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Novel nanomagnetite doped sugarcane bagasse
biochar biocomposite for efficient removal of toxic

heavy metal ions from wastewater

Magda A. AK|,

* Aya G. Mostafa and Asmaa A. Serage

Efficient enrichment and remediation of heavy metals from real wastewater and contaminated soil, both of

which frequently contain high concentrations of competing ions, remain significant challenges. Producing

advanced carbon-based materials that efficiently remove contaminants from water is crucial for

environmental remediation and public health. This investigation describes the concurrent activation and

magnetization processes used to synthesize Mag@SAC, a magnetic sugarcane activated carbon, from

carbonized sugarcane bagasse (SB) using Fe®* and Fe?" ions. The Mag@SAC biocomposite was

thoroughly characterized using Brunauer—Emmett—Teller (BET) and N, adsorption isotherm analysis,

point of zero charge (pHpzc), elemental analysis, Scanning electron microscopy (SEM), Fourier transform

infrared spectroscopy (FTIR), and Thermogravimetric analysis (TGA). The as-prepared Mag@SAC was

applied to remove toxic heavy metals, Pb?* and ng+ from solutions, with easy separation achieved by

simply applying an external magnet. The adsorption of Pb%* and ng+ onto Mag@SAC biocomposite

follows pseudo-second-order (PSO) kinetics and is best described by the Langmuir isotherm, indicating

spontaneous, monolayer chemisorption. This process is supported by a high correlation coefficient (R? =
0.999) and low error functions. Maximum adsorption capacities of 90.82 mg g~* for Pb?* and 164.20 mg
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g’l for ng+ were obtained under optimal conditions. Thermodynamic analysis indicates that the

adsorption of Hg?* onto Mag@SAC is spontaneous and endothermic, whereas the adsorption of Pb?* is
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1 Introduction

The depletion of water resources constitutes a major global
challenge. In recent years, global warming and climate change
have intensified the reduction of essential water supplies,
prompting governments to prioritize water treatment initia-
tives. Such initiatives frequently include directives for water
treatment and desalination facilities to utilize various
bioadsorbents.*

Chemical water contamination may originate from waste
generated by chemical manufacturing, electroplating, dye and
textile production, tanneries, oil extraction, mining, and
smelting. When heavy metals seep into rivers and lakes, they
threaten not only the health of people worldwide but also the
delicate balance of aquatic life. Heavy metals, including lead,
mercury, cadmium, and chromium, notorious for their extreme
toxicity, can silently accumulate in the body and trigger a host of
health issues. These metals may cause gradual physical,
neurological, and muscular problems that mimic conditions
such as Alzheimer's, Parkinson's, Scoliosis, and multiple
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spontaneous and exothermic. The Mag@SAC biocomposite can be successfully regenerated up to the
5% cycle. The mechanisms of adsorption of Pb?* and Hg®* onto the Mag@SAC were elucidated.

sclerosis. Because heavy metals do not break down into harm-
less substances, their lingering presence can even increase the
risk of cancer.”™

Lead and mercury are among the most widely studied heavy
metals worldwide due to their high toxicity and tendency to
accumulate in water and food resources. Human beings can be
exposed to them from various sources, including the plastic
industry, oil refineries, pulp mills, the glass end caps of spent
fluorescent lamps, phosphor powder, the cement industry, and
other industries.>® Various strategies were applied to eliminate
them from wastewater, including bioremediation,” coagula-
tion,® chemical precipitation,” membrane filtration,' solvent
extraction,' electrolysis,” reverse osmosis,"”® ion exchange,*
and adsorption.”

The adsorption technique is considered a promising strategy
for water treatment from heavy metal contamination because of
its low cost, low energy consumption, simplicity, and capacity to
manage large-scale systems.'®” In this study, we use the
adsorption process with eco-friendly nanomagnetite-modified
biochar prepared from sugarcane bagasse bioresidues. SB has
been selected as a cost-effective bio-residue for the preparation
of activated carbon due to its demonstrated potential as a bi-
osorbent for the removal of metal ions from wastewater.'®* Its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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abundance of hydroxyl groups creates active sites that
encourage ion exchange and complexation with metal ions,
boosting its hydrophilicity and enhancing its ability to interact
with metal ions in water.”***

This research harnesses the untapped potential of SB, an
abundant and affordable agro-residue, by grafting it with Fe;0,
magnetic nanoparticles. The result is a powerful Mag@SAC that
excels at adsorbing heavy metal ions, such as Pb>" and Hg>*.»?
Pollutants in various water sources can chemically interact with
SB, which contains cellulose, hemicellulose, and lignin, along-
side hydroxyl-containing macromolecules.”*** Akl and Serag
reported the effective immobilization of chitosan onto biochar
derived from SB, resulting in the SCNC biosorbent, which was
used to remove Congo red from wastewater.”® SB was modified
with sulfonic groups to create a biosorbent for the adsorption of
cationic dyes.** Magnetic activated carbon particles are an
emerging adsorbent valued for their high surface area and
favorable magnetic properties.””

We present a simple, cost-effective method to modify SB
biochar for reuse in the removal of metal ions from water.
Results show that adding Fe;O, magnetic nanoparticles
increases sugarcane bagasse biochar's adsorption capacity for
Pb>" and Hg**. The magnetic particles (Fe;0,4) also facilitate the
separation of the adsorbent from the metal solution, which
benefits practical use.

The novelty of this work lies not only in the use of magnetite-
based biochar for metal removal but also in the integrated
preparation strategy. Controlled pyrolysis converts native SB
into SCB biochar, followed by high-temperature steam activa-
tion to develop a well-defined porous structure in Mag@SAC.
Steam activation is more eco-friendly than conventional
chemical methods and promotes the formation of a hierar-
chical pore system. Fe;O, nanoparticles are incorporated
through in situ co-precipitation, ensuring uniform dispersion
and strong interaction with the biochar surface. This combined
approach produces a magnetically separable adsorbent with
improved textural properties and active sites for heavy-metal
adsorption.

Addressing the identified research gaps, this study presents
the rational design of a magnetically supported sugarcane
bagasse biochar biocomposite. This material integrates
adsorptive biochar with magnetic Fe;O, nanoparticles to
enhance the purification of water contaminated with heavy
metals. Accordingly, the following objectives were established
to evaluate the implementation and significance of this inves-
tigation: (i) synthesis of a novel magnetic Mag@SAC as a highly
efficient nanobiosorbent for the removal of Pb*" and Hg>"; (ii)
characterize the Mag@SAC's physico-chemical properties,
using various analytical instruments; (iii) systematically inves-
tigate the influences of solution pH, Mag@SAC dosage, agita-
tion time, initial concentration, temperature, and coexisting
ions on Pb*" and Hg>* removal; (iv) to fit the Pb** and Hg?"
adsorption experimental data to various kinetic and isothermal
adsorption models alongside statistical error functions; (v) to
comparatively evaluate the removal efficiency, feasibility, and
reusability of the Mag@SAC relative to other adsorbents; and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(vi) to estimate the Pb>" and Hg>" adsorption mechanism onto
the Mag@SAC biocomposite surface.

2 Materials and methods

2.1. Materials

All employed chemicals in the present investigation were of
analytical grade (AR), obtained from Sigma-Aldrich company
and utilized without further purification. To prepare
a 1000 mg L' stock solution of Pb** and Hg>*, 1.598 g and
1.344 g of Pb(NOj3), and HgCl,, respectively, were dissolved in
deionized water. Then, a few drops of concentrated HNO; were
added to acidify the solution and prevent the metal from
hydrolyzing. The investigated magnetite was prepared using
FeCl;-6H,O (AR) and FeCl,-4H,O (AR), along with sodium
hydroxide (NaOH).

2.2. Instrumentation and characterization

Nitrogen adsorption-desorption is employed to characterize the
porous structure, and the Brunauer-Emmett-Teller (BET)
theory is applied to estimate the Mag@SAC's surface area (Sggr,
m?> g~ "). These measurements are based on gas adsorption
measurements using the QUANTACHROME NOVA 2000 Series
analyzer, which employs nitrogen chilled to its boiling point (77
K).?®* The point of zero charge (pHpyc) of the Mag@SAC was
determined using the pH reported method.* A weight (0.1-0.15
g) of the Mag@SAC was shaken for 48 hours with 0.01 M NaCl
solutions, whose pH was adjusted between 2 and 12 using
0.05 M HCI or 0.05 M NaOH. The final pH was measured and
plotted against the change in pH (ApH). The surface
morphology of the Mag@SAC sample was characterized using
a JSE-T20 (JEOL, Japan) microscope. Fourier transform infrared
(FT-IR) spectral analysis was conducted with a Shimadzu 5800
FT-IR spectrometer across a wavelength range of 4000 to
400 cm . Thermo gravimetric analysis (TGA) was performed as
the changes in the mass of nano-magnetite modified biochar as
a function of temperature were measured by TGA/DTG curve
using a Shimadzu (Japan) model under N, gas flow with
a heating rate of 10 °C min~'. The saturation magnetization
(MS) of Mag@SAC at room temperature was measured using the
advanced Cryogenic Limited Physical Property Measurement
System (PPMS) for precise results. A Neodymium N52 magnet
(50 x 20 x 7 mm, 15 kg pulling force) was utilized to separate
Mag@SAC loaded with metal ions after sorption. The concen-
trations of residual Pb*>" and Hg®" in solution are measured
spectrophotometrically using a UV-Vis spectrophotometer
(JENWAY Co., Ltd, UK) at Apax values of 520 nm and 522 nm,
respectively, with PAR reagent. Before conducting the analysis,
calibration curves for Pb>" and Hg®" with PAR were established
using standard solutions, demonstrating strong linearity (R> >
0.99; Fig. S1).

2.3. Preparations

2.3.1. Steam-activated carbon (SAC). Initially, the SB
precursor was dried in the sunlight and subsequently cut into
small pieces. The material was then washed multiple times with

RSC Adv, 2026, 16, 27090-27109 | 27091
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Fig. 1 Preparation of Mag@SAC biocomposite.

a 1-5% HCI solution to remove dirt and extraneous matter.
Afterward, the material was rinsed with deionized water until
the supernatant turned neutral. It was then crushed, ground,
and sieved to yield fine particles with a particle size less than
0.45 mm. The precursors were oven-dried at 105-110 °C over-
night or until fully dry.

The dried precursors (SB) were calcined in a stainless-steel
reactor under an oxygen-free atmosphere at about 600 °C for 2
hours. The sample temperature was monitored with a K-type
thermocouple and regulated with a digital temperature
controller. The sugarcane bagasse biochar (SBC) was then
physically activated by steam gasification to produce physically
activated carbon (SAC) at 900 °C by adjusting the time of acti-
vation for about 26 min using a horizontal tubular furnace with
a length of 450 mm and an internal diameter of 65 mm was
used for gasifying (SBC). The steam-activating agent is gener-
ated by injecting water into a heated reactor, where it evaporates
to produce water vapor. Nitrogen gas at a flow rate of 100
em® min~", measured at room temperature, serves as the carrier
gas. The water vapor flow is maintained at a constant rate for
36 min.”® The final yield was calculated at 26%.
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2.3.2. Preparation of nano-magnetite grafted sugarcane
bagasse biochar (Mag@SAC) biocomposite. The SAC undergoes
an in situ reaction to prepare activated carbon modified with
Fe;0,4. About 2 g of SAC sample was stirred with (1.5 M) of
NaOH, then the iron salt solution containing FeCl,-4H,0 and
FeCl;-6H,0 with a 1:2 (Fe*":Fe®") molar ratio dissolved in
concentrated HCl (12 M) was added dropwise on activated
carbon to precipitate Fe;O, nanoparticles on the surface of
activated carbon at 80 °C under a flow of nitrogen gas.*
Mag@SAC was washed with demineralized water using a dial-
ysis system and subsequently dried in an oven at 50 °C over-
night. Fig. 1 provides a schematic illustration of the Mag@SAC
preparation.

2.4. Batch adsorption studies

The removal of Pb*" and Hg®" ions by the Mag@SAC was
studied through batch adsorption experiments. For each test,
25 mL of either Pb>" or Hg>* solution was mixed with
a measured amount of Mag@SAC in a 50 mL stoppered bottle to
adsorption.  Experimental = parameters

initiate were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Nitrogen adsorption—desorption isotherms at 77 K for Mag@SAC and (b) linear plot of BET.

Table 1 The calculated Sget of the prepared Mag@SAC from N, adsorption isotherms

Sample Sper (M* g7

Total pore volume(cm® g™ )

Mean pore diameter (7), A

Mag@SAC 417.52

systematically varied: pH (1.5-6), metal ion concentrations (5-
300 mg L™ " for Pb**, 10-275 mg L~ " for Hg>"), Mag@SAC mass
(0.005-0.08 g), and oscillation time (5-240 min). The pH was
adjusted using diluted HC] or NaOH. Mag@SAC was separated
from the solution using an external magnetic field. The PAR
reagent measured remaining metal concentrations at 520 nm
(Pb**) and 522 nm (Hg>"). The adsorption capacity of Mag@SAC
(ge, mg g~ ") and the removal percentage of Pb>" and Hg*" (R, %)
were determined using eqn (1) and (2).*"**

oo — (o = CoV )
% R = (CC;C) (2)

C, and C. represent the initial and equilibrium Pb*>* and Hg*"*
solution in (mg L"), respectively. V is the volume of the heavy
metal solutions in liters, while W refers to the weight of
Mag@SAC in grams. Each experiment was carefully repeated
three times to ensure consistent results.

2.4.1. Adsorption isotherms, kinetic, statistical error val-
idity, and thermodynamic investigations

2.4.1.1. Adsorption isotherms. Several adsorption isothermal
models have been used to characterize the relationship between
equilibrium  concentration and adsorption capacity.*

0.5132

49.17

Adsorption on activated carbons is typically characterized using
isotherms, including the linear and nonlinear forms of the

Langmuir and the Freundlich models in eqn (3)-(6),
respectively.>*
C. 1 C.
= = + 3
qe blqml dm1 ( )
qm2b2 Ce
e = T o~ 4
4 1+ b,C, )
1
log g = log K¢ + ;log C. (5)
de = KF2Celm (6)

C. (mg L") and g. (mg g ') represent the equilibrium
concentration and adsorbed amount per unit weight of Hg*"
and Pb** on Mag@SAC biocomposite, respectively. The
parameter b represents the Langmuir equilibrium constant (L
mg ). Ky (mg g~ )L mg )" is the Freundlich constant,
reflecting the amount of Hg>" and Pb*>* adsorbed onto Mag@-
SAC at unit equilibrium concentration.”® The n exponent is the
Freundlich one, which is essential for evaluating adsorption
feasibility.*

Table 2 Physicochemical characteristics of the Mag@SAC biocomposite

Biosorbent PH of supernatant PHpzc Ash%

Elemental analysis

Moisture% C (%) H (%) N (%) S (%)

Mag@SAC 7.3 6.9 39.43

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Point zero charge for Mag@SAC biocomposite.

The 1/n parameter is essential for assessing adsorption
intensity and surface heterogeneity.*® Values below 1 indicate
a favorable adsorption,*” whereas higher values suggest
increased adsorbate-adsorbent affinity and greater heteroge-
neity of adsorbent sites.

The Ry, present in eqn (7), is the dimensionless separation
parameter that indicates whether adsorption is favorable.

1

R= 1+ K.C, @)
C, represents the highest initial solute concentration, while K,

denotes the Langmuir constant.
2.4.1.2. Adsorption kinetics. Kinetic investigation has been
applied to experimental data to determine the adsorption
mechanism and its potential rate-controlling step, including
mass transfer and chemical reaction. Adsorption kinetic studies
for Pb*>" and Hg”* on the Mag@SAC sample are investigated
using several models. The kinetic data obtained from batch
studies have been analyzed using the pseudo-first-order model
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View Article Online

Paper

—— steam activated carbon(SAC)
—— magnetite activated carbon(Mag@SAC)

100 -

(]
[>)
=
<
b=
: 1
= ®
& 80- 3
= &
X (1576.588)—— 8
(1341.305)
(3425.102) (612.3141
60 T T r
4000 3000 2000 1000

Wavenumber (cm)

Fig. 5 FTIR spectra of SAC and Mag@SAC.

(PFO), the PSO model, the intraparticle diffusion model (IPD),
and the Boyd model, as presented in eqn (8)-(11),
respectively.*®**° The IPD model identifies the diffusion mech-
anisms and the rate-determining step in adsorption. Kinetic
data were analyzed using the expression proposed by Boyd
et al.** to assess whether adsorption occurs through external or
intraparticle diffusion.

ki
log(¢er — 4:) =108 ge1 — 57521 (8)
t 1 1
—= o+ 9
4 kg qeo )
G = kind”” + ¢ (10)

SEI 30KV
Sample

WD9Smm Ss29

SElI 30KV WD19mm  SS21 x30,000 0.5pm

Fig. 4 SEM micrograph of activated carbon, (a; & a,) for SAC, (b; & b,) for Mag@SAC, respectively.
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=1- = Z—exp B(1)) (11)

g. (mg g7 ") and g, (mg g~ ') represent the amounts of Pb** and
Hg”" adsorbed at equilibrium and at time ¢ (min), respectively.
K, (g mg~" min~") and k; are the rate constants for the PSO
and IPD models, respectively, while C is an IPD model constant.
Where F is the fraction of solute adsorbed at any time (¢), it can
be evaluated using eqn (12). B(z) is a mathematical function of F,
while 7 is an integer that defines the infinite series solution.

4
9e

F= (12)

The following possibilities were obtained by Reichenberg
(eqn (13) and (14)):*
For F values < 0.85;

B(t) = —0.4977 — In(1 — F) (13)
For F values < 0.85;
B(1) = v/ |7 — (“zg (’)) (14)

2.4.1.3. Validation of errors for adsorption isotherm and

kinetic models. 1dentifying the most appropriate model for the
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Fig. 8 Effect of pH on Pb?* and Hg?* adsorption on Mag@SAC.

experimental data obtained from the adsorption technique is
a critical step. The coefficient of determination (R*) alone is
insufficient for evaluating the suitability of adsorption models.
To determine the most accurate isothermal and kinetic models
for Hg>*/Pb** adsorption on Mag@SAC, a range of error func-
tions was applied.

Normalized standard deviation (Agq%, eqn (15)), mean
square error (MSE, eqn (16)), hybrid fractional error function
(HYBRID, eqn (17)), sum of squares of the errors (SSE, eqn (18)),
and chi-square statistic (x>, eqn (19)) are the applied error

functions.**™¢
Z Ge.exp—Qe calc2
Geexp

Ag% = 100 11 (15)
1 n
MSE = n Z (qe.,exp - qe’“‘lc)z (16)
=1
Hybrid — % - [t — )’ (17)
N—-P Ge.exp
SSE = Z (qe‘exp - qe=°"‘1°)2 (18)

i=1

Fig. 7 Digital image (a) Mag@SAC-metal ios dispersed in soluion before application of external magnet; (b) and (c) Mag@SAC-metal ions

collected to the surface after the application of an external magnet.
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Fig. 9 Effect of adsorbent dosage of Mag@SAC sample for (a) Pb?* and for (b) Hg?* adsorption.

2 - (qe,exp - qe,calc)z
oo e

X:

i=1

e cale (19)
e exp, a0d e calc are amounts actually taken and predicted to be
taken, respectively, both are measured in mg g~ '. n describes
the number of experimental repetitions of the experiment,
while p is the number of different settings or factors included in
the model.

2.4.1.4. Effect of temperature and thermodynamic studies.
Thermodynamic parameters, including standard free energy
(AG24s), enthalpy (AHz2qs), and entropy (ASSys), were determined
by examining the temperature influence on the Pb*>" and Hg*"
adsorption using the Mag@SAC. In the temperature range of
25-60 °C, 0.025 g of Mag@SAC was mixed with 25 mL of
120 mg L™" Pb*" and Hg”" solutions.

160

—a— Pb?* (132.55)

300

250

150 200
ce.(mg L™

Fig. 10 Effect of initial concentration of Pb®* and Hg®* ions.

0 50 100
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The values of enthalpy (AHSg) and entropy change
0

—AH .
(AS34s) were assessed from the slope (Tads> and the inter-

AS? . .
cept (Tads) from this equation:*’

_AHz(x)ds + ASgds

InK, =
n R R

(20)

R: universal gas constant (8.314 x 10 *J mol * K ') and T: the
temperature in (K).

2.5. Desorption studies

A desorption investigation was performed to estimate the
Mag@SAC desorption efficiency and potential for reuse.
Following adsorption of Pb** and Hg”" onto Mag@SAC, the
material was washed with water to remove unadsorbed metal
ions and dried at 105 to 110 °C. Next, 0.025 g of the metal-
loaded Mag@SAC was shaken with solutions of varying pH,
adjusted from 1.5 to 12 using HCl and NaOH. The solutions
were then filtered, and the percentage of Pb**/Hg>" desorbed
was calculated using eqn (21).

. amount desorped to the solution (mg L™
Desorption% = p ( g )

amount adsorped to the solution (mg L™)
(21)

2.6. Analytical applications

Various environmental samples, including distilled water,
groundwater, tap water, and various food samples, were utilized
to study the removal of Pb>* and Hg>". Tap water samples were
gathered from our lab at Mansoura University in Egypt. All
investigated water samples were filtered through a sintered
glass G4 filter, then acidified with concentrated nitric acid to pH
2, and stored in polyethylene bottles for further use. One liter of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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water sample was mixed with 0.5-1.0 g of K,S,0g, and then
heated for 30 min at 95 °C, where organic matter is broken
down.*”® Then, 0.025 g of Mag@SAC was shaken with varying
concentrations of Pb*>" and Hg?* from different environmental
samples for 60 min, and the mixture was filtered. After reaching
equilibrium, the solution was analyzed by atomic absorption
spectroscopy to estimate the equilibrium concentrations of Pb>*
and Hg™".

3 Results and discussion

3.1. Materials' design and physicochemical studies

The Mag@SAC biocomposite was synthesized through a two-
step process. Initially, SAC biochar was prepared and then
steam-activated. In the second step, Fe;O, was impregnated
into the SAC to produce the Mag@SAC.

Both SCS and Mag@SAC are black. SCS sample is a very fine,
low-density powder and is lighter than the Mag@SAC. In
contrast, the newly prepared Mag@SAC is hard, black, and
exhibits a more granular texture compared to the SCS. In
contrast, the newly prepared biocomposite is hard and exhibits
a more granular texture compared to the SCS. To determine
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solubility, 1 g of Mag@SAC biocomposite was added to 50 mL of
water and stirred for 3 hours. After filtration, the solid was
carefully dried and weighed, revealing that almost no mass had
been lost in the process.

3.1.1. N, adsorption-desorption isotherm and BET surface
area analysis. Both specific surface area in m> g~ ' and porosity
are critical textural characteristics that influence adsorption
capacity, as shown in Fig. 2(a and b) and Table 1. (Mag@SAC)
has a high surface area of 417.52 m* g~ * and a pore volume of
0.5132 cm® g~*, which can exhibit high adsorption capacity for
the heavy metals under study. The mean pore diameter of
Mag@SAC is 49.17 A, which falls within the mesoporous range
and exceeds the hydrated diameters of Pb>* (8-9 A) and Hg*"
(4.9 A), thereby facilitating their diffusion into the Mag@SAC
pores.

3.1.2. Ash, moisture content, surface pH, point of zero
charge, and elemental analysis of the prepared Mag@SAC bi-
ocomposite. The surface pH effectively reflects the types of
reactive groups present on its surface. At the point of zero
charge, in solution, the carbon surface's Brgnsted acidic groups
frequently donate their protons to water molecules, making the
surface negatively charged. Lewis bases, on the other hand,
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Fig. 11 Adsorption isotherm models: (a) Pb>* and Hg?* linear Langmuir, (b) Pb* and Hg?* linear Freundlich, (c) Pb?* nonlinear Langmuir and

Freundlich, and (d) Hg®* nonlinear Langmuir and Freundlich.
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Table 3 Langmuir and the Freundlich isotherm constants for Pb?* and
Hg?* ions adsorption

Mag@SAC sample  Pb** Hg™"
Linear Langmuir gm (mg g™ 90.82 164.20

by (Lmg™) 0.384 0.019

Ry 0.0068 0.116

R? 0.998 0.984

x’ 96.439 437.2

SSE 8758.638  71788.25

MSE 973.182 7178.25

Hybrid 10224.097 91 387.963

Ag% 874.359 18380.836
Linear Freundlich Kgq 28.60 2.80

1/n 0.236 0.755

R? 0.657 0.770

X 165.034 612.219

SSE 18088.64  116579.13

MSE 2009.84 11657.913

Hybrid 16 458.655 126 545.528

Ag% 1338.711  24924.094
Nonlinear Langmuir b, 0.899 0.0157

Gma 87.97 173.3

R? 0.98329 0.9768

x> 89.78 494.95

SSE 7898.1 85775.19
Nonlinear Freundlich Ky, 44.37 12.47

n 7.37 2.25

R? 0.75798 0.926

x> 194.55 630.94

SSE 17848 121 606

accept protons from the solution, becoming positively charged.
Table 2 presents all surface chemical properties of the prepared
adsorbent. As shown in Fig. 3, the pHpyc is the pH at which the
Mag@SAC's surface charge becomes zero.** For the Mag@SAC
sample, it equals 6.9, as shown in Table 2. The ash content is
slightly high due to the formation of Fe;O,4, which increases the
ash content of the prepared carbon.

3.2. Characterization

3.2.1. Morphology. SEM was used to analyze the surface
morphology of both SAC and Mag@SAC. Fig. 4 shows a marked
change in activated carbon morphology after modification with
nano-magnetite. Steam-activated carbon shows a modest
increase in porosity, but after modification with nano-
magnetite, it forms well-ordered, small Fe;O, particles.

3.2.2. FTIR spectra. FT-IR spectra of SAC and Mag@SAC
samples are displayed in Fig. 5. Both samples exhibit peaks at
3425 and 3429 cm ™, respectively, attributed to O-H stretching
vibrations in alcohols, phenols, and adsorbed water in cellu-
losic materials. Moreover, peaks at 1576-1583 cm ™' correspond
to the stretching vibrations of C=O bonds in quinone,
carboxylic, and ester groups.®*' Peaks at 1120-1130 cm '
indicate alcohol (R-OH) groups, while absorption bands at 878
and 880 cm ™! are due to (C-H) bending.* The SAC sample
shows weak bands at 2925-2856 cm ™', attributed to aliphatic
(C-H) groups, and a peak at 1384 cm ™, assigned to the in-plane
bending vibration of (C-H) in methyl groups.”*** In contrast,
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the SAC/Fe;0, sample is distinguished by a strong band at
612 cm ™', attributed to the Fe-O stretching vibration of Fe;0y,,
confirming the presence of iron nano-magnetite on steam-
activated carbon.*

3.2.3. Thermo gravimetric analysis (TGA). Fig. 6 demon-
strates the TGA result of the Mag@SAC. An initial weight loss
(%) of 6.43% between 30 °C and 61 °C is attributed to the release
of adsorbed water. A subsequent significant weight loss of
47.26% occurs between 393 °C and 600 °C, likely associated
with the decomposition of residual surface functional groups
and the dehydrogenation and aromatization of biochar, as
supported by FT-IR spectra.”® Under an inert N, atmosphere and
in the absence of O,, magnetite is not expected to undergo
oxidation or experience weight gain.

3.2.4. Magnetic property and magnetic separation perfor-
mance. As reported in the literature, activated carbons possess
a small particle size, resulting in a high surface area and
significant adsorption efficiency.*® However, this feature also
results in high dispersion and difficulty in separating them
from solutions, a major limitation in large-scale applications.
This limitation was addressed in the present study by employ-
ing the Mag@SAC, which exhibits magnetic properties (Fig. 7).
This magnetic property enables efficient separation from solu-
tion using an external magnetic field. This property is due to the
incorporation of magnetite into the SAC biochar. The separa-
tion efficiency of Mag@SAC was evaluated by monitoring its
behavior after adsorbing Pb*" and Hg>* metal ions. Initially,
Mag@SAC with adsorbed metal ions remained evenly
dispersed, producing a turbid suspension. Application of an
external magnetic field to the dispersion after adsorption
caused the Mag@SAC to migrate toward the magnet and adhere
to the container wall, resulting in a clear solution. Upon
removal of the external magnetic field, superparamagnetic
behavior was observed, and the solution returned to a turbid
state. This behavior is due to the Fe;O, magnetic particles
present in the biocomposite. It was concluded that the Mag@-
SAC retains its magnetic properties even after interaction with
adsorbed Pb®>" and Hg** metal ions, demonstrating its
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Fig. 12 Effect of contact time on adsorption of Pb®* and Hg?* on
Mag@SAC sample.
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structural stability. This indicates the ease with which the
current investigation can be applied to large-scale wastewater
treatment and reusability. These results agree with those
present in the literature.’”*® This integration of magnetic
properties and Mag@SAC functionalities enables advanced,
scalable solutions for environmental remediation.

3.3. Adsorption studies

3.3.1. Effect of initial pH on the adsorption of Pb®>" and
Hg”". The solution pH affects the surface charge on the activated
carbon and the solubility of the metal ions. The pH study of Pb**
and Hg>" adsorption on the Mag@SAC sample was performed by
adjusting the pH of the metal solution to 1.5-6. This value was
chosen in order to avoid the precipitation of the metal ion in the
form of metal hydroxides at higher pH. The pH effect of metal
ions adsorption on (Mag@SAC) is graphed in Fig. 8. In the case of
Hg>', the pH increases, giving constant uptake of Hg>" at a pH of
2.5. In the case of Pb>*, the pH increases, and the adsorption of
Pb** remains constant at a pH of 4.5. The influence of pH on Pb**
and Hg>" adsorption by Mag@SAC was investigated over the pH
range 1.5-6, which is below Mag@SAC's pHp,c. In this range,
adsorption likely occurs primarily through complexation with
functional groups rather than solely through surface charge.
Moreover, to avoid the precipitation of Hg>" as metal hydroxides

© 2026 The Author(s). Published by the Royal Society of Chemistry

at higher pH. The predominant Hg>* species at different pH
values are as follows: at pH 2, HgCl, and HgCl" account for
88.45%, Hg”" accounts for 3.90%, and HgOHCI accounts for 2%.
At pH 4, Hg(OH), is the major species at 39.90%, followed by
HgOHCI at 25.20%, HgCl, at 10.02%, with minor proportions of
HgOH", HgCl", and Hg*>" also present. Between pH 6 and 8,
Hg(OH), (79.62%) and HgOHCI (10.02%) are the predominant
species.’® Niu et al. reported that at 100 mg L™ " and 20 °C, Pb>" is
the predominant species in the pH range of 1.0 to 7.0. They also
observed that Pb(OH)" gradually increases in distribution at pH
values above 6.5.° The effect of pH on metal ions adsorption on
(Mag@SAC) is shown in Fig. 8. For Hg”*, as pH increased from
1.5 to 2.5, adsorption capacity increased, while it remained nearly
constant from 2.5 to 6. Pb*' adsorption showed a similar
behavior, with minor changes: adsorption capacity increased
with pH from 1.5 to 4.5, then remained constant from 4.5 to 6.
This may be attributed to the fact that when the solution pH is
low, the carbon surface becomes more protonated, leading to
a high concentration of H' that competes with metal ions for
binding sites.*” As pH increases, reduced protonation and
reduced competition with H" occur, leading to increased metal
ion adsorption.*

3.3.2. Effect of adsorbent dose. The amount of Mag@SAC
sample influences the removal efficiency of both Pb*>* and Hg>".
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Table 4 Kinetic parameters for the adsorption of Pb?* and Hg?*

Metal ion

Model Parameter pPb** Hg”*

PFO e,exp (Mg g™ ") 78.73 39.6
Ge1 (mg g ™) 0.884 1.105
k; (min™) 8.4%107° 0.011
R,? 0.1453 0.28007
x> 53996.611 10 349.079
SSE 47733.034 11 435.729
MSE 5966.629 1429.466
Hybrid 10179.973 4895.405
Aq% 111.712 107.877

PSO dez (Mg g™ 78.86 39.61
k, [g mg~" min~"] 0.203 0.0711
R,? 0.999 0.999
x? 0.373 0.3961
SSE 29.449 15.692
MSE 3.68 1.961
Hybrid 6.677 32.962
Ag% 0.0778 0.1715

IPD model Kine [mg(g min'/?)] 0.183 0.143
¢ 76.68 37.77
R 0.106 0.195

Boyd model Intercept 3.992 3.0818
R 0.1453 0.28007

This effect was investigated by varying the Mag@SAC dose from
0.005 to 0.08 g. As presented in Fig. 9, the Mag@SAC's
adsorption capacity (mg g~ ') toward Pb>* and Hg>" decreases as
the adsorbent dose (g) increases, while the removal (%)
increases. This is attributed to the increased number of avail-
able sorption sites and greater surface area that comes with
higher Mag@SAC doses, which collectively enhance adsorption
(%). However, adsorption efficiency decreases at higher doses
due to the presence of unsaturated vacant sites during
adsorption.®>** From Fig. 9, the maximum removal occurs at an
adsorbent dose of 0.05 g for both metal ions, with 100% for Pb**
and 87% for Hg>".

3.3.3. Effect of initial concentration of heavy metals and
adsorption isotherm. The effect of Pb®>" and Hg>" concentra-
tions on their removal efficiency by the Mag@SAC was assessed
using metal ion concentrations from 5 to 300 mg L~ " for Pb>*
and 10 to 275 mg L' for Hg**, as illustrated in Fig. 10. As
illustrated in Fig. 11, the Pb>" and Hg>" concentrations and
their removal efficiencies by the Mag@SAC were assessed over
the ranges 5-300 mg L™ " for Pb** and 10-275 mg L™ for Hg>".
The adsorption capacity of Mag@SAC for Pb>" and Hg>" ions
increased with rising initial metal concentrations, reaching
132.55 mg g~ " for Hg>* and 83.29 mg ¢~ * for Pb**. This increase
is attributed to the greater driving force at higher initial Pb**
and Hg>* concentrations, which facilitates overcoming mass-
transfer resistance between the metal aqueous solution and
Mag@SAC solid phase.®® The presence of unoccupied metal-
binding sites in Mag@SAC further increases the adsorption
capacity for Pb>" and Hg”* ions. As these sites become satu-
rated, the adsorption capacity approaches its maximum.®**”
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It was concluded that the adsorption of the investigated
metal ions (Pb>* and Hg>") onto the Mag@SAC was best
described by both linear and nonlinear Langmuir adsorption
models. This is supported by higher correlation coefficients (R*)
of (0.998 and 0.983) and (0.984 and 0.9768) for Pb*>" and Hg*",
respectively, along with lower Langmuir error function values
than those for the Freundlich model, as demonstrated in Table
3. Moreover, from 1/n values lower than 1, indicating that the
adsorption of Pb*>" and Hg>" on Mag@SAC is favored.*® The Ry,
values, which indicate the type of isotherm, were calculated to
discover if it is irreversible (R;, = 0), favorable (0 < Ry, <1), linear
(R, = 1), or unfavorable (R, >1).*> As shown in Table 3, the Ry,
values for Pb*>" and Hg?" range from 0.0068 to 0.166, respec-
tively. These values fall within the range 0 < RL < 1, indicating
that adsorption of Pb** and Hg”" using the Mag@SAC sample is
favored.

3.3.4. Effect of contact time and kinetic studies. Contact
time significantly influences the cost of water treatment
processes. Accordingly, this study examined the optimal dura-
tion required for Pb** and Hg>" adsorption using Mag@SAC to
achieve equilibrium. As presented in Fig. 12, the removal of
both Pb*" and Hg>* was measured by varying the oscillation
time from 5 to 240 min. Adsorption of Pb** and Hg”" increased
for the first 30 min, then became almost stable after 50 min,
reaching equilibrium approximately after 60 min. This trend
likely results from the abundance of active sites on the Mag@-
SAC's surface at higher Pb** and Hg** concentrations during the
initial phase. By increasing the oscillating time by more than
60 min, the Mag@SAC adsorption capacity became constant,
and the Pb** and Hg>" adsorption attained equilibrium.
Therefore, 60 min of oscillation time is chosen as the adsorp-
tion time for the experimental test to ensure equilibrium is
reached.®®

Several kinetic models were investigated to evaluate the best-
fitting model, including the PFO, PSO, and IPD, as well as the
Boyd model, as shown in Fig. 13 and Table 4. It was observed
that PSO is a better-fitting model, with higher R* values (0.999)
and lower error metrics (Aq%, x>, SSE, MSE, and hybrid) than
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Fig. 14 Effect of temperature on Pb%* and Hg?* adsorption using
Mag@SAC.
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Table 5 Thermodynamic parameters for the adsorption of Pb?* and Hg®* on Mag@SAC

Metal ions
Parameter Pb** Hg*
T (k) 298.15 318.15K 333.15 298.15 318.15 333.15
AG® (k] mol ™) —2.085 -1.976 —0.8019 —0.153 —2.857 —4.516
AH® (k] mol™ ") —12.296 37.25
AS° (Jmol ' k) —33.72 125.64

PFO for the two investigated contaminants. Additionally, the
equilibrium adsorption capacity (g.) values predicted by the
PSO model closely align with the ge xp- Kinetic studies indicate
that the PSO mechanism best represents the adsorption of Pb>*
and Hg>" by the Mag@SAC biocomposite. For the IPD, in some
cases, both film diffusion and intraparticle diffusion influence
adsorption kinetics. In many adsorption processes, solute
uptake varies almost proportionally with t*/? rather than contact
time ¢.”° In this study, the g, versus t*'* plot does not pass
through the origin (Fig. 13c), indicating that IPD is not the sole
rate-limiting step and that boundary-film diffusion also
contributes to sorption.*”* As presented in Fig. 13d, the linear
plots of the Boyd model do not go through the origin, indicating
that boundary-layer diffusion plays a significant role alongside
other mechanisms in the sorption process.

3.3.5. Effect of temperature and thermodynamic studies.
Temperature significantly influences heavy metal removal by
adsorbents, and the optimal temperature depends on both the
adsorbent and adsorbate. As the temperature elevated, the g, of
the Mag@SAC increased for Hg®" and decreased for Pb*", as
presented in Fig. 14.

The thermodynamic parameters, AGads’, AHag, and
A8, associated with the adsorption of Pb** and Hg”* onto

Mag@SAC were determined, and the data tabulated in Table 5.
As demonstrated in Table 5 and Fig. 15, the negative
AGY4s values for both Pb*" and Hg®" indicate that their
adsorption on Mag@SAC is thermodynamically feasible and
spontaneous. For Pb>* adsorption, the negative values of
AHY4s and ASQy, indicate an exothermic process and decreased
randomness at the solid-solution interface, resulting in lower
system randomness and greater alignment.”>”* For Hg”*
adsorption, positive values of AHygs and ASY, indicate endo-
thermic adsorption onto the Mag@SAC and increased
randomness at the adsorbent-adsorbate interface,
respectively.”*”®

3.3.6. Effect of ionic strength. The effect of ionic strength
on Pb*>" and Hg** adsorption using the Mag@SAC sample is
shown in Fig. 16. The adsorption was examined by removing
20 mg L' of Pb** and Hg** without pH adjustment to avoid
interference from the buffer ions. Fig. 16 illustrates that for Pb**
ions, there is no significant influence of the coexisting ions on
their removal process. For Hg*" ions, however, increasing the
solution's ionic strength from 0.001 to 0.15 mole per L leads to
a noticeable drop in removal efficiency, falling from 97.3% at
the lowest concentration to 91% at 0.08 mole per L. This decline
in removal efficiency likely results from competition between

m Pb%*
1.6 a Hg*
1.2+
N>
=
= 0.8 -
0.4-
0.01— . . .
9 N 0 ™
& & QQ%W & &
Q Q Q Q Q
T

Fig. 15 Plot of 1/T vs. In K for adsorption of Pb?* and Hg?* on the Mag@SAC sample.
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Fig. 16 Effect of ionic strength on adsorption of Pb2* and Hg>* on
Mag@SAC sample.

Hg”" ions and sodium cations for the available adsorption sites.
Overall, the removal of these metal ions remains only slightly
influenced by changes in water ionic strength.

3.3.7. Effect of foreign ions. The actual matrix present in
water (anions and cations) may influence the removal of heavy
metal ions. The removal efficiency of 20 mg L™' Pb>" and Hg”"
was measured in the presence of 100 mg L' of matrices such as
fluoride, oxalate, acetate, Ca**, KH,", and Mg>*. The obtained
data are tabulated in Table 6. It was concluded that the
adsorption of Pb>* and Hg" is slightly affected by the presence
of these matrices, with removal ranging from 99.7% to 91.5%.
Only the Mg>" cation can affect heavy metal ion removal by
increasing water hardness, thereby altering the removal
process.

3.3.8. Desorption studies. The regenerative capacity of the
Mag@SAC sample is a useful indicator of its commercial
potential.”® Chemical treatments are typically employed as the
primary method for regenerating exhausted adsorbents. This
study examined how pH affects Mag@SAC recovery after Pb>*
and Hg>* removal using NaOH and HCI. After that, the loaded
Mag@SAC-metal ion is filtered and dried in an oven for further
use. The loaded adsorbent is then immersed in solutions at

Table 6 Effect of foreign ions' presence on the removal of Pb?* and
Hg?* using Mag@SAC

Metal ions

% removal efficiency

Foreign ions

(100 mg L) pPb** Hg?*
Acetate 99.45 92.00
cl 99.72 97.96
F 97.66 92.87
PO, 95.74 96.94
NH," 98.07 97.38
Na* 99.03 91.42
Ba** 99.58 94.47
Mg** — 69.04
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Fig. 17 Effect of pH on the % desorption Mag@SAC.

different pH values (1.5-10) to study the % desorption effi-
ciency. From Fig. 17, we can see that for Pb*", the desorption
efficiency reaches 100% at pH 2 and decreases as the solution
pH increases. For Hg>", the desorption efficiency reaches
65.38% at pH 1.5 and decreases as the solution pH increases.
From these results, we can use this adsorbent several times, as
the desorption efficiency is high.

3.3.9. Analytical applications. The potential of Mag@SAC
for the adsorption of Pb** and Hg”" from various environmental
samples, including distilled water, tap water, ground water, and
digested food samples, was evaluated. 0.025 g of the adsorbent
and 25 mL of the aforementioned environmental samples were
placed in PVC flasks, together with 20 mg L™" of Pb>" and Hg>*
spiked. A study was done on the filtrate. The gathered infor-
mation is depicted in Table 7.

3.3.10. Plausible mechanism of adsorption of Pb** and
Hg>* onto Mag@SAC biocomposite. To investigate the possible
mechanisms of Hg”" and Pb®" adsorption on the Mag@SAC,
isotherms, kinetics, thermodynamics, and FTIR spectra before
and after adsorption were assessed.

3.3.11. FT-IR. Fig. 18 presents the FTIR spectra of the
Mag@SAC before and after adsorption of Pb*" and Hg>'.
Changes in the absorption peaks indicate the adsorption of
these heavy metals. Following adsorption, the O-H peak at
3425 cm™ " shifts to 3444 cm ™ for Pb** and 3451 cm ™" for Hg>".
The peak at 1576 cm™ ", attributed to C=0, shifts to 1628 cm '
for both metals. The C-H peak at 1341 cm ™" shifts to 1385 cm™
for Pb>" and 1388 cm™ "' for Hg>". The F-O peak at 612 cm ™"
shifts to lower wavenumbers.

Pb** and Hg*" adsorption on the Mag@SAC occurs mainly
through surface complexation, with electrostatic attraction
further enhancing the process. FTIR spectral shifts (Fig. 18), pH-
dependent adsorption studies (Fig. 8), and literature support
these findings. Incorporating Fe;O, into SAC biochar increases
adsorption capacity by expanding surface area and introducing
more active groups. Fe;O, provides a high specific surface area

1

and numerous active sites for chemical bonding. Biochar
contributes active groups, including -OH and -COOH, which
facilitate effective cation binding.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Recovery of Pb?" and Hg?* metal ions from different environmental samples using Mag@SAC sample (n = 3)

Pb2+ Hg2+
Environmental samples Metal ions, mg L™" Recovery (R, %) RSD Recovery (R, %) RSD
Deionized water 0 — — — —
10 97.5 1.14 94 0.81
15 96 0.7 88.5 1.17
20 91.85 1.3 70.05 1.1
Tap water 0 — — — —
10 100 0.21 95.85 0.64
15 100 0.14 91.92 0.43
20 100 0.08 85.41 1.3
Ground water 0 — — — —
10 100 0.31 94.65 1.32
15 100 0.4 92.125 1
20 100 0.12 85.8 1.8
Herbal extract 10 58.56 1.9 — —
20 52.93 1.74 — —
Cauliflower 10 — — 89.21 0.94
20 — — 83.6 1.11
Flour 10 — — 21.6 1.23
20 1.73 0.12 33.55 0.39

Surface complexation binds Pb*" or Hg*" ions to oxygen-
containing functional groups on Mag@SAC,”” while electro-
static attraction also supports adsorption. Solution pH influ-
ences the ionization of surface groups on biochar-derived
materials. Exceeding the pHpzc, the Mag@SAC surface becomes
negatively charged, attracting metal ions. At lower pH, excess H"
ions compete for binding sites, reducing adsorption efficiency.”®
At higher pH, deprotonation of carboxyl and hydroxyl groups
increases electrostatic attraction and improves metal ion
binding.”

Additional mechanisms, such as ion exchange and pore-
filling, also contribute to metal ion adsorption on magnetite-
supported composites. Iron oxide-modified biochar exhibits
strong ion-exchange capacity, helping immobilize toxic metals
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Fig. 18 FTIR spectra of (a) Mag@SAC, (b) Mag@SAC-Hg?*, and (c)
Mag@SAC-Pp?".
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over time.** Through ion exchange, these composites capture
metal ions and convert them into less mobile, more stable
forms. The combined effects of surface complexation and ion
exchange offer an effective dual mechanism for long-term
heavy-metal containment.

The suggested mechanism of the removal of Pb** and Hg*"
ions using Mag@SAC is shown in Fig. 19.

3.4. Performance of the Mag@SAC biocomposite

To evaluate the Mag@SAC value, a comparison of Mag@SAC g,
with other reported adsorbents for Pb*>" and Hg>" removal was
conducted, as presented in Table 8. It was observed that Pb>"
and Hg>" adsorption by Mag@SAC is reasonably comparable to
other investigations, with g. values of 83.29 and 132.55 mg g/,
respectively, and higher than those reported for other materials.

3.5. Future recommendations

Functionalized magnetite-biochar biocomposites offer an
effective and versatile solution for large-scale wastewater treat-
ment and the adsorption of hazardous metals such as Pb*>" and
Hg>". By combining the high adsorption capacity of biochar
with the magnetic properties of magnetite, these composites
emerge as promising alternatives to conventional treatment
methods and as viable candidates for future environmental
remediation.

Magnetic separation enables rapid, efficient removal and
reuse of Mag@SAC, reducing operational complexity and costs
in industrial and municipal applications by streamlining
separation processes, which is essential for large-scale opera-
tions.” Furthermore, the porous structure of biochar and its
surface functional groups, such as carboxyl and hydroxyl
groups, facilitate strong interactions with metal ions, thereby
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enhancing the adsorption of toxic metals even at low
concentrations.”

Scaling up these composites poses challenges, including
maintaining adsorption efficiency at higher metal concentra-
tions and ensuring stability across varying pH conditions.
Advanced modifications, including amino-functionalized
magnetic biochars and structural adjustments, have improved
stability and performance in diverse environments.”® However,
further optimization is necessary to achieve consistent efficacy
in real wastewater systems, which often contain mixed metal
ions and organic compounds that can impede adsorption.
Stability is particularly important in acidic wastewater, where
the durability of magnetite particles and the preservation of
biochar's functional groups affect adsorption rates and metal-
binding efficiency.**

Regeneration and reuse are essential for the large-scale
application of these composites. Studies demonstrate that
magnetite-biochar composites can be regenerated by simple
washing or chemical treatments, enabling multiple cycles of
heavy metal removal without significant loss of adsorption

capacity.” This regenerative property lowers long-term opera-
tional costs and reduces environmental impact by decreasing
the frequency of adsorbent replacement, thereby supporting
both economic and life-cycle sustainability.”

By supporting sustainability and resource recovery, this
hybrid system provides an effective treatment solution and
promotes environmental stewardship through waste valoriza-
tion and circular economy practices. As research and tech-
nology continue to evolve, magnetite-modified biochar
composites such as Mag@SAC are poised to revolutionize large-
scale wastewater treatment, driving greater efficiency, adapt-
ability, and sustainability.

3.6. Alignment with sustainable development goals

In conclusion, this approach supports multiple sustainable
development goals by addressing critical challenges in envi-
ronmental sustainability and resource efficiency. The current
investigation demonstrates the transformation of waste into
innovative materials that align with SDGs 6, 12, 13, and 15,

Table 8 Comparison of the maximum sorption capacity of Pb?* and Hg?* by different biosorbents

Adsorbent

Hg”" g.(mgg™")  Pb” g.(mgg™)  Ref.

Peel biomass of Pachira aquatic Aubl

Rhodamine hydrazide-modifying Fe;O, microspheres
Coal fly ash

Activated carbon from mango kernel

Palm shell powder 6

Raw CNT

Thiol-functionalized cellulosic biomass

Copolymer 2-hydroxyethyl acrylate with monomer methyl methacrylate (MMA-HEMA) —

H,SO,-treated CNS
Plum kernel
Magnetic activated carbon derived from SB

27104 | RSC Adv, 2026, 16, 27090-27109

0.71 — 81
7.5 — 82
0.44 — 83
19.762 — 84
7.134 — 85
— 1.66 86
— 28.67 87
31.447 88
— 8.73 89
— 1.3 90
132.55 83.29 Present study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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thereby making acid mine drainage treatment more affordable
and effective while protecting water quality and supply.

3.7. Limitations

To improve this technology's applicability, key limitations must
be addressed. These include the composite's stability in
extreme pH and high metal concentrations, potential biochar
degradation over time, and the impact of co-contaminants in
actual wastewater. Further research is also required to evaluate
the system's long-term economic feasibility and scalability,
especially regarding material synthesis costs and maintenance.

4 Conclusion

Mag@SAC functions as a novel, environmentally friendly bi-
osorbent for the removal of Pb** and Hg”>* from diverse water
and food samples, achieving maximum ¢, values of 83 and
132 mg g ', respectively, within 60 minutes. Analyses of
adsorption isotherms and kinetics reveal that Pb*" and Hg>"
follow the Langmuir and PSO models most closely, offering
clear insight into their distinct adsorption behaviors. Thermo-
dynamic studies show that Pb** adsorption is exothermic, while
Hg>" adsorption is endothermic. Desorption experiments indi-
cate that Mag@SAC can be economically reused, with desorp-
tion efficiencies ranging from 70% to 100% at low pH. These
findings confirm the effectiveness of Mag@SAC as an adsorbent
for metal ion removal in diverse environmental contexts,
attributed to the synergistic adsorption properties of magnetite-
biochar. The system offers operational flexibility, supports

© 2026 The Author(s). Published by the Royal Society of Chemistry

environmental sustainability, and facilitates regeneration and
reuse, making it a viable alternative to conventional heavy-metal
treatment methods.

Fig. 20 presents the synthesis, characterization,
adsorption mechanism of Pb** and Hg>* on Mag@SAC.
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