCPDS
file no: 00-026-1137, confirming the cubic crystallographic system.

Intensity (a.u.)

Fe,O, (JCPDS: 026-1137)

(220)

10 20

30 4 5 60 70

20 (Degree)

80 90

Figure 4. XRD patterns of biochar/Fe;O4 nanocomposite.
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Figure 5. EDX results of biochar/Fe;O4 nanocomposite before (A) and after
adsorption of Pb (B) and Cd (C).

DOI: 10.4236/ampc.2026.163006

128 Advances in Materials Physics and Chemistry


https://doi.org/10.4236/ampc.2026.163006

N. A. Alhemiary, M. A. Helmi

SEM-EDX analyses were performed to get a better understanding of the chem-
ical structure of the biochar/Fe;O, nanocomposite after the adsorption process.
The goal of these analyses was to uncover the processes of adsorption for Pb(II)
and Cd(II). First, as shown in Figure 5, clear peaks of Pb(II) and Cd(II) were ob-
served in the EDX spectra after the adsorption process. At the same time, the peak
intensity of iron decreased noticeably, which confirmed that Pb(II) and Cd(II)
were successfully adsorbed onto the biochar/Fe;O, nanocomposite. At the same
time, the iron components played a significant role in the adsorption process [40].
A technique known as elemental mapping was used to confirm the existence of
elements and their distribution throughout the biochar/Fe;O4 nanocomposite.
Figure 6 demonstrates that the primary elements (C, O, Fe, and Pb/Cd) in the
structure of the biochar/Fe;O, nanocomposite were distributed uniformly and
continuously over the surface of the biochar/Fe;O4 nanocomposite after adsorp-
tion. This indicates that the structure of the nanocomposites remained stable

throughout the adoption process.

Biodhar/Fe,0, NPs-Pd

25 pm  g——m5

Biodhar/Fe,O, NPs-Cd

Figure 6. Element mapping analysis of biochar/Fe;O4 nanocomposite after adsorption of
Pb and Cd.

3.2. The Analysis of X-Ray Photoelectron Spectroscopy (XPS)
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Figure 7. XPS spectrum of each biochar and biochar/Fe;O4 NPs.

The magnetic nanocomposites’ oxidation state and elemental makeup were ascer-
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tained using XPS. The total XPS spectra of the magnetic biochar and biochar pro-
duced using the method are shown in Figure 7. The biochar’s C1s and O1s bonds,
which demonstrate the existence of carbon and oxygen, can be seen. Due to the Fe-
O interaction of the Fe;O, nanoparticles, separate Fe (3ps2), Fe (2ps2), and Fe (2p12)
bonds were observed in the spectra of biochar/Fe;O4 NPs at about 54, 712, and
725 eV [41]. The inset table (Figure 6) demonstrates that after iron impregnation
in biochar/Fe;O4 NPs, the atomic percentage of C significantly dropped while the
O% significantly rose. Because the organic materials in camel manure-derived bi-
ochar are capping onto iron oxide nanoparticles, the surface of biochar/Fe;O, NPs
has a greater C content but a lower O and Fe content, which is compatible with
the EDX findings.

The Cl1s and O1s XPS spectra of biochar are shown in Figure 8(a). The Cls
spectra of biochar was deconvoluted into five main peaks, which correspond to
carbide (282.5 eV), C-H (283.6), C-C/C=C (284.2 V), C-O-C (286.6 €V), and
C=0 (288.7 V), as shown in Figure 8(b) and Table 1 [42]. After being magnet-
ized using a certain method, the components of biochar underwent a transfor-
mation. The carbon and C-H bond at peaks about 282 eV in the Cls spectra of
biochar/Fe;O4 were ascribed to the carbon, whose intensity dramatically increased
after the successful impregnation of iron oxide using the co-precipitation ap-
proach [43]. The presence of various functional groups on the biochar/Fe;O, sur-
face in the Cls spectrum is confirmed by XPS spectra, which are linked to ele-
mental analysis and FTIR analysis [44]. Additionally, the proportion of oxygen-
containing functional groups in biochar/Fe;O;, is higher, confirming the surface

functionalization of the co-precipitation method.
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Figure 8. Biochar and Biochar/Fe;O4 NPs’ Cls and O1s deconvolution.

Metal oxides in biochar are responsible for the binding energy in the O1s region
between 529.1 eV and 530.71 eV [45]. K;O, CaO, MgO, and other metal oxides
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may be present in biochar [46] (Table 2). Because so much iron is added, the
linkages in biochar/Fe;O, are mostly inorganic oxygen bound to iron (FeO, Fe,Os,
Fe;0,) [43]. According to the FTIR data, the newly observed signal at 532 eV in
biochar/Fe;O4 was ascribed to -OH or molecular water, which mostly originated

from moisture.

Table 1. Information of structure and binding energy values of the prepared biochar and
biochar/Fe;Os NPs.

Biochar Biochar/Fes;O4
Peaks
Structure BE (eV) %At Structure BE (eV) %At
Carbide 282.39 13.89 Carbide 282.14  25.14
C-H 283.71 15.21 C-H 282.98 31.01
C-C/C=C 285.11 53.21 C-C/C=C 284.11 40.04
cls C-0-C 286.42 14.37 C-O-H/C-0-C 285.61 13.39
C=0 289.33 4.19 C-N 286.36 6.02
C=0 287.91 2.40
Metal oxides 529.11 7.10 Fe-O 530.91 25.20
Ols C=0 531.13 82.01 O-H 531.97 3298
C-0 533.39 10.89 C=0 533.11 31.08
C-O 534.23 11.74
Fe?*/FesO4 710.41 13.24
Fe 2ps
Fe?*/Fes04 712.08 19.36
714.12 19.87
Satellite peak 719.86 12.9
Fe?*/Fe;04 724.15 15.01
Fe 2pi Fe?*/Fes0, 727.99 10.12
Satellite peak 733.14  9.49
Fe?*/Fes04 ratio 0.572

Figure 9 displays the Fe 2p spectra, and Table 1 provides a summary of the data
for each deconvoluted peak. Seven peaks were found in the deconvoluted Fe 2p
spectra of biochar/Fe;Os4, and they are shown in Figure 9. 2ps, and 2pi, of
Fe’*cwere represented by the three spectral bands at 712.7 eV, and 727.99¢V, re-
spectively. Fe** species 2ps, and 2py, may be responsible for the other two peaks,
which had binding energy levels of 710.34 eV and 724.15 eV, respectively. com-
bined with the last two peaks, which were matching peaks of Fe’* and Fe** at
719.87eV and 732.9 eV, respectively, showing that the Fe;O, phase in bio-
char/Fe;0, was successfully formed [47]. Given that FeO-Fe,O; is another way to
define stoichiometric Fe;Oy, the Fe**/Fe** ratio ought to be 1/2 [48]. The decon-
voluted satellite peaks of 0.572 in this study’s Fe**/Fe’** findings show that the co-
precipitation process generated pure Fe;O,.
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Table 2. Metal contents in biochar and biochar/Fe;O4 (mg/g).

Biochar Biochar/Fe;O4
Fe 0.5318 385.2011
Al 0.3850 0.0289
Ca 10.1542 3.1859
Na 0 0.3098
Mg 3.0393 1.1406
K 9.8171 0.3406
Si 0.2011 0.3611
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Figure 9. Deconvolution of Fe 2p of the biochar/Fe;Oa.

3.3. The pH Effect on Lead and Cadmium Adsorption

One of the most important factors affecting the surface charge and dissociation of
functional groups on the adsorbent during the adsorption process is the pH of the
solution. Moreover, the degree of ionization and speciation of the metal ions is
also influenced by the pH of the solution [49]. The adsorptive removal of both
Pb(II) and Cd(II) from the aqueous solution was evidently pH-dependent, as
shown in Figure 10(a), Figure 10(b). This suggests that the adsorption was
strongly connected to the electrostatic forces between Pb(II)/Cd(II) and bio-
char/Fe;O, [50] [51].

For Pb(II) and Cd(II) recovery, the biochar/Fe;O4 outperformed the biochar in
almost the whole pH range investigated. In the case of Pb(II), for example, both
biochar and biochar/Fe;O, removal percentages were low (pH 2), but for bio-
char/Fe;0,, the percentage removal increased dramatically from pH 2 to pH 6 and

reached equilibrium, which was 96.2% at pH 6. However, the amount of Pb(II)
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removed from biochar only slightly increased (from 1.6% to almost 16.2%). At pH
2, biochar and biochar/Fe;O, showed the least amount of Cd(II) elimination. But
with biochar/Fe;O4, removal increased from as low as 2.1% to almost 68.4% as pH

increased from 2 to 4, reaching a maximum removal efficiency of 92.82% at equi-

librium pH 6.
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Figure 10. Effect of initial solution pH on Pb(II) and Cd(II) removal efficiency and corresponding iron leaching behavior of bio-

char/Fes;Oa.

The removal of Cd(II) on biochar exhibited a modest increase of 14.18% as the
pH shifted from 2 to 8, which stands in contrast to the findings related to Pb(II).
At pH 10, a notable increase in Cd(II) removal was observed for both types of
biochar, likely due to the precipitation of Cd(OH),. The limited adsorptive re-
moval observed at low pH can be attributed to the elevated concentration of H+
ions in the solution. These ions compete with Pb(II) and Cd(II) for bonding with
the active sites of biochar [52]. This competition leads to the saturation of the
bonded active sites, making them unavailable for interaction with other cations.
The results of the zeta potential analysis indicated that biochar exhibited a pH of
3.18. These ions compete with Pb(II) and Cd(II) for bonding with the active sites
of biochar, leading to the saturation of these sites and making them unavailable
for interaction with other cations. The rise in pH led to a decrease in H+ concen-
tration, and the deprotonation of functional groups on the biochar surface re-
sulted in a shift from a positive to a negative surface charge. This change enhanced
the adsorption of Pb(II) and Cd(II) onto the biochar (Figure 3). In addition to the

acidic functional groups such as phenolic, hydroxyl, and carboxylic acid that are
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anchored on the surface of biochar, iron oxides are capable of forming iron hy-
droxide complexes in aqueous solution [53].

The stability of magnetic biochar was assessed by investigating the leaching
of Fe ions from biochar/Fe;O, during adsorption experiments with Pb(II) and
Cd(II) across various pH levels. Figure 10(c) and Figure 10(d) illustrate that
the leaching of iron exhibited a consistent pattern for both Pb(II) and Cd(II),
characterized by a rapid decrease from pH 2 to pH 4, while the loss remained
minimal beyond pH 4. At a pH of 2, the quantity of iron extracted from bio-
char/Fe304 was measured at 6.62 mg/g in Pb(II) solutions and 7.62 mg/g in
Cd(II) solutions. Considering the findings and the results regarding the effect
of pH on sorption, pH 5 was selected for both Pb(II) and Cd(II) for the subse-

quent experiments discussed below.

3.4. Adsorbent Dosage’s Effects on Lead and Cadmium
Adsorption

Evaluation of the effect of adsorbent dose on Pb(II) and Cd(II) adsorption re-
vealed that removal efficiency for both Pb(II) and Cd(II) rose as adsorbent dosage
increased (Figure 11). With practically all the Pb(II) and Cd(II) eliminated, the
removal efficiency remained essentially the same with adsorption dosages of 4 g/L
for Pb(II) and 6 g/L for Cd(II). The concentration of residual metal ions in the
solution is large when the absorbent surface is saturated with metal ions at low
adsorbent dosages. As the dose of the adsorbent was raised, the removal of metal
ions increased as well, until the concentrations of surface and solution metal ions
balanced out. But when the dose of the adsorbent increased, the quantity of metal
ions that biochar was able to absorb per unit mass dropped significantly. The dose
was set at 2 g/L and 4 g/L for Pb(II) and Cd(II) adsorption tests in the ensuing
experiments to achieve high removal efficiency and to fully use the biochar.
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Figure 11. Effect of dose on (a) Pb(II) and (b) Cd(II) adsorption on biochar/Fe;O4 (pH = 5, starting concentration = 100 mg/L,

contact period = 24 hours).

3.5. Kinetics Studies of Lead and Cadmium

The pseudo first-order and pseudo second-order kinetic models were used to ex-
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amine experimental data to further assess the adsorption efficiency (Figure 12).
To study the effect of contact duration on Pb(II) and Cd(II), we used a starting
concentration of 100 mg/L at pH 5, as shown in Figure 12. There are two notice-
able steps to the adsorption kinetics of Pb(II) and Cd(II): the first is a fast uptake,
and the second is a gradual uptake. One possible explanation is that the bio-
char/Fe;O, nanocomposite gradually becomes saturated with the available active
sites over time, making it difficult for Pb(II)/Cd(II) to be adsorbed onto the bio-
char. Biochar exhibited a delayed adsorption of Pb(II)/Cd(II) because, whereas
91% removal efficiency for Pb(II) was achieved within 30 minutes, 91% sorption
of Cd(II) happened about 4 hours, leading to an adsorption of around 42% and a
tendency to become more saturated with time. Adsorption of roughly 43 mg/g for
Pb(II) and 27 mg/g for Cd(II), respectively, were achieved after 30 minutes and 4
hours, respectively, according to the corresponding removal efficiencies. The ad-
sorption capacities of Pb(II) (46.33 + 0.25 mg/g) and Cd(II) (28.51 + 0.41 mg/g)
did not show any notable improvement after 4 hours and 24 hours, respectively.
Thus, it can be inferred that, given the experimental circumstances utilized, bio-
char/Fe;O, has a higher speed and capacity adsorption affinity for Pb(II) com-
pared to Cd(II).

The experimental results for both metal ion solutions more closely fit the
pseudo-second-order model than the pseudo-first-order model, according to the
comparison of R* values, which is shown in Table 3. The strong agreement be-
tween the measured ¢. and the anticipated g¢. values for both Pb(II) and Cd(II)
ions adsorbed over biochar/Fe;O, further supports the validity of the pseudo-sec-
ond-order model. These results are consistent with previous research that has
shown that pseudo-second-order adsorption kinetics may be applied to Pb(II) and
Cd(II) adsorption onto biochar made from plant and/or animal biomass [54]-
[56].

Pseudo-second-order kinetics show that chemisorption controls adsorption or
that metal ions and biochar/Fe;O, share electrons [56]. Its shows biochar/Fe;O,
may effectively adsorb these metal ions, making it an intriguing candidate for

aqueous solution contamination removal.
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Figure 12. Pb(II) and Cd(II) adsorption kinetics and isotherm on biochar/Fe;O4 (pH = 5, starting con-
centration = 100 mg/L, dosage = 2 g/L for Pb, 4 g/L for Cd).
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Table 3. Adsorption Kinetics Parameters for Pb(II) and Cd(II) onto biochar/FesO..

Matel ion Pseudo-first order model Pseudo-second order model
ki (1/min) 10.9543 k (g/mg min) 0.5468
Pb(1) ge (mg/g) (cal) 29.6580 ge (mg/g) (cal) 45.1765
ge (mg/g) (exp) 45.6625 ge (mg/g) (exp) 46.7698
R 0.8537 R 0.9875
ki (1/min) 1.7675 ke (g/mg min)) 0.0437
cda ge (mg/g) (cal) 6.9872 ge (mg/g) (cal) 26.7641
qe (mg/g) (exp) 26.8765 ge (mg/g) (exp) 27.3421
R 0.7943 R 0.9923

3.6. Adsorption Study for Cadmium and Lead

To get a fundamental grasp of the removal capabilities of the adsorbent created in
this study, the removal efficacy of different adsorbents was investigated utilizing
Pb(II) and Cd(II) ions as the adsorbates. Figure 13 compares the removal efficacy
of biochar derived from camel dung with biochar/Fe;O4 nanoparticles. Pb(II) ion
removal on biochar was 12.25%, while Cd(II) ion removal was 10.67%. Bio-
char/Fe;O, demonstrated a higher ability to remove both metal ions than biochar
derived from camel dung, and co-precipitation magnetization enhanced Pb(II)
and Cd(II) uptake overall. The biochar/Fe;O4 demonstrated an exceptionally high
removal efficiency for both Pb(II) (97.46%) and Cd(II) (99.17%) ions under the
experimental circumstances, which were almost completely adsorbed by the ma-
terial. This suggests that biochar/Fe;O4 has a significant deal of promise for heavy

metal removal from aqueous solution.

3.7. Stability of Biochar/Fes0,
100
80 EPb(l1) = cd(1l)
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Figure 13. Comparison of biochar and biochar/Fe;O4 nanoparticles for Pb(II) and Cd(II)
(Initial concentration: 100 mg/L, Dosage: 4 g/L, pH = 6.0) adsorption.

The stability of magnetic biochar was assessed by investigating the leaching of iron
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from biochar/Fe;O4 nanoparticles within a pH range of 2 to 6. Figure 14 illustrates
that the leaching of iron exhibited a consistent pattern, with a significant decrease
occurring from pH 2 to pH 3, followed by negligible loss beyond pH 3 for bio-
char/Fe;O, nanoparticles. At a pH of 2.0, the quantity of iron released from bio-
char/Fe;O, was measured at 5.92 mg/g. The increased leaching amount in bio-
char/Fe;O, can be attributed to the reduced iron content in biochar/Fe;O,. Ap-
proximately 0.3 mg/g of iron was still released from biochar/Fe;O, at pH 3. Con-
sequently, the biochar/Fe;O, demonstrates greater stability under acidic condi-

tions.
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Figure 14. Leaching of iron of biochar/Fe;Oa.

3.8. Potential Adsorption Mechanisms

The results indicated that the surface functional groups of biochar/Fe;O, nano-
particles experienced qualitative alterations before and during adsorption. More-
over, it was apparent that the hydroxyl and carboxyl groups, along with triple
bonds or accumulated double bonds, and the incorporation of Fe;O,4 particles
were predominantly consumed during the adsorption of Pb(II) and Cd(II) to cre-
ate inner complexes (-COO-M, -O-M, C:M*, and Fe-O-M, where M represents
Pb or Cd), resulting in the attenuation or displacement of the characteristic bands
of COOH, O-H, and Fe-O. Additionally, co-precipitation happened to generate
the basic PbCO; component during the adsorption process, which aligned well
with the results from the XRD study.

The SEM-EDX, XRD, and FTIR results allow us to suggest some possible ways
that Pb(II) and Cd(II) might stick to the surface of biochar/Fe;O4 nanoparticles.
Some potential adsorption processes of Pb(II) and Cd(II) on the surface of bio-
char/Fe;O, nanoparticles may be suggested based on the results of SEM-EDX,
XRD, and FTIR investigations.

First, the strong electrostatic attraction between the negatively charged functional
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groups, such -COO- and -OH-, on the surface of biochar/Fe;O, nanoparticles and
the positively charged Pb(II) and Cd(II) seen in Figure 15 illustrates the importance
of the bonding process. Second, since iron oxides have a strong affinity for lead and
cadmium, they are crucial to the adsorption of Pb(II) and Cd(II) by biochar/Fe;O,
nanoparticles. Finally, the adsorption of Pb(II) onto biochar/Fe;O4 nanoparticles

may be improved by the co-precipitation of Pb(II) on the surface of the nanoparticles.

Biochar/Fe,O, nanoparticles

O Camel - manure Derived Biochal

@2+ Pb and Cd ions

Figure 15. Potential adsorption mechanisms of biochar/Fe;O4 nanoparticles.

4. Conclusion

In this study, camel manure-derived Biochar and iron oxide (Biochar/Fe;O,) na-
noparticles were synthesized and used as an effective adsorbent for the removal of
Pb(II) and Cd(II) from wastewater. The effectiveness of Biochar/Fe;O, in biosorp-
tion is influenced by factors such as time, pH, and the quantity of absorbent used.
The pseudo-first and second-order kinetic models for the biosorption of Pb(II)
and Cd(II) were applied to Biochar/Fe;O, nanoparticles. The results obtained
from these models demonstrate strong homogeneity, highlighting the significant
potential of these nanopastes. Furthermore, the adsorption mechanism was found
to be predominantly chemical in nature, indicating their promising applicability
in both environmental sustainability and industrial applications. The findings
suggest that Biochar/Fe;O, nanoparticles may serve as a viable alternative for the
efficient and rapid removal of Pb(II) and Cd(II).
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