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Development of biochar-based
magnetic adsorbent for enhanced
Pb(ll) ions removal
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Waster decontamination by Pb(ll) is a critical issue that threatens the environmental and human
health. Ferrite nanoparticles NCCF, Nig.¢C00.1CUo.3F€,0,, loaded on biochar (BC) in different ratios, 0.2
and 0.5 g, are prepared using the hydrothermal technique. X-ray diffraction (XRD), FT-IR spectroscopy,
surface area measurements and vibrating sample magnetometer (VSM) are carried out to study the
structural, surface characterizations and magnetic properties. XRD pattern identify single phase spinel
formation. Biochar has negligible effect on the ferrite crystal structure but reduces lattice strain and
promotes structural ordering, mainly through defect formation rather than structural modification.
FT-IR indicates that the cubic spinel type has been efficiently deposited on the biochar surface. BET
analysis showed that the surface area and pore volume of ferrite are increased at lower biochar
loading. VSM analysis revealed that the incorporation of biochar into the ferrite structure decreases
the saturation magnetization while preserving moderate coercivity. The prepared samples are used

as biosorbents for Pb(ll) ions removal from aqueous solutions. Studying the effect of the solution pH
revealed that the addition of biochar into the ferrite structure improves adsorption effectiveness under
acidic conditions. The adsorption follows the pseudo second order kinetics, implying a chemisorption
mechanism through a complexation of surface functional groups. The Freundlich model best explained
the adsorption behavior, indicating heterogeneous adsorption sites. The incorporation of biochar
significantly enhanced the adsorption capacity, reaching a maximum adsorption capacity of 398.4 mg
g~ for NCCF/BC-0.2, which is substantially higher than those of bare NCCF and BC. In addition, the
prepared composites demonstrated good regeneration ability and maintained high Pb(Il) removal
efficiency in the presence of competing metal ions.
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Contamination of water systems by heavy metals continues to be a key issue in environmental pollution owing
to their non-degradable and accumulation properties. Among these heavy metals, one that is highly toxic and
poses serious harm to the environment is Lead (Pb), which has widespread applications in various sectors
including batteries, metal alloys, pigments, mining, and electroplating industries" Pb(II) is associated with
high bioaccumulation property and causes nervous system problems, kidney problems, cardiovascular issues,
and blood diseases. Additionally, it has been established that long-term exposure to Pb, even in small amounts,
leads to irreparable damage to the mental functioning in children and increased risk of heart disease in adults®~5.
The chemical behavior of Pb(II) in water mainly depends on the solution pH and the redox potential (Eh).
According to the Pb-H,O Eh-pH (Pourbaix) diagram’, Pb** is the predominant dissolved species under acidic
and near-neutral conditions, while lead hydroxides and other insoluble forms of Pb are favored with high
pH values. Hence, pH has an important influence on whether Pb(II) is solubilized in solution or precipitated
and thus affects the adsorption process”!®. An insight into the aqueous speciation of Pb(Il) is vital in order to
optimize adsorption conditions for Pb removal from solutions.

The treatment of industrial wastewater becomes an environmental issue of increasing significance as
a consequence of the rapid development of industrial activities. Methods evaluated for removing these
contaminants include chemical precipitation!, electrochemical processes'?, biological treatments!?, and other
conventional physicochemical methods!*!5. These methods are effective in contaminant removal; nevertheless,
visit complicated operations, with high operational costs and secondary pollution problems!®.
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Among the various treatment technologies, adsorption has received particular attention because of its
economic vibrancy, environmental friendliness, easier operation and higher efficiency in pollutant removal 41718,

Biochar is a porous carbonaceous material, typically containing more than 50 wt% elemental carbon, formed
by the thermochemical conversion of biomass at temperatures between 300 and 700 °C. in an oxygen-deficient
condition. Wood chips, crop wastes, animal dung, carcasses, sludge, and leaves are commonly used as raw
material for the production of biochar'®. Biochar has recently gained considerable attention for environmental
remediation and bioenergy applications because of its potential to sequester carbon from the atmosphere and
enhance soil fertility?®. It has many outstanding properties such as a highly porous structure, high specific
surface area, various surface functional groups and good chemical stability?!. Recent studies have highlighted
innovations in biochar with regard to increase of adsorption and desorption performance through the generation
of microporous structures, an increase in quantity of surface functional groups and use of different modification
approaches??. Among these modification methods, the preparation of composite materials by loading metal
oxides onto wood biochar is an effective method to improve adsorption performance®..

Spinel ferrites are a type of magnetic material composed of ferric ions and have the general chemical formula
M?**Fe,**O,, where M represents a divalent metal ion such as Mg?*, Ni?*, Fe?*, Cu?', or Co?*. Mixed ferrites
can be prepared by substituting two or M?* ions, dissimilar to each other in order to modulate their physical
properties for specific applications. These materials are characterized by their high DC resistivity as well as
excellent magnetic behavior?®. Magnetic spinel ferrites have attracted significant interest for water treatment
applications because of their excellent thermal and chemical stability, along with their unique structural and
magnetic properties?®?”. Morphologically, Spinel ferrites nanoparticles have a high surface area-to-volume ratio
and porous structure allowing them to interface more with heavy metal ions in water, increasing the efficiency
of their adsorption?®. One major strength of iron spinel ferrites is their surface charge based on the point of zero
charge (PZC), whose value influences the surface charge as follows: when the pH of the solution is lower than
PZC, then the surface will acquire a positive charge, hence promoting the adsorption of anions like As(V) and
Cr(VI). However, when the pH is higher than PZC, the surface will become negatively charged, hence allowing
the adsorption of cations like Pb**, Cd*, and Cu**?*3°. This pH-responsive behavior makes Fe-based spinel
ferrites versatile adsorbents for the removal of both anionic and cationic pollutants from wastewater. One of
the most appealing features of these ferrites is their strong magnetic behavior, which allows for easy separation
of the nanoparticles from treated water using an external magnetic field. Another major benefit is that these
magnetic adsorbents can be applied several times without losing efficiency in the adsorption process, making
possible a sustainable and low-cost process. Also, Spinel ferrites is an environmentally friendly option for water
purification because it does not have harmful by-products associated to the treatment®"*2.

In this work, biochar (BC)-based ferrite magnetic nanocomposites with a chemical formula
Ni, [Co, ,Cu, ,Fe,0,/BC are synthesized using the hydrothermal method with different biochar ratios of 0.2
and 0.5. The characterizations of the structural and surface properties are conducted via X-ray diffraction
(XRD) and Fourier transform infrared (FTIR), and the specific surface area, BET analysis: Brunauer-Emmett-
Teller. Vibrating sample magnetometry (VSM) is used to determine the magnetic properties of the synthesized
nanocomposites. The obtained biochar—ferrite composites are applied as adsorbent materials for the removal of
Pb(II) ions from aqueous solutions. The removal process of Pb(II) ions is systematically examined throughout
several parameters that are as follows: solution pH, contact time, and initial concentration of the Pb(II) ions. In
addition, the regeneration and reusability of adsorbents are evaluated, while the interference effect of potential
interfering ions on adsorption performance is also investigated.

Results and discussion

Structural characterization

X-rays diffraction (XRD)

XRD investigation shows the crystal structure and phase purity of the samples under investigation. Figure 1
presents XRD patterns with all indexed peaks of (NCCF) and NCCF/BC composites corresponding to ICDD
(01-083-6066) of Ni, .Co, .Fe,O,. The compounds had maximum peaks intensity at (311) and strong diffraction
peaksat (111), (220), (222), (422), (511), and (440) which matched with the reflections of the face-centered cubic
(FCC) single phase spinel structure with the Fd-3 m space group. It implies that the prepared samples are in a
single phase free of contaminants.

The peak positions are matched to ICDD Card (01-083-6066) of Ni, ,Co, .Fe,0,*. The NCCF/BC composites
pattern resembles a hybrid of the (NCCF) and biochar patterns, with humping between 10° and 20°, which
is attributed to the amorphous structure of the biochar®. The diffraction peaks of NCCF/BC composites are
identical to those of the as-prepared NCCEF, showing that the adding biochar does not promote phase transition.
Table 1 shows XRD structure parameters such as average crystallite size (D), lattice parameter (a), volume of unit
cell (V), dislocation density (), and The Lattice strain (€) for produced samples.

The interplanar spacing (d) was calculated according to Bragg’s equation’”:

nA = 2dsinf (1
The lattice parameter of the cubic spinel structure was evaluated using the relation®*:
a=dvVh?+ k241 2)
where (hkl) represent the Miller indices of the corresponding diffraction plane.

The average crystallite size (D) was estimated from the most intense diffraction peak using the Debye-
Scherrer equation®®:
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Fig. 1. X-ray diffraction patterns for (NCCF) and NCCF/BC composites.

Sample D (nm) |a(A°) | V(A°3) |8x1073 (nm2?) | ex1073
NCCF 19.42 8.727 | 664.65 2.650 6.077
NCCEF/BC-0.2 | 19.14 8.726 | 664.43 2.727 5.201
NCCF/BC-0.5 | 19.55 8.731 | 665.67 2.613 5.084

Table 1. The XRD structure parameters: average crystallite size (D), lattice parameter (a), volume of unit cell
(V), dislocation density (), and lattice strain for NCCF and NCCE/BC composites.

k

B hk1€OS

D (3)

where k is the shape factor (0.94 for cubic symmetry), A is the wavelength of the Cu Ka radiation (0.15406 nm),
B is the full width at half maximum (FWHM) of the diffraction peak expressed in radians, and 0 is the Bragg
diffraction angle.

The dislocation density (8), which indicates the amount of crystallographic imperfections within the material,
was determined using®’:

1

5:ﬁ

(4)

Furthermore, the lattice strain () arising from structural distortions such as dislocations and stacking faults was
calculated using?®:

_ B
&= 4tan ®)

Through structural analysis it is confirmed that biochar does not have major impact either on the crystallographic
structure of NCCF ferrite as NCCF maintains cubic spinel phase with minor variations in terms of crystallite size
(~19 nm), lattice parameter and unit cell volume. On the other hand, as the biochar concentration increases, A
significant decrease in lattice strain suggests reduced internal tensions and better structural ordering. The small
variation in dislocation density indicates that biochar mostly forms defects which alter the properties from their
normal behavior, rather than modifying crystal structure.
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Sample NCCF NCCF/BC-0.2 | NCCF/BC-0.5

Crystallite size (nm) | 19.05 19.56 27.32

Size-Strain Plot
Strain 6.32x1073 | 5.9x1073 7.6x1073

Table 2. Crystallite size and microstrain of NCCF and NCCF/BC composites by the size-strain plot (SSP)
method.
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Fig. 2. Size-strain plot (SSP) plot for NCCF and NCCF/BC composites.

Crystallite size and microstrain both contribute to XRD peak broadening. To investigate the peak broadening
in the XRD pattern, the crystallite size and microstrain are measured using two well-known models: the
Williamson-Hall (W-H) plot and the Size-Strain Plot (SSP) method. The W-H method divides peak broadening
into size and strain contributions using the following equation®:

Beos = (kA/D) + 4e sinf (6)

In contrast, the SSP model assumes Gaussian strain broadening and Lorentzian size broadening, which are
expressed as:

(dniaBnrcosd)® = (kA/D) .diy Buacosd + &°/4 )

From Table 2, SSP results showed larger crystallite sizes (19.05-27.32 nm) and more pronounced positive strain
(5.9-7.6x107%). The SSP analysis demonstrates high accuracy compared to the Williamson-Hall method, with
R?values nearly equal to one, as shown in Fig. 2. However, the linearity observed from the Williamson-Hall plots
was not good enough to allow extraction of any quantifiable crystallite size or micro-strain data. Williamson-
Hall technique was kept only for the purpose of comparison with the SSP technique. The W-H analysis
showed poor linearity implying that the required assumptions are not completely met in case of synthesized
nanoparticles. The W-H analysis requires the assumption that the broadening of the peaks is attributed to the
combined effects of the crystallite size and isotropic lattice strain***!. On the other hand, spinel ferrites generally
show anisotropic strain because of the cationic rearrangement, lattice imperfections, and structure distortion
violating the required assumption of the W-H analysis. On the other hand, the Size-Strain Plot (SSP) method
offered a better linear relationship since it gives greater weight to low-angle reflections, thus resulting in reliable
estimation of crystallite size and strain in ferrite nanoparticles*!.

The SSP approach is generally regarded as more accurate when the lattice strain is relatively low, as it reduces
the overestimation of size broadening and provides a better separation between size and strain contributions®.
Therefore, the measured crystallite size and microstrain values obtained in the present study are based on the
SSP only. The increase in crystallite size upon biochar incorporation, particularly at higher loading (0.5 g),
suggests that biochar may facilitate crystal growth and partially relieve internal stresses.

Fourier transform infrared (FT-IR)

FT-IR analysis further supported the spinel phase formation by revealing the presence of prominent absorption
bands in the low-frequency region, specifically around 600 cm™ and 450 cm™’. The bands observed in this
study correspond to the intrinsic stretching vibrations of metal-oxygen bonds in the tetrahedral and octahedral
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complexes, respectively42, shown in Fig. 3. This confirms that the cubic spinel-type NCCF (Nio.C0o.1Cuo.3Fe;O4)
had been effectively deposited on the biochar surface®*.

Furthermore, the FT-IR measurements provided confirmation of the functional groups found on the surface
of the composite materials. The stretching vibration of O-H (from hydroxyl groups or adsorbed moisture) was
identified as the cause of the broad peak observed at around 3440 cm™. The absorption band at approximately
1630 cm! corresponds to the stretching vibrations of C=C bonds in the aromatic rings of the biochar
framework*!. Additionally, the peaks near 1380 cm™ and 1050 cm™ are attributed to C-H bending and the
stretching vibrations of oxygen-containing functional groups (such as carboxylic or alkoxy C-O groups) on the
biochar, respectively®. The coexistence of these distinctive biochar peaks alongside the characteristic metal-
oxygen bands provides strong evidence of the successful combination of NCCF with BC.

Surface characterizations

Brunauer-Emmett-Teller (BET) surface area measurements

The textural properties of the NCCF and NCCF/BC composites were examined by nitrogen adsorption-
desorption measurements at 77 K, following degassing at 200 °C for 8 h. As illustrated in Fig. 4a—c, the adsorption
isotherms of all samples can be classified as Type IV according to the [IUPAC classification’®, exhibiting a single-
point saturation plateau and an H3-type hysteresis loop*’.

This behavior is characteristic of mesoporous materials composed of non-rigidly aggregated particles, leading
to the formation of slit-shaped pores*®. The specific surface area, total pore volume, and average pore diameter
were determined using the BET method®, and the corresponding values are summarized in Table 3.

BET surface area and porosity analyses revealed significant changes upon biochar loading. The obtained
NCCEF that featured a mesoporous structure through interparticle voids of ferrite nanoparticles, had a moderate
specific surface area of 20.67 m”® g™* and total pore volume of 0.26 cm® g™'. On addition of 0.2 g biochar (NCCF/
BC-0. 2), the surface area and pore volume of BET trends were substantially enhanced to 29.28 m? g™* and
0.33 cm® g7', respectively. This enhancement can be attributed to the highly porous nature of biochar and its role
in preventing ferrite nanoparticle agglomeration, which generates additional pores. However, further increasing
the biochar content to 0.5 g (NCCE/BC-0.5) resulted in a decrease in surface area (17.89 m”> g™*) and pore
volume (0.13 cm® g™!), which is likely due to high amount of biochar allows iron oxides to enter and block some
of the biochar pores®. From the t-plot method, NCCF/BC-0.2 was found to have the greatest external surface
area (18.68 m* g™*) and micropore volume (0.0725 cm® g™'), suggesting that there was greater pore accessibility
and dispersal of ferrite nanoparticles after the introduction of biochar. An increase in biochar content to 0.5 g
resulted in lower values of both external surface area and micropore volume, which could be attributed to the
blockage of some pores and aggregation of particles®. These results, together with BJH analysis, confirmed
that all samples possess mesoporous characteristics, making NCCF/BC-0.2 the most favorable candidate for
adsorption-based environmental applications.

Magnetic properties

The magnetic properties were investigated using vibrating sample magnetometer (VSM) at room temperature.
Figure 5 displays the magnetic hysteresis loops of (NCCF) and NCCF/BC composites at 300 K, and the derived
magnetic parameters are summarized in Table 4. The saturation magnetization (Ms), remanent magnetization
(Mr) and coercivity (Hc) of the pure NCCF sample were 46.15 emu g™*, 8.94 emu g™* and 131.14 Oe respectively,
suggesting that it exhibited typical ferrimagnetic characteristics for a spinel ferrite®'. by loading of biochar (BC),
both M_ and M, decreased with increasing BC content. The M value decreased to 33.48 emu g™ for NCCF/
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Fig. 3. FT-IR of NCCF/BC composites.
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Fig. 4. (a—c) Adsorption/desorption isotherm, (d) pore size distribution using BJH methods & (e-g) t-plot
method for (NCCF) and NCCF/BC composites.
BC-0.2 and further to 23.02 emu g™ for NCCF/BC-0.5, while M, decreased from 8.94 to 6.63 and 4.55 emu g™,
respectively. Such decrease is due to reduction of the magnetic phase by the non-magnetic biochar matrix, which
weakens metal ion interactions through superexchange at either tetrahedral (A) or octahedral (B) sites in the
spinel structure for a reduced net magnetic moment.

The remanence ratio (R=Mr/Ms) was approximately constant across all samples (~0.19-0.20), indicating
that the magnetic domain configuration is largely independent of the addition of BC. In contrast, the coercivity
showed a slight decrease from 131.14 Oe for pure NCCF to 123.34 Oe and 117.41 Oe for NCCF/BC-0.2
and NCCF/BC-0.5, respectively. This observed reduction is ascribed to the reduced interparticle magnetic
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Sample Total pore volume (cm®/g) | BET average pore size (nm) | BET surface area (m?/g) | External surface area (m?/g) | Micropore volume (cm®/g)
NCCF 0.2634 50.960 20.676 16.157 0.0469
NCCE/BC-0.2 | 0.3251 44.409 29.282 18.681 0.0725
NCCE/BC-0.5 | 0.1280 28.627 17.888 11.291 0.0583

Table 3. The total pore volume, BET average pore size, BET surface area, external surface area micropore
volume of (NCCF) and NCCF/BC composites.
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Fig. 5. Magnetic hysteresis curves of (NCCF) and NCCF/BC composites at 300 K.

Sample M, (emu/g) | M, (emu/g) | R H_(Oe)
NCCF 46.15 8.94 0.193 | 131.14
NCCF/BC-0.2 | 33.48 6.63 0.198 | 123.34
NCCEF/BC-0.5 | 23.02 4.55 0.197 | 117.41

Table 4. Saturation magnetization (Ms), remanent magnetization (M, ), squareness ratio (R), and coercivity
(Hc) for (NCCF) and NCCF/BC composites.

interactions resulting from the presence of carbon matrix, which partially separates the ferrite nanoparticles.
Furthermore, surface effects and possible slight differences in particle size may affect magnetic anisotropy.
Comparative drops in coercivity and magnetization have been noted for ferrite-biochar composites, attributed
to the non-magnetic carbon phase which acts on both magnetic coupling as well as structural properties®*.

Overall, the results indicate that incorporating biochar into the NCCF structure effectively changes the
magnetic properties by reducing saturation magnetization while maintaining moderate coercivity. Despite the
reduction in magnetization, the composites still have sufficient magnetic response, which is advantageous for
applications requiring magnetic separation, such as wastewater treatment and catalytic processes.

Application of biochar-based magnetic adsorbents for the Pb(ll) ions removal

Effect of the solution pH

The solution pH has a vital role in determining the adsorption mechanism and the removal efficiency. Several
mechanisms have been reported for the removal of Pb(II) ions by biochar-based adsorbents such as; physical
adsorption, surface complexation, electrostatic interactions, ion exchange, and minerals precipitati0n53.
Generally, at low pH values, a repulsion between the positively charged functionalized biochar and Pb (II) ions
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leads to a poor uptake. While, as the pH values increases >3-4, the adsorption efficiency increases®~>¢. On the
other hand, the point of zero charge, PZC, for NCCE, as reported in our previous work, is 5.2%%. Figure 6 shows
the variation of the removal efficiency of the bare biochar; BC, and the prepared magnetic nanocomposites;
NCCF/BC-0.2 and NCCF/BC-0.5 with the solution pH. Based on the above findings, an expected trend is shown
in Fig. 6, where the removal % is high at high pH values > 5. While, at low pH value of 4, the biochar maintains
its excellent performance, PZC=2-3%, the decrease in the removal % is related to the magnetic NCCF and it is
more pronounced with increasing NCCF content in the composite, sample NCCF/BC-0.2.

Kinetic study
The adsorption efficiency % of NCCF and prepared magnetic nanocomposites for the removal of Pb(II) ions,
are calculated at different contact times. Figure 7A shows the variation of the removal % with the contact time.
It is clear that introducing biochar in the nanocomposite facilitates the adsorption, especially at the early stages.
The equilibrium is reached within 30 min. for NCCF while, a much faster uptake, within 10 min., is observed by
introducing the biochar and it is more pronounced with increasing its amount.

Kinetic data are fitted to pseudo first, pseudo second kinetics, and the intra-particle diffusion models, as
shown in Fig. 7B-D, respectively™.

k
log (¢ — q1) = logge — ﬁ t (8)
t 1 t
— =t — 9
g k2qe Qe ©)
g = kigVt+ C (10)

where, q, and q, represent the amounts adsorbed at time=t and at equilibrium, respectively. k, and k, denote
the pseudo first and second order rate constants of adsorption, respectively. k; is the constant for intra-particle
diffusion rate.

From calculated kinetic parameters listed in Table 5, The values of R? are closer to unity, and the calculated
adsorbed amounts at equilibrium, q,, are closer to the experimental values, in the case of the pseudo second
order kinetics. Thus, it can be concluded that the adsorption of Pb(II) ions on magnetic NCCE, and prepared
magnetic biochar-based composites follows the pseudo second order kinetics, suggesting a chemisorption
mode through a complexation of surface functional groups®”%. By increasing the amount of the biochar, in the
prepared composite, the kinetic of the adsorption is more facilitated, as indicated by the higher k, values.

Two linear sections are observed in the intra-particle diffusion models for NCCF/BC-0.2, and NCCF/BC-0.5
samples, as shown in Fig. 7D, suggesting that the Pb(II) ions are first adsorbed at the composite surface then,
it is diffused into the sorbent pores®. Higher intercept values and lower rate constants are observed for the
second linear sections related to the pore diffusion; in the case of NCCE, therefore, the pore diffusion is limited
with respect to the surface adsorption, and can be considered as the rate-determining step for the adsorption
of Pb(1I) ions on the magnetic NCCF*. It is worth mentioning that in the presence of the biochar, both surface
adsorption and pore diffusion can be attributed to the rate-determining step, since the values of surface and
diffusion intercepts are comparable. This is due to the increased porosity of biochar-based composites relative
to the bare NCCE
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Fig. 6. Variation of the removal % of Pb(II) ions by BC, and NCCF/BC composites with the pH, the initial
Pb(II) ions concentration = 30 ppm, shaking time =24 h, at room temperature.

Scientific Reports |

(2026) 16:27650 | https://doi.org/10.1038/s41598-026-67881-4

nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

A B
105 0.8
160 1 _— 0.6 ® NCCFBC02
,pg--‘g-----a e O HECKBOD.S
95 | e . 0.4
* -
3 W 7 0.2
A
g 85 § 0.0 1 o
024
0 Q .
04 1 s
5 1
06 -
7 . . .
0 200 400 60D 8OO 000 1200 1400 1600 08 . . . . .
Time/min. 0 50 100 150 200 250 300
Time/min.
C D
[ 50
: “ e o
44 » ™ .
48 4
e’ & e *
- a7
2 4
1 a6 ® NCCFBCO2
® NCCFBC-0.2 )
o o NCCFBC05 o uliasrint
a5 :
. . v ’ . 6 2 4 & B 0 12 14 & 18
o B0 100 150 200 280 300 Tiene S mia'®,
Time/min.

Fig. 7. (A) Variation of the removal % of Pb(II) ions by NCCE and NCCF/BC composites with the contact
time, at pH =6, the initial Pb(II) ions concentration = 100 ppm, at room temperature, (B) 1st, (C) 2nd order
kinetic, and (D) the intra-particle diffusion model for NCCF/BC-0.2, and NCCF/BC-0.5.

NCCF* 42.81 6.61 0.03 0.7801 | 43.46 0.54 0.9998
NCCF/BC-0.2 | 48.99 2.63 570.05 | 0.8664 | 47.62 1.75 0.9999
NCCF/BC-0.5 | 49.56 2.19 636.19 | 0.6576 | 49.26 2.64 0.9999

NCCF* 3.06 2570 |0.9784 |0.12 41.48 | 0.6896
NCCF/BC-0.2 | 0.78 44.00 |0.9908 |0.13 46.69 | 0.8535
NCCF/BC-0.5 | 0.81 44.47 | 0.9409 | 0.05 48.49 | 0.7908

Table 5. Calculated kinetic data for the adsorption of Pb* ions by NCCF, and NCCF/BC composites samples
for pseudo 1st, pseudo 2nd, and intraparticle diffusion models.

Adsorption isotherms

The Variation of the removal % and the adsorption capacity of Pb(II) ions by NCCE, NCCF/BC-0.2, and
NCCEF/BC-0.5 with the initial metal ions concentration is shown in Fig. 8A. The removal % and the adsorption
capacity increase by the increasing the initial Pb(II) ions concentration, and this is more pronounced with
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Fig. 8. (A) Variation of the removal % and the adsorption capacity of Pb(II) ions by NCCF, and NCCF/BC
composites with the initial metal ions concentration at pH =6, shaking time =2 h, at room temperature. (B)
Langmuir, (C) Freundlich, and (D) Temkin adsorption isotherms for adsorption of Pb(II) ions on NCCF/BC-

0.2.
Langmuir Freundlich Temkin
K q K K, |b
L F

Adsorbent Lmg! | mgg! | R? mgl-Wm L Vng-l |y | R? L.mg! | J.mol™! | R?
NCCF 0.120 47.62 0.9967 | 2.42 0.48 | 0.9991 | 0.93 6.10 0.9738
NCCE/BC-0.2 | 0.027 398.40 | 0.9938 | 11.82 1.18 | 0.9986 | 4.79 12.67 0.9880
NCCEF/BC-0.5 | 0.041 152.91 | 0.9169 | 2.36 3.05 | 0.9991 | 11.02 1.03 0.9370

Table 6. Calculated adsorption isotherms parameters by fitting the adsorption data of Pb(II) ions by the
prepared NCCEF, and NCCF/BC composites samples to different isotherms.

the increasing the biochar amount in the composite, reflecting the excellent adsorption performance of the
prepared magnetic nanocomposites. The observed increase in removal efficiency with increasing of the initial
metal ion concentration, within the evaluated concentration window, can be attributed to mass transfer kinetics
and synergistic surface phenomena. High initial pollutant concentrations yield a concentration gradient that
overcomes liquid film diffusion resistance, forcing pollutant species deeper into the micro/mesoporous network
of the composite. Furthermore, for materials exhibiting cooperative adsorption behavior, the initial ion uptake
enhances the affinity of the sorbent for the remaining ions via intermolecular interactions, which in turn
outcompetes the background solvent molecules.

The adsorption data are fitted to Langmuir®®, Freundlich® and Temkin®! isotherms, as shown in Fig. 8B-D,
respectively. According to the following Eqs.%>"%, different isotherms parameters are calculated and listed in
Table 6.

Ce 1 Ce (11)
ge KLQm dm
Inge = InKr + llnC’e (12)
n
o = ?mm + glnce (13)

where, K, K, and K, are Langmuir, Freundlich, and Temkin constants, respectively. q,, is the maximum
adsorption capacity (mg.g~1). n and b are Freundlich and Temkin constants.
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Fig. 9. Non-linear fits for Langmuir, Freundlich, and Temkin models across (a) NCCE, (b) NCCF/BC-0.2, and
(c) NCCF/BC-0.5.

Sample Model Fitted Parameters R RMSE | x*
Langmuir | q, =2.29x10” mg/g, K| =5.91x107 L/mg 0.6723 | 17.199 | 30.5271
NCCF Freundlich | K = 2.780 (mg/g)(L/mg)'/", n=0.494 (1/n=2.025) | 0.8832 | 10.269 | 17.5041
Temkin Ap=0.4054 L/mg, B=109.760 J/mol 0.8855 | 10.167 | 16.0110
Langmuir | q = 388.275 mg/g, K| =0.0276 L/mg 0.9998 | 0.328 | 0.0093
NCCF/BC-0.2 | Freundlich | K = 12.223 (mg/g)(L/mg)'/", n=1.197 (1/n=0.835) | 0.9985 | 0.852 | 0.0652
Temkin A =0.5377 L/mg, B=49.954 ]/mol 0.9880 | 2.411 | 0.5819
Langmuir | q =217.487 mg/g, K| =0.0240 L/mg 0.9938 | 1.894 | 0.9841
NCCEF/BC-0.5 | Freundlich | K =6.852 (mg/g)(L/mg)'/», n=1.282 (1/n=0.780) |0.9976 | 1.174 | 0.1521
Temkin A =0.7975 L/mg, B=23.992 J/mol 0.9370 | 6.055 | 8.4474

Table 7. Non-linear parameters and goodness-of-fit metrics as indicated by regression coefficient, R root
mean square error (RMSE) and Chi-square ()?).

Based on the correlation coefficient, R?, values, the adsorption of Pb(II) on NCCE, NCCF/BC-0.2, and NCCF/
BC-0.5 fits best Freundlich isotherms, that is to say the adsorption occurs on non-energetically equivalent
heterogenous sites. To further evaluate the adsorption isotherms, nonlinear regression was performed. As shown
in Fig. 9; Table 7, samples NCCF and NCCF/BC-0.5, Freundlich can better describe the adsorption data (which
agrees with the linear models). While for sample NCCF/BC-0.2, Langmuir is better. The calculated q  values
for NCCF/BC-0.2 and NCCF/BC-0.5, as presented in Table 7, were 388.28 and 217.49 mg.g™', respectively,
indicating their high adsorption capacities. The same trend is observed which is the decrease in the q_ value
as the biochar amount increases. For sample NCCEF, the Langmuir isotherm failed to yield physically realistic
parameters (q,_=2.29x 107 mg/g, R*=0.6723) due to the absence of a saturation plateau within the measured
concentration range.

The adsorption mechanism, in the presence of biochar, is more complicated and favored by many factors. The
presence of more oxygen-containing functional groups; OH and C-O groups, and also aromatic C=C groups,
which provide m-electrons required for the surface complexation with the Pb(II) ions, as shown if FT-IR section,
Fig. 3. Moreover, the enhanced porosity and the surface roughness®*->>% resulted in effective surface area and
promoted adsorption performance. The calculated maximum adsorption capacities for NCCF/BC-0.2 and
NCCF/BC-0.5 are much higher than that for the bare NCCE, indicting the enhanced adsorption performance
by introducing the biochar phase in the magnetic adsorbent. The adsorption capacity values are three-times
and nine-times higher than that of the bare NCCF for biochar ratio of 0.5 and 0.2, respectively. Higher biochar
ratio in NCCF/BC-0.5, still performs better than the bare magnetic ferrite NCCEF, but the ratio required to be
optimized because higher ratio reduce the porosity and the effective surface area. The maximum adsorption
capacities reported for biochar materials, prepared by the pyrolysis of different agriculture wastes, range from
20 to 200 mg.g™'*%. In this study, introducing the magnetic ferrite to the biochar not only added a magnetic
character to the adsorbent and thus a practical applicability, but also enhanced the adsorption performance, q
for NCCF/BC-0.2 is 398.4 mg.g™ .

To evaluate the practical competitiveness of NCCF/BC-0.2, q  value, 398.4 mg.g™", is benchmarked against
alternative commercial and state-of-the-art sorbents under comparable conditions. As summarized in Table 8,
NCCEF/BC-0.2 exhibits a capacity nearly double that of standard commercial activated carbons (150-250 mg/g)
while operating efficiently at a low dosage ( 1.0 g/L) and neutral pH ( pH 6.0-7.0). Although pristine metal-
organic frameworks (MOFs) can achieve higher raw capacities, their industrial adoption is hindered by high
production costs and poor hydrothermal stability. In contrast, the biochar composite developed in this work
offers a favorable balance of high uptake capacity, low cost, green synthesis, and operational robustness,
confirming its genuine potential for industrial wastewater remediation.
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Sorbent material gqmax (mg/g) | Optimal pH | Dosage (g/L) | Key operational notes Reference
NCCF/BC-0.2 composite 388.28 6.0-7.0 2.0 Monolayer chemisorption on biochar matrix; low energy input This study
Commercial powdered AC (PAC) | 150.00-250.00 | 5.0-7.0 1.0-2.0 Physical micropore filling; high energy footprint & cost 66
Durian shell activated carbon 180.00 7.0 2.5 Biomass waste carbon; lower mass transfer kinetics 67
Chitosan-biochar composite 310.00 6.0 1.5 Electrostatic attraction + hydrogen bonding o8
MIL-101(Cr) MOF 550.00 6.5 0.5 Ultra-high surface area; toxic synthetic route & low hydrolytic stability | ¢
Cu-BTC MOF / biochar hybrid 420.00 7.0 0.8 Enhanced open metal sites; metal leaching i

Table 8. A literature benchmarking and comparative sorbent performance.
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Fig. 10. Variation of the removal % of NCCE, and NCCF/BC composites for the Pb(II) ion with (A) successive
operation-regeneration cycles, and (B) in pure and mixed Pb(II) ion solutions.

Regeneration and interferences study

The possibility of the adsorbent regeneration and the number of its operating adsorption cycles greatly influence
the adsorbent applicability. In this work, the prepared NCCF/BC-0.2 sample is regenerated by being shaken
in 1% HNO, solution for 1 h. Figure 10A shows the variation of the removal % of NCCE, NCCF/BC-0.2, and
NCCEF/BC-0.5 samples for the Pb(II) ion with successive four operation-regeneration cycles. It can be shown that
by increasing the biochar amount in the magnetic composite, the adsorbet maintains more its high adsorption
performance especially after the third cycle. ICP analysis of the filtrates is performed after four successive
regeneration/reuse of the presented samples. It was shown that no traces of Fe, Ni, Co, or Cu ions are present,
indicating the stability of the proposed adsorbents.

The adsorption preformance of NCCE, NCCF/BC-0.2, and NCCF/BC-0.5 samples in the presence
of interfering cations is examined by comparing the performance in individual Pb(II) ions solution and an
equimolar mixture of Pb(II), Co(II), and Cd(II) ions, as shown in Fig. 10B. The biochar-based adsorbents
peform a higher performance in pure Pb(II) ions solution, and exhibit a good removal efficiency for the Pb(II)
ions removal in the presence of interfering cations.

Method

Chemicals

High purity ferric nitrate (> 98%), nickel (II) nitrate (>97%), copper(II) nitrate (< 97%), cobalt(II) nitrate (< 97%
(lead nitrate (99%), nitric acid (69%), potassium hydroxide (<96%) in pellets form were all obtained from
Sigma-Aldrich.

Synthesis of biochar

The feedstock is collected from maize cob waste, obtained from agriculture research centre (ARC) farm located
at Giza governorate, the samples were dried at 105 °C with the laboratory oven before embarking on the
experimental procedure to extract the moisture. An initial feedstock mass of 200 g was used for each pyrolysis
experiment. The pyrolysis experiments were carried out in a box type muffle furnace. The feedstock was placed
in a ceramic crucible and subjected to pyrolysis at temperature of 500 °C for 3 h using a heating rate of 10 °C/
min under oxygen-limited conditions. After pyrolysis, the biochar sample was left inside the furnace to cool to
room temperature then it passed through a 80 mesh-sieve’. Approximately 40 g of biochar was obtained after
pyrolysis. A graphically illustration of the biochar preparation is shown in Scheme 1.
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Scheme 1. Preparation of biochar with thermal method using muffle furnace at 500 °C.

Synthesis of ferrites loaded by biochar via the hydrothermal method

The hydrothermal process is used to prepare the ferrite nanoparticles loaded by biochar, which have the formula
Nio.6C00.1Cuo.5Fe,04/Biochar (NCCF/BC). Two different biochar loadings were employed: 0.2 g and 0.5 g (BC-
0.2, BC-0.5). Typically, high-pressure autoclaves are used to carry out hydrothermal reactions in an aqueous
phase. The precursor salts consisted of 8.08 g Fe(NO3)3-9H20, 1.745 g Ni(N03)2-6HZO, 0.291¢g CO(NO3)2~6H20,
and 0.725 g Cu(NO,),-3H,0, corresponding to the stoichiometric molar ratio of Fe: Ni: Co: Cu=2:0.6:0.1:0.3
to obtain Nio.sC0o.1Cuo.5Fe;04. The In the current work, the starting materials were dissolved in sufficient
quantities of distilled water, the pH was adjusted to 13 using KOH, and the mixture was stirred for 20 min before
being put into a stainless-steel autoclave lined with Teflon. The synthesis took place in an autoclave that was
80% full of the precursor solution and heated at a rate of 5 °C per minute to 180 °C for 20 h, under autogenous
pressure, it naturally cooled to room temperature. For comparison, pure Niy.C0o.1Cuo.sFe,04 (NCCF) was
synthesized under the same conditions but without the addition of biochar. Scheme 2 shows schematic of
preparation method for NCCF/BC composites.

Structural and surface characterizations

X-ray diffraction (XRD) using (BRUKER, D2 PHASER 2nd gen, Karlsruhe, Germany). applying CuKa radiation
at 10 mA and 30 KV. The 26 range of 5-80° was used to capture the data, with a step size 0of 0.02°and 0.2 s per step. A
sample’s chemical composition was determined using the (Oxford Hitachi XRF X-MET 7000, Buckinghamshire,
US). Fourier transformed infrared (FT-IR) spectra in the wavenumber range of 4000-400 cm™! were measured
using FT-IR spectrometers (PerkinElmer 2000, Wellesley, USA). Transmission electron microscope (HRTEM,
JEOL TEM-2100, Japan) with a 12,000 X magnification and a 250 kV accelerating voltage. Nitrogen physisorption
isotherms, which were essential for determining the surface area and pore size distribution of the synthesized
samples, were obtained using the BET method (BELSORP MINI X from MicrotracBEL, Osaka, Japan). Vacuum
level: P/P, down to ~ 107 for N, at 77 K; degassing temperature: 200 °C for 8 h; degas ramp: 10 °C/min; and
outgas endpoint criteria: the pressure rise (Ap) <0.001 (mbar/min). The magnetic properties were characterized
using a vibrating sample magnetometer (VSM, Lake Shore 7410, Westerville, OH, USA).

Adsorption experiment

The adsorption experiment is performed by introducing 0.05 g of the synthesized biochar-based magnetic
adsorbent into 25 mL of Pb(II) ions solution at a specified concentration, 30 to 200 ppm, with the pH was
previously adjusted. To evaluate the stability of the system, the final pH was measured immediately after
reaching equilibrium using a calibrated digital pH meter. The variation between initial and final pH values
remained within + 0.3 units, confirming the controlled hydrogen ion conditions. After that, shaking, at 100 rpm,
is conducted for a specific duration, and the filtrate is collected with a nylon syringe filter to measure the residual
concentration of the metal ion pollutant in the solution through atomic absorption spectroscopy (NovAA 350,
Jena, Germany). All adsorption experiments were performed in triplicate to ensure the results’ reproducibility
and accuracy. The relative standard deviation acted as the error parameter for every analysis, with each set of
measurements having a value below 5%.
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Scheme 2. A schematic of preparation method for NCCF/BC composites.

The percentage of removal, R%, and the quantity adsorbed, g, can be calculated using the subsequent
equations:

R% = @ x 100 (14)
Co
Cods X V
g = —eds X 7 (15)
m

where, C, C,, and C_,_ represent the concentrations of initial, remaining, and adsorbed metal ions (mg.g™"). V
represents the volume of the solution in liters, while m denotes the mass of the adsorbent in grams.

Conclusion

The ferrite nanoparticles, NCCE, (Nio.cC0o.:1Cuo.sFe204) can be successively loaded on different biochar (BC)
contents via the hydrothermal technique. Structural and surface characterization confirmed single-phase
spinel ferrite and the incorporation of biochar without altering the crystal structure of the ferrite phase. BET
surface area and porosity measurements found considerable changes during biochar loading, where NCCF/
BC-0.2 exhibited the high surface area, pore volume, and mesoporous structure due to reduced nanoparticle
agglomeration and enhanced porosity. In contrast, NCCEF/BC-0.5 exhibited a decrease in these properties. This
is most likely because the large amount of biochar causes iron oxides to enter and block some of the biochar
pores. Magnetic measurements revealed that the incorporation of biochar into the ferrite structure decreases the
saturation magnetization while preserving moderate coercivity. Despite this reduction, the resulting composites
retain sufficient magnetic response.

Adsorption studies imply that including biochar into the ferrite structure improved adsorption efficiency
in acidic conditions. The adsorption follows pseudo-second-order kinetics, suggesting a chemisorption mode
through a complexation of surface functional groups. Linear analysis proved that the adsorption data was mostly
fitted by the Freundlich model, while nonlinear regression revealed that Freundlich model was suitable for the
NCCF and NCCF/BC-0.5 samples, but Langmuir was more suitable for the NCCF/BC-0.2 sample. The maximum
adsorption capacities from Langmuir were found to be 388.28 and 217.49 mg g™'. NCCF/BC-0.2 showed the
highest adsorption capacity of 388.28 mg g™*, which was significantly higher than those of the bare ferrite and
BC. Furthermore, the prepared nanocomposites exhibited good regeneration ability and maintained efficient
Pb(II) removal in the presence of competing ions. These findings demonstrate that the prepared magnetic
biochar/ferrite nanocomposites, particularly NCCF/BC-0.2, are promising and efficient magnetic biosorbents
for wastewater treatment applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 3 June 2026; Accepted: 18 August 2026
Published online: 03 September 2026

Scientific Reports |

(2026) 16:27650 | https://doi.org/10.1038/s41598-026-67881-4 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

References

1.

Monga, A., Fulke, A. B. & Dasgupta, D. Recent developments in essentiality of trivalent chromium and toxicity of hexavalent
chromium: Implications on human health and remediation strategies. J. Hazard. Mater. Adv. 7, 100113 (2022).

2. Pushkar, B., Sevak, P, Parab, S. & Nilkanth, N. Chromium pollution and its bioremediation mechanisms in bacteria: A review. J.
Environ. Manag. 287, 112279 (2021).

3. Flora, G., Gupta, D. & Tiwari, A. Toxicity of lead: a review with recent updates. Interdisciplinary Toxicol. 5, 47 (2012).

4. Patrick, L. Lead Toxicity, a review of the literature. Part I: exposure, evaluation, and treatment. Altern. Med. Rev. 11 (2006).

5. Jedrychowski, W. et al. Lisowska-Miszczyk, Very low prenatal exposure to lead and mental development of children in infancy and
early childhood: Krakow prospective cohort study. Neuroepidemiology 32, 270-278 (2009).

6. Lanphear, B. P. et al. Erratum:Low-level environmental lead exposure and children’s intellectual function: an international pooled
analysis. Environ. Health Perspect. 127, 099001 (2019).

7. Vaziri, N. & Gonick, H. Cardiovascular effects of lead exposure. Indian J. Med. Res. 128, 426-435 (2008).

8. Navas-Acien, A., Guallar, E,, Silbergeld, E. K. & Rothenberg, S. J. Lead exposure and cardiovascular disease—a systematic review.
Environ. Health Perspect. 115, 472 (2006).

9. Delahay, P, Pourbaix, M. & Rysselberghe, P. V. Potential-pH diagram of lead and its applications to the study of lead corrosion and
to the lead storage battery. J. Electrochem. Soc. 98, 57-64 (1951).

10. Huang, H. H. The Eh-pH diagram and its advances. Metals 6, 23 (2016).

11. Abidli, A., Huang, Y., Rejeb, Z. B., Zaoui, A. & Park, C. B. Sustainable and efficient technologies for removal and recovery of toxic
and valuable metals from wastewater: Recent progress, challenges, and future perspectives. Chemosphere 292, 133102 (2022).

12. Wu, L., Garg, S. & Waite, T. D. Progress and challenges in the use of electrochemical oxidation and reduction processes for heavy
metals removal and recovery from wastewaters. J. Hazard. Mater. 479, 135581 (2024).

13. Zhang, X,, Lin, Y,, Lin, H. & Yan, J. Constructed wetlands and hyperaccumulators for the removal of heavy metal and metalloids:
A review. J. Hazard. Mater. 479, 135643 (2024).

14. Chand, P, Pakade, Y., Pandey, A., Mahurkar, M. & Kadaverugu, R. Potential of bio-adsorbent in heavy metal removal from
wastewater: an end-to-end review. Water Air Soil Pollut. 235, 756 (2024).

15. Abidli, A., Rejeb, Z. B., Zaoui, A., Naguib, H. E. & Park, C. B. Comprehensive insights into the application of graphene-based
aerogels for metals removal from aqueous media: Surface chemistry, mechanisms, and key features. Adv. Colloid Interface Sci. 335,
103338 (2025).

16. Ayach, J. et al. Comparing conventional and advanced approaches for heavy metal removal in wastewater treatment: an in-depth
review emphasizing filter-based strategies. Polymers 16, 1959 (2024).

17. Ngambia, A. et al. Adsorptive purification of heavy metal contaminated wastewater with sewage sludge derived carbon-supported
Mg (II) composite. Sci. Total Environ. 691, 306-321 (2019).

18. Liu, N. et al. Effects of ferrite porous confined biochar nanoreactor on the adsorption and desorption of Pb and Cd. J. Water
Process. Eng. 74, 107717 (2025).

19. Tan, X. etal. -h. Liu, L.-h. Jiang, Biochar as potential sustainable precursors for activated carbon production: Multiple applications
in environmental protection and energy storage. Bioresour. Technol. 227, 359-372 (2017).

20. Laird, D. A. et al. Impact of biochar amendments on the quality of a typical Midwestern agricultural soil. Geoderma 158, 443-449
(2010).

21. Xiao, F et al. Production of granular activated carbon by thermal air oxidation of biomass charcoal/biochar for water treatment in
rural communities: A mechanistic investigation. Chem. Eng. J. Adv. 4, 100035 (2020).

22. Uchimiya, M., Wartelle, L. H., Klasson, K. T., Fortier, C. A. & Lima, I. M. Influence of pyrolysis temperature on biochar property
and function as a heavy metal sorbent in soil. J. Agric. Food Chem. 59, 2501-2510 (2011).

23. Luo, H. et al. Insight into the effect of pyrolysis temperature on photoreactivity of biochar-derived dissolved organic matter:
Impacts of aromaticity and carbonyl groups. Sci. Total Environ. 871, 162048 (2023).

24. Zhou, Z. et al. -e. Zhong, Effect of pyrolysis condition on the adsorption mechanism of lead, cadmium and copper on tobacco stem
biochar. J. Clean. Prod. 187, 996-1005 (2018).

25. Rossiter, P. L. The electrical resistivity of metals and alloys. (Cambridge University Press, 1991).

26. Ahmad, M. et al. Role of ytterbium on structural and magnetic properties of NiCr0. 1Fel. 904 co-precipitated ferrites. Ceram. Int.
44, 5433-5439 (2018).

27. Anjana, V. et al. Magnetic properties of copper doped nickel ferrite nanoparticles synthesized by Co precipitation method, IOP
conference series: materials science and engineering. 012024. (IOP Publishing, 2018).

28. Kefeni, K. K., Mamba, B. B. & Msagati, T. A. Application of spinel ferrite nanoparticles in water and wastewater treatment: a review.
Sep. Purif. Technol. 188, 399-422 (2017).

29. Mahesh, B. A comprehensive review on current trends in greener and sustainable synthesis of ferrite nanoparticles and their
promising applications. Results Eng. 21, 101702 (2024).

30. Zubrik, A., Macingova, E., Hredzak, S. & Matik, M. Arsenic in Slovakia: Pollution issues and the potential of magnetic carbon
biomaterials for wastewater treatment. Materials 18, 289 (2025).

31. Iakovleva, E. & Sillanpéi, M. The use of low-cost adsorbents for wastewater purification in mining industries. Environ. Sci. Pollut.
Res. 20, 7878-7899 (2013).

32. Tyagi, I, Gupta, V., Sadegh, H., Ghoshekandi, R. S. & Makhlouf, A. H. Nanoparticles as adsorbent; a positive approach for removal
of noxious metal ions (a review, 2017).

33. Babu, K. V,, Kumar, G. S., Jalaiah, K. & Shibeshi, P. T. Effects of copper substitution on the microstructural, electrical and magnetic
properties of Ni0. 7Co0. 3-xCuxFe204 ferrites. J. Phys. Chem. Solids. 118, 172-185 (2018).

34. Santhosh, C. et al. Synthesis and characterization of magnetic biochar adsorbents for the removal of Cr (VI) and Acid orange 7 dye
from aqueous solution. Environ. Sci. Pollut. Res. 27, 32874-32887 (2020).

35. Devsharma, S. C. et al. Elucidation of structurlectromagnetic, and optical properties of Cu-Mg ferrite nanoparticles, Heliyon, 10
(2024).

36. Ateia, E. E., Elsayed, K. & El-Nashar, D. Tuning the properties of NBR/BaFell. 5C00. 5019: a road toward diverse applications.
Appl. Phys. A. 129, 118 (2023).

37. Ateia, E. E,, Elsayed, K. & Ramadan, R. Tuning the properties of Ba-M hexaferrite BaFell. 5Co0. 5019: a road towards diverse
applications. J. Inorg. Organomet. Polym Mater. 32, 2502-2512 (2022).

38. Jyoti, A. S. et al. Investigation of the structural, electrical and magnetic properties of vanadium substituted Mn-Zn ferrites.
Discover Mater. 3, 20 (2023).

39. Nizam, T, Joseph, A. & Krishnan, R. R. Sol-gel derived bismuth-doped nickel ferrite: A promising adsorbent to tackle Cr (VI)
pollution-Insights into the thermodynamics, kinetics, and isotherms. J. Alloys Compd. 1021, 179413 (2025).

40. Williamson, G. & Hall, W. X-ray line broadening from filed aluminium and wolfram. Acta Metall. 1, 22-31 (1953).

41. Madansure, Y. et al. X-ray diffraction analysis by Williamson-Hall, strain-size, Halder-Wagner, and Nelson-Riley methods, and its
co-relationship with elastic and magnetic properties of Ce3 + substituted Fe-rich cobalt ferrite. . Mater. Sci.: Mater. Electron. 37,
706 (2026).

42. Li, A, Ge, W, Liu, L., Zhang, Y. & Qiu, G. Synthesis and application of amine-functionalized MgFe204-biochar for the adsorption
and immobilization of Cd (II) and Pb (II). Chem. Eng. ]. 439, 135785 (2022).

Scientific Reports|  (2026) 16:27650 | https://doi.org/10.1038/s41598-026-67881-4 nature portfolio


https://www.nature.com/scientificreports

www.nature.com/scientificreports

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.
53.
54.
55.
56.

57.

64.

65.

66.

67.

68.

69.

70.

Srivastava, V., Sharma, Y. & Sillanpdd, M. Application of nano-magnesso ferrite (n-MgFe204) for the removal of Co2 +ions from
synthetic wastewater: kinetic, equilibrium and thermodynamic studies. Appl. Surf. Sci. 338, 42-54 (2015).

Sun, Z., Li, J., Wang, X., Zhang, Y. & Xia, S. MgFe204/MgO modified biochar with oxygen vacancy and surface hydroxyl groups
for enhanced peroxymonosulfate activation to remove sulfamethoxazole through singlet oxygen-dominated nonradical oxidation
process. Chem. Eng. ]. 477, 146960 (2023).

Debnath, S. & Das, R. Strong adsorption of CV dye by Ni ferrite nanoparticles for waste water purification: Fits well the pseudo
second order kinetic and Freundlich isotherm model. Ceram. Int. 49, 16199-16215 (2023).

Sing, K. S. W. Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and
porosity (Recommendations 1984). Pure Appl. Chem. 57, 603-619 (1985).

Guo, Z. et al. Synthesis of amino-functionalized biochar/spinel ferrite magnetic composites for low-cost and efficient elimination
of Ni (II) from wastewater. Sci. Total Environ. 722, 137822 (2020).

Abd El Wahab, S. M., Elsayed, K., Zein El-Abdeen, H. A. & Ali, S. M. Tailoring structural, surface, and magnetic properties of Cu
(II) ions-substituted Ni-Co spinel ferrites for enhanced Pb (II) ions removal. Phys. Scr. 100, 115010 (2025).

Brunauer, S., Emmett, P. H. & Teller, E. Adsorption of gases in multimolecular layers. . Am. Chem. Soc. 60, 309-319 (1938).

Liu, Y. et al. Enhanced cadmium removal by biochar and iron oxides composite: material interactions and pore structure. J.
Environ. Manage. 330, 117136 (2023).

Jung, K. W,, Lee, S. & Lee, Y. J. Synthesis of novel magnesium ferrite (MgFe204)/biochar magnetic composites and its adsorption
behavior for phosphate in aqueous solutions. Bioresour. Technol. 245, 751-759 (2017).

Niu, Z. et al. Green synthesis of a novel Mn-Zn ferrite/biochar composite from waste batteries and pine sawdust for Pb2 + removal.
Chemosphere 252, 126529 (2020).

Kumkum, P. & Kumar, S. A review on biochar as an adsorbent for Pb (II) removal from water. Biomass 4, 243-272 (2024).

Wu, Q. et al. Adsorption characteristics of Pb (II) using biochar derived from spent mushroom substrate. Sci. Rep. 9, 15999 (2019).
Rabiee Abyaneh, M., Nabi Bidhendi, G., Daryabeigi, A. & Zand Pb (II), Cd (II), and Mn (II) adsorption onto pruning-derived
biochar: physicochemical characterization, modeling and application in real landfill leachate. Sci. Rep. 14, 3426 (2024).

Wang, X., Wang, X., Chen, W, Yuan, J. & Zhang, Q. Adsorption of Cu (II) and Pb (II) in aqueous solution by biochar composites.
ACS omega. 10, 13816-13828 (2025).

Ali, S. M., Emran, K. M. & Al-Oufi, A. L. Adsorption of organic pollutants by nano-conducting polymers composites: Effect of the
supporting nano-oxide type. J. Mol. Lig. 233, 89-99 (2017).

. Ali, S. M. & Al-Oufi, B. Synergistic sorption performance of cellulose-modified La0. 9Sr0. 1FeO3 for organic pollutants. Cellulose

27, 429-440 (2020).

. Langmuir, L. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 40, 1361-1403 (1918).

. Freundlich, H. M. E. Over the adsorption in solution. J. Phys. chem. 57, 1100-1107 (1906).

. Temkin, M. J. & Pyzhev, V. Recent modifications to Langmuir isotherms, (1940).

. Ali, S. M, Emran, K. M. & Alrashedee, E M. Removal of organic pollutants by lanthanide-doped MIL-53 (Fe) metal-organic

frameworks: effect of dopant type in magnetite precursor. J. Rare Earths. 41, 140-148 (2023).

. Ali, S. M., El Mansop, M. A, Galal, A., Abd El Wahab, S. M. & El-Etr, W. M. Zein El-Abdeen, A correlation of the adsorption

capacity of perovskite/biochar composite with the metal ion characteristics. Sci. Rep. 13, 9466 (2023).

Ali, S. M., Ashour, B., Farahat, M. G. & El-Sherif, R. M. Biomass-based perovskite/graphene oxide composite for the removal of
organic pollutants from wastewater. Ceram. Int. 50, 49085-49094 (2024).

Wang, X., Wang, X., Chen, W, Yuan, J. & Zhang, Q. Adsorption of Cu (II) and Pb (II) in aqueous solution by biochar composites.
ACS omega. 10, 13816 (2025).

Yagub, M. T,, Sen, T. K., Afroze, S. & Ang, H. M. Dye and its removal from aqueous solution by adsorption: a review. Adv. Colloid
Interface Sci. 209, 172-184 (2014).

Laysandra, L. et al. Rarasaponin-bentonite-activated biochar from durian shells composite for removal of crystal violet and Cr (VI)
from aqueous solution. Environ. Sci. Pollut. Res. 25, 30680-30695 (2018).

Liu, S. et al. Enhancement of As (V) adsorption from aqueous solution by a magnetic chitosan/biochar composite. RSC Adv. 7,
10891-10900 (2017).

Xing, L. et al. Fabrication of HKUST-1/ZnO/SA nanocomposite for Doxycycline and Naproxen adsorption from contaminated
water. Sustain. Chem. Pharm. 29, 100757 (2022).

Adekanye, T., Dada, O. & Kolapo, J. Pyrolysis of maize cob at different temperatures for biochar production: Proximate, ultimate
and spectroscopic characterisation. Res. Agricultural Eng., 68 (2022).

Author contributions

S.M.A. and S.M.A.E. Conceptualization. S.M.A. and K.E. Data curation, Formal analysis. S.M.A.E., K.E. and
H.A.Z. Methodology, Resources. S.M.A. and K.E. Writing-original draft, and SM.A., SM.A.E., HA.Z. and K.E.
Writing-review & editing.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2026) 16:27650 | https://doi.org/10.1038/s41598-026-67881-4 nature portfolio


https://www.nature.com/scientificreports
www.nature.com/reprints

www.nature.com/scientificreports

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports|  (2026) 16:27650 | https://doi.org/10.1038/s41598-026-67881-4 nature portfolio


https://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	﻿Development of biochar-based magnetic adsorbent for enhanced Pb(II) ions removal
	﻿Results and discussion
	﻿Structural characterization
	﻿X-rays diffraction (XRD)
	﻿Fourier transform infrared (FT-IR)


	﻿Surface characterizations
	﻿Brunauer-Emmett-Teller (BET) surface area measurements

	﻿Magnetic properties
	﻿Application of biochar-based magnetic adsorbents for the Pb(II) ions removal
	﻿Effect of the solution pH
	﻿Kinetic study
	﻿Adsorption isotherms
	﻿Regeneration and interferences study

	﻿Method
	﻿Chemicals
	﻿Synthesis of biochar
	﻿Synthesis of ferrites loaded by biochar via the hydrothermal method
	﻿Structural and surface characterizations
	﻿Adsorption experiment

	﻿Conclusion
	﻿References


