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Abstract:
This research explores the synthesis and application of magnetic nanocompos-
ites as effective adsorbents for the removal of metal ions from wastewater. Us-
ing a chemical co-precipitation method, Fe3O4 nanoparticles were modified with
branched polyethyleneimine and stover activated carbon, yielding Fe3O4/Branched-
Polyethyleneimine and Fe3O4/Spherical-Activated-Carbon adsorbents. These materials
were thoroughly characterized to confirm their functional groups and optimized surface
structure for heavy metal uptake. Thanks to their paramagnetic properties, the adsorbents
are easily recovered and readily recycled. Adsorption efficiency was systematically
evaluated by varying contact time, Cu2+ concentration, and adsorbent dosage. Isotherm and
kinetic models were applied to elucidate the adsorption mechanisms, with Fe3O4/Branched-
Polyethyleneimine best described by the pseudo-second order kinetic model and the Sips
isotherm. This study not only provides empirical evidence of the adsorbents’ efficacy but
also lays a conceptual foundation for their practical implementation in industrial wastewater
treatment applications, paving the way for future advancements in adsorbent technology.

1. Introduction
Copper contamination represents a significant global en-

vironmental challenge owing to the widespread presence of
copper and its compounds. Over the past decades, extensive
efforts have been made to develop economical and environ-
mentally friendly methods to mitigate copper contamination
(Wang et al., 2025). The World Health Organization has
identified even minimal concentrations of Cu2+ in water as a
hindrance to natural self-purification processes, deeming water
with levels exceeding 0.001 mg/L unsafe for consumption.
The detrimental effects of copper pollution extend beyond
human health, manifesting in acute poisoning of aquatic fauna
and discoloration of oysters in coastal and harbor regions.
Furthermore, elevated copper levels are linked to serious health
issues-such as lung cancer and gastrointestinal infections-

representing a substantial public health concern in high-
exposure populations. This situation highlights the urgent need
for the efficient removal of Cu2+ from effluents before they are
discharged into aquatic ecosystems (Tian et al., 2020).

Adsorbent technology, recognized for its cost-effectiveness
and high removal capacity, has become a preferred method for
extracting heavy metal ions from aqueous solutions and soils
(Shao et al., 2023). This approach circumvents the limitations
commonly associated with conventional processes-such as
filtration, electrochemical treatment, and ion exchange-which
are often costly and complex. Recently, a range of innovative
adsorbents has been developed for the removal of Cu2+.
For instance, Wang et al. (2021) employed cement solidified
materials, while Yang et al. (2021a) utilized functionalized gel
beads. Additionally, natural and modified sorbents-including
pine bark (Nguyen et al., 2025), chitosan-based fibers (Niu et
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Table 1. Experimental materials.

Experiment Material Manufacturer

Preparation of
Fe3O4

Ferrous chloride China, Shanghai Runjie Chemical Products Co., Ltd

Ferric chloride China, Shanghai Runjie Chemical Products Co., Ltd

Ammonia water China, Nanjing WANQING Chemical Glassware & Instrument Co., Ltd

Preparation of
Fe3O4/SAC

Stover activated carbon China, Shanghai Titan Scientific Co., Ltd

Ultra pure water China, Nanjing zebra Experimental Equipment Co., Ltd

Preparation of
Fe3O4/BPEI

Ethyl [3-propyl] carbodiimide
hydrochloride China, Nanjing shengjianquan chemical Glass Instrument Co., Ltd

Sodium hydroxide standard solution China, Nanjing WANQING chemical Glassware & Instrument Co., Ltd

Branched polyethyleneimide China, Beijing Inno Chem Science & Technology Co., Ltd

al., 2019), pomelo peel (Begum et al., 2013), and bentonite
(Alraae et al., 2025)-have demonstrated high adsorption effi-
ciencies. Despite these advantages, such materials can pose
drawbacks, including potential secondary pollution, opera-
tional complexity, and elevated costs.

This study examines the synthesis and application of
magnetic materials, which have undergone significant ad-
vancements and found diverse uses in microwave technology
(Kubrakova and Pryazhnikov, 2021), adsorption processes
(Kelarijani et al., 2020; Litvinov, 2020; Zheng et al., 2021;
Sun et al., 2023), oncology (Li et al., 2020), photocatalysis
(BioLegend, 2020; Liu et al., 2023), and sealing technologies
(Yang et al., 2021b, 2022; Mitamura et al., 2022; Sun et
al., 2024). In wastewater treatment, magnetic materials have
demonstrated considerable utility. Schiff base-functionalized
Fe3O4 effectively adsorbs Hg2+ and Ag+ (Miao et al., 2020),
while Inbaraj et al. (2021) employed a magnetic activated
carbon nanocomposite to remove polycyclic aromatic hydro-
carbons. Ren et al. (2021) used MgO functionalized magnetic
activated carbon to extract Malachite Green, and Sugumar et
al. (2021) reported strong complexation between Branched
Polyethyleneimine (BPEI) and Cu2+.

Recognizing the sensitivity of magnetic adsorbents to their
aqueous environment and the critical role of surface chem-
istry, we synthesized three functional magnetic adsorbents-
bare Fe3O4, Fe3O4/Spherical-Activated-Carbon (SAC), and
Fe3O4/BPEI-to engineer a simple yet effective system for
Cu2+ removal suitable for industrial implementation. Sur-
face and magnetic properties were characterized by Vibrating
Sample Magnetometry and Transmission Electron Microscopy
(TEM). We systematically investigated the influence of op-
erational parameters-such as contact time, initial Cu2+ con-
centration, and adsorbent dosage-on removal efficiency. To
elucidate the underlying mechanisms, we applied a suite of
equilibrium isotherm models (Redlich-Peterson, Toth, Sips,
Hill) and kinetic models (Weber-Morris intraparticle diffusion,
Elovich, pseudo-first-order, and pseudo-second-order), which
have proven particularly appropriate for copper adsorption
(Jiang et al., 2023).

2. Experiments

2.1 Materials
Three adsorbents were prepared in this study. The materials

used are listed in Table 1.

2.2 Synthesis of adsorbents
2.2.1 Fe3O4 magnetic nanoparticles (MPs)

Magnetic Particles (MPs) were synthesized via chemical
co precipitation of ferrous chloride (FeCl2) and ferric chloride
(FeCl3) according to the following five step procedure:

1) Ferric chloride solution: Dissolve 50 grams of FeCl3 in
500 mL of deionized water under mechanical stirring at
600 rpm.

2) Ferrous chloride solution: Separately dissolve 16 grams
of FeCl2 in 100 mL of deionized water with magnetic
stirring for 20 minute under a nitrogen atmosphere.

3) Mixing: Combine the FeCl2 solution with the FeCl3
solution under continuous stirring for 25 minute.

4) Precipitation: Collect the resulting precipitate by vacuum
filtration.

5) Drying: Dry the wet precipitate under vacuum at 100 ◦C
for 24 hour.

The overall reaction for Fe3O4 nanoparticle formation can
be represented as:

2Fe3++Fe2++8NH3 ·H2O → Fe3O4 +8NH4
++4H2O (1)

2.2.2 SAC-modified Fe3O4 (Fe3O4/SAC)

The adsorbent preparations were carried out as follows:

1) Carbon preparation: 10.0 grams of stover activated carbon
were placed in a 100 mL stoppered cylinder.

2) Mixing with MPs: 10.0 grams of MPs were added, and
the mixture was homogenized thoroughly.

3) Magnetic separation: The wet composite was collected
by applying an external magnetic field.

4) Drying: The composite was dried under vacuum at 100
◦C for 24 h.
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Fig. 1. Treatment system for wastewater containing metal ions. (a) Magnetic structure, (b) wastewater treatment structure, (c)
spectrophotometer, and (d) porous pellet. 1: Metal ions-containing wastewater tank, 2: Diverter tube, 3: Recirculation pipe, 4:
Monitoring station with compression and shunt ability, 5: Valve, 6: Quick-access cover.

2.2.3 BPEI-modified Fe3O4 (Fe3O4/BPEI)

This adsorbent preparation is shown as follows:

1) MPs preparation: 10.0 grams of MPs were transferred
into a beaker containing 200 mL of deionized water.

2) pH adjustment: The solution pH was adjusted to 6.0
using hydrochloric acid, after which 1 ethyl 3 (3-
dimethylaminopropyl) carbodiimide hydrochloride and
N-hydroxysuccinimide were added.

3) BPEI addition: A 200 mL solution of BPEI was intro-
duced, and the mixture was stirred under vacuum for 24
h.

4) Magnetic separation: The functionalized MPs were re-
covered magnetically.

5) Drying: The product was dried under vacuum at 100 ◦C
for 24 h.

2.3 Experiment methods
2.3.1 Cu2+ adsorption experiment

Process variables investigated included temperature (25-50
◦C), contact time (5-100 min), adsorbent dosage (0.5-5.0 g/L),
and initial Cu2+ concentration (10-150 mg/L). The adsorption
rate (A) of Cu2+ was calculated using Eq. (2), and each
experiment was performed in quintuplicate to minimize error.
Thermodynamic measurements were conducted at pH 6 and
temperatures from 10 to 80 ◦C. Data on the effects of contact
time and Cu2+ concentration were used to evaluate adsorption
kinetics and isotherms, respectively. The equilibrium uptake
(qe) was calculated as:

A =
c1 − c2

c1
×100% (2)

qe =
(c0 − ce)×V

n
(3)

where A is the adsorption rate, and c1 as well as c2 are the
solution’s instantaneous concentration. The c0 and ce reflect

the initial and equilibrium content of Cu2+ ions. V denotes
the volume of the used liquid, and n represents the amount of
adsorbent in Eq. (3).

Kinetic data were fitted to pseudo-first order, pseudo-
second order, Elovich, and Weber-Morris intraparticle diffu-
sion models. Thermodynamic parameters were derived using
the Van’t Hoff equation. Equilibrium data were modeled with
the Redlich-Peterson, Toth, Sips, and Hill isotherms, which
have been shown to describe Cu2+ adsorption effectively
Hussain et al. (2023).

2.3.2 Desorption and reusability assessment

To assess desorption efficiency and adsorbent reusability,
the following procedure was employed. After Cu2+ adsorption,
the spent adsorbents were recovered by filtration and magnetic
separation. They were then immersed in 0.05 M HCl and
stirred magnetically for 24 h to desorb Cu2+. Subsequently, the
adsorbents were separated magnetically, rinsed with deionized
water until the washings reached neutral pH, and dried at 100
◦C for 1 h. The regenerated adsorbents were then reused in
subsequent Cu2+ removal cycles.

3. Wastewater treatment system

3.1 Treatment process
The treatment apparatus is illustrated in Fig. 1. Copper-

containing wastewater enters the system and is split into two
parallel streams, each passing through an adsorbent-packed
section. After adsorption, effluent from both streams flows
through an online Cu2+ monitoring station. Streams that satisfy
the discharge criteria are either sent on for further processing
or released directly, whereas those that do not meet the
standards are routed back via a recirculation loop for additional
treatment. In Fig. 1(b), a porous pellet holder is shown at the
midpoint of the piping; Fig. 1(d) depicts that these pellets
accommodate small magnetic beads, which serve as the ads-
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Fig. 2. Flow streamlines of fluid around porous pellets.

Table 2. Surface properties and characteristics of samples.

Sample Fe3O4 Fe3O4/SAC Fe3O4/BPEI

BET surface area
(m2/g) 69.697 77.375 67.472

Total pore volume
(cm3/g) 0.214 0.251 0.248

Average pore size
(nm) 9.732 18.357 16.287

orbent phase. The bead diameter is chosen to match the
pellet pore channels, as shown in Fig. 1(a), ensuring efficient
retention under an applied magnetic field.

3.2 Validation by flow field
To verify the fluid flow within the pipeline after introducing

porous media, ANSYS Fluent was employed for Computa-
tional Fluid Dynamics (CFD) simulations. The porous zone
model in Fluent applies to both single-phase and multiphase
flows and encompasses components such as packed beds, filter
papers, perforated plates, flow distributors, and tube bundles. A
one-dimensional simplification-often termed “porous jump”-
enables the representation of thin porous films with predefined
pressure drop or velocity characteristics. The porous jump
formulation is implemented as a porous face treatment rather
than a volumetric cell zone, enhancing numerical robustness
and convergence.

Within the model, any region designated as “porous” is as-
signed empirically determined resistance coefficients (Oliveira
et al., 2023; Zheng et al., 2025). Mechanically, the porous
media model introduces an additional momentum sink term
into the Navier-Stokes equations. This source term comprises
two components-viscous loss and inertial loss-expressed as:

Si =−

(
3

∑
j=1

Di jµν j +
3

∑
j=1

Ci j
1
2

ρ|vvv|v j

)
(4)

where Si is the momentum sink in the i-th (x, y, or z direction)
momentum equation, ρ is the density, µ is the dynamic
viscosity of the fluid, and Di j and Ci j are given matrices.
Besides, v j is the velocity component of the three coordinate
directions of x, y, and z, and |vvv| is the magnitude of the velocity
vector.

For simple, homogeneous porous media, the momentum
sink term can be expressed in its most compact form as:

Si =−
(

µ

α
νi +C2

1
2

ρ|vvv|νi

)
(5)

where α is the viscous resistance coefficient (related to 1/K,
with K being the permeability), and C2 is the inertial resistance
coefficient. Besides, vi is the local velocity component.

As shown in Fig. 2, the central segment of the pipeline
depicted in Fig. 1(b) was extracted for CFD analysis. A
velocity-inlet boundary condition was imposed at the upstream
end, while a pressure-outlet condition was prescribed at the
downstream end. The midsection was modeled as a porous
medium to represent the packed pellets. The computational
domain, discretized into 132,672 grid cells, was verified for
mesh independence.

Porosity was specified as 0.80, and ANSYS Fluent was
used to simulate the fluid flow. Fig. 2 demonstrates that
flow recirculation intensifies adjacent to the walls, leading
to enhanced retardation effects. This behavior arises from
the separation vortex generated when the fluid encounters
the first porous pellet, which functions as a bluff body. At
the outlet, the reduction in cross-sectional area produces a
localized acceleration, enabling the fluid to transition smoothly
into the downstream pipeline.

4. Results and discussion

4.1 Material characterization
4.1.1 Microstructural analysis

The microstructure of the magnetic nanocomposite adsor-
bents was elucidated by TEM (Figs. 3(a)-3(c)). Pristine Fe3O4
particles appear as nearly spherical nanocrystals with a range
of diameters; their size and morphology can be tuned via
synthesis temperature or surfactant choice. The high density
of interstices between primary Fe3O4 grains suggests abundant
accessible sites for Cu2+ binding. Upon incorporation of SAC
or BPEI, the apparent particle diameter increases markedly,
confirming successful composite formation. Fe3O4/SAC ex-
hibits a rough surface with nanoscale pores-likely generated
by the evolution of volatile byproducts (e.g., H2O, CO, CO2)
during carbon activation (Oliveira et al., 2023)- whereas
Fe3O4/BPEI particles display core-shell architectures, with
Fe3O4 cores uniformly coated by polymer layers.

4.1.2 Surface area and porosity

Brunauer-Emmett-Teller (BET) analysis (Table 2; N2
adsorption-desorption isotherms and pore-size distributions
in Fig. S1) further differentiates these materials. All three
samples possess sizeable specific surface areas, underscoring
the role of porosity in enhancing adsorption capacity (Morán et
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Fig. 3. TEM results: (a) Fe3O4, (b) Fe3O4/SAC, (c) Fe3O4/BPEI, and (d) FTIR result. Comparative spectra of Fe3O4,
Fe3O4/SAC, and Fe3O4/BPEI.

Fig. 4. Samples response under applied magnetic field. (a) Fe3O4, (b) Fe3O4/SAC, and (c) Fe3O4/BPEI.

al., 2023; Xiao et al., 2023). Composite materials (Fe3O4/SAC
and Fe3O4/BPEI) exhibit larger average pore diameters than
bare Fe3O4, consistent with TEM observations and indicating
a predominantly mesoporous network (Yu et al., 2023).

4.1.3 Chemical composition

FTIR spectra (Fig. 3(d)) reveal distinct functional-group
profiles. Fe3O4/BPEI displays strong absorptions at 2,875−
2,970 (C-H), 1,551-1,630 (N-H), and 1,250-1,376 cm−1 (C-
N), reflecting abundant amine functionalities known to chelate
Cu2+ via HSAB interactions and protonation-mediated com-
plexation (Duan et al., 2023; Tański et al., 2023; Rijk et
al., 2023). In contrast, Fe3O4 and Fe3O4/SAC show only
– OH and Fe-O stretching bands at ∼ 3,345−3,465 cm−1 and
∼ 1,100 cm−1, with Fe3O4/SAC additionally exhibiting O-C-
O vibrations that can contribute to pH-dependent electrostatic
adsorption (Poggere et al., 2023; Li et al., 2023).

4.1.4 Magnetic properties

A common concern with surface modification is the poten-
tial loss of superparamagnetic (Kergoat et al., 2023). This issue
may impede the recycling process and potentially introduce
more contaminants. However, all three materials retained rapid
magnetic responsiveness (Fig. 4), aggregating swiftly under an
external field. Vibrating Sample Magnetometry measurements
(Fig. 5) confirm their superparamagnetic nature: the hysteresis
loops show negligible coercivity, and saturation magnetiza-
tions of Fe3O4, Fe3O4/SAC, and Fe3O4/BPEI were 86.3, 39.1,
and 35.1 emu/g, respectively. These results demonstrate that
despite composite formation, the adsorbents maintain both
robust magnetic separability and high adsorption potential
(Eom et al., 2023).
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Fig. 5. VSM magnetization curves.

4.2 Adsorption kinetics
Nonlinear regression was used to determine the constants

and variables of the dynamic models; the resulting param-
eter values are summarized in Table 3. Kinetic analysis of
Cu2+ removal revealed that the adsorption by Fe3O4 and
Fe3O4/SAC conforms best to the Pseudo-First Order model,
whereas Fe3O4/BPEI follows the Pseudo-Second Order (PSO)
model. This distinction implies that Fe3O4/BPEI adsorption
involves both chemisorption and physisorption mechanisms,
while Fe3O4 and Fe3O4/SAC predominantly undergo physical
adsorption. High coefficients of determination (R2 ≈ 1) con-
firm the excellent fit and substantial adsorption capacities of
all three materials (Järvinen et al., 2023).

From Table 3, the Elovich model parameters α and β for
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Table 3. Constants and kinetic variables determined for the
Cu2+ adsorption.

Model Parameters Fe3O4 Fe3O4/SAC Fe3O4/BPEI

Pseudo-
first
order

qe 2.0190 6.2349 6.0002

K1 0.0573 0.0438 0.0689

R2 0.9864 0.9733 0.9852

RMSE 0.0136 0.1030 0.0764

Adj R2 0.9858 0.9722 0.9832

Pseudo-
second
order

qe 2.3026 6.7892 6.5783

K2 0.0302 0.0062 0.0136

R2 0.9733 0.9659 0.9897

RMSE 0.0379 0.2997 0.0612

Adj R2 0.9713 0.9633 0.9872

α (mg/g·min) 0.5135 0.7963 2.4239

β (g/mg) 0.3727 0.7036 0.8725

R2 0.9431 0.9326 0.9831

RMSE 0.1038 0.1893 0.5964

Adj R2 0.9421 0.9298 0.9818

Intraparticle
diffusion

Ki,1
(mg/g·min1/2)

0.2969 0.8257 0.7769

C1 (mg/g) -0.0254 -0.2478 0.6024

R2 0.9865 0.9733 0.9827

Ki,2
(mg/g·min1/2)

0.1016 0.1203 0.1706

C2 (mg/g) 1.1124 5.0236 4.3684

R2 0.9238 0.6783 0.9833

Ki,3
(mg/g·min1/2)

0.0133 0.4039 -0.0204

C3 (mg/g) 1.9370 6.2037 6.1036

R2 0.3567 0.0774 0.6038

Notes: In the Elovich equation, where α is the initial adsorption
rate constant (mg/g·min), β is the desorption constant related to
surface coverage (g/mg).

Fe3O4, Fe3O4/SAC, and Fe3O4/BPEI are 0.51 and 0.37, 0.80
and 0.70, and 2.42 and 0.87, respectively. The notably higher α

and β values for Fe3O4/BPEI indicate its superior adsorption
rate and capacity within a given contact time (Abdel-Azim et
al., 2023).

4.3 Thermodynamic analysis
Thermodynamic parameters were evaluated using the Van’t

Hoff relationships (Eqs. (6) and (7)). Fig. 6(b) presents the
linearized Van’t Hoff plot, and the derived values of ∆H, ∆S,
and ∆G are listed in Table 4:

lnK f =
∆S
R

− ∆H
RT

(6)

Table 4. Thermodynamic parameters derived from the
Van’t-Hoff equation.

Samples T (K) ∆G (kJ/mol)

Fe3O4
∆H =−5.98 KJ/mol
∆S =−14.83 KJ/mol

298 -1.41

303 -1.58

308 -1.46

313 -1.36

318 -1.28

323 -1.22

328 -1.08

333 -0.98

Fe3O4/SAC
∆H =−9.11 KJ/mol
∆S =−9.48 KJ/mol

298 -6.23

303 -6.27

308 -6.19

313 -6.21

318 -6.14

323 -5.91

328 -6.03

333 -5.95

Fe3O4/BPEI
∆H = 10.17 KJ/mol
∆S = 55.16 KJ/mol

298 -6.20

303 -6.65

308 -6.73

313 -7.11

318 -7.43

323 -7.64

328 -7.94

333 -8.15

∆G =−RT lnK f (7)
where ∆H is standard enthalpy, ∆S is standard entropy, ∆G is
Gibbs free energy, K f is the adsorption distribution coefficient,
R (= 8.314 J·mol−1K−1) is the gas constant, and T is the
absolute temperature.

Temperature critically influences both mass transfer and the
adsorption kinetics of Cu2+ (Holubčík et al., 2022). Fig. 6(a)
shows that, for Fe3O4 and Fe3O4/SAC, removal efficiencies
decrease from 85.26% to 52.33% and from 30.36% to 15.80%,
respectively, as the temperature rises from 298 to 333 K,
indicating exothermic adsorption. An increase in temperature
enhances the diffusion rate of Cu2+ ions-thereby increasing
their mobility in solution-while simultaneously weakening the
adsorbent-ion interactions. Thermodynamically, this behavior
corresponds to a less favorable Gibbs free energy for adsorp-
tion at higher temperatures, since the enthalpic term becomes
more influential and physical bonding forces diminish, leading
to greater desorption of Cu2+ back into the aqueous phase (Han
et al., 2022).
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Fig. 6. Thermodynamic analysis. (a) Temperature dependence of removal and (b) linearized Van’t-Hoff relation.

Table 5. Isotherm model parameters.

Model Parameters Fe3O4 Fe3O4/SAC Fe3O4/BPEI

Redlich-
Peterson
(R-P)

K 8.2239 16.2573 19.3989

a 4.1369 1.7932 0.9635

b 0.9364 0.9387 0.9796

RSS 0.0262 3.8964 5.6721

R2 0.9587 0.9866 0.9873

Adj R2 0.9499 0.9859 0.9798

Toth

qm 7.9337 21.4369 23.3694

b 0.2893 1.6735 1.8325

n 0.2423 1.1338 0.9987

RSS 0.0363 4.3682 5.9368

R2 0.9737
0.9937 0.9878

Adj R2 0.9694 0.9878 0.9781

Sips

K 3.6891 19.3654 17.2358

αs 0.8204 0.8316 0.7323

β 0.3318 1.2359 0.9952

RSS 0.0274 4.1568 5.7327

R2 0.9678 0.9936 0.9858

Adj R2 0.9534 0.9866 0.9773

Sips

qm 4.3680 25.7261 33.1571

K 1.4560 1.3862 1.9721

n 0.3507 1.1037 0.4504

RSS 0.0242 3.9603 1.8484

R2 0.9604 0.9876 0.9945

Adj R2 0.9598 0.9804 0.9902

Notes: R-P: qe =KRCe/(1+aRCg
e ); Toth: qe =KTCe/(aT +Ce)

1/t ;
Sips: qe = KSCβ

e S/(1+aSCβ
e S); Hill: qe = qSHCnH

e /(KD +CnH
e ).

Conversely, Fe3O4/BPEI exhibits increased adsorption ef-
ficiency with temperature (298 to 333 K), consistent with an
endothermic mechanism. From the Van’t Hoff analysis (Table
4), ∆G values range from -0.9 to -8.2 kJ/mol, confirming
that Cu2+ uptake is spontaneous under all conditions studied.
The positive enthalpy change (∆H◦ = +10.17 kJ/mol) for
Fe3O4/BPEI further substantiates an endothermic, chemisorp-
tive process, whereas the Fe3O4 and Fe3O4/SAC systems dis-
play exothermic, physisorption-dominated behavior. Moreover,
the positive entropy change (∆S) for Fe3O4/BPEI indicates
increased randomness at the solid-liquid interface during ad-
sorption (Palani et al., 2022; Zhu et al., 2023).

4.4 Adsorption isotherm
A recent review identified the Redlich-Peterson, Toth, Sips,

and Hill isotherm models as particularly well-suited for Cu2+

adsorption (Alomari et al., 2023). Table 5 summarizes the
fitted parameters and nonlinear-regression results for these
models applied to Fe3O4, Fe3O4/SAC, and Fe3O4/BPEI. In
all cases, high coefficients of determination (R2) confirm
excellent agreement between the experimental data and model
predictions.

In the Sips isotherm, the amount adsorbed at equilibrium
(qe) is related to the equilibrium concentration (Ce) by the
equation in Table 5, where Ks is the Sips affinity constant
and β is the heterogeneity exponent. When β = 1, the Sips
model reduces to the classical Langmuir isotherm (homoge-
neous monolayer adsorption). At low Ce, it approximates the
Freundlich isotherm, thereby capturing heterogeneous, multi-
site adsorption behavior.

For Fe3O4/BPEI, the Redlich-Peterson model achieves an
R2 of 0.988, indicating a hybrid adsorption mechanism that
deviates from ideal monolayer behavior (Kim et al., 2022).
Likewise, the Sips fit for Fe3O4/BPEI yields β = 0.995
and Ks = 0.732, values close to unity that imply adsorption
predominantly via discrete functional sites on the composite
surface.

Finally, comparison of the maximum adsorption capacities
(qmax) shows that our magnetic composites perform favorably
relative to other Cu2+ adsorbents reported in the literature.
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Fig. 7. EDS results: (a) Fe3O4, (b) Fe3O4/SAC, (c) Fe3O4/BPEI, and (d) influence of the sorption/desorption cycles on the
equilibrium sorption capacities.

Table 6. Comparison of the maximum adsorption capacity.

Adsorbent qmax (mg/g) Reference

BC600 43.75 Wang et al. (2022)

BC400 30.70 Wang et al. (2022)

RSBC700 52.5 Mei et al. (2020)

FSM400 11.45 Meng et al. (2014)

CSM400 12.82 Meng et al. (2014)

FSM700 8.93 Meng et al. (2014)

CSM700 9.76 Meng et al. (2014)

Fe3O4 4.37 Present study

Fe3O4/SAC 25.73 Present study

Fe3O4/BPEI 33.16 Present study

This enhanced performance likely arises from synergistic in-
teractions between Fe3O4, SAC, and BPEI components, which
collectively increase the density and accessibility of active
adsorption sites.

4.5 Reusability performance
Energy-Dispersive X-ray Spectroscopy (EDS) analyses

(Figs. 7(a)-7(c)) confirmed that Cu2+ removal is attributable
to the adsorbents themselves, rather than to variations in
temperature or pH. After adsorption, the Fe content re-
mained essentially unchanged, whereas the signals for K and
Ca diminished, and a clear Cu signal emerged. Moreover,
Fe3O4/BPEI exhibited the highest relative Cu uptake compared
to Fe3O4 and Fe3O4/SAC.

Economic considerations and sorbent reusability were eval-
uated through ten desorption-adsorption cycles. Regeneration
was performed by treating the spent adsorbents with 0.05 M
HCl for 24 h. Fig. 7(d) shows that the minimum adsorption
efficiencies after ten cycles were 7.58% for Fe3O4, 48.31% for
Fe3O4/SAC, and 57.89% for Fe3O4/BPEI. The superior reten-
tion of performance by the structurally dependent composites
(Fe3O4 and Fe3O4/SAC) versus Fe3O4/BPEI likely reflects the
chemical degradation of surface functional groups during acid
treatment, whereas the core-shell and porous structures remain
intact.

Finally, Table 6 compares the maximum adsorption capac-
ities (qmax) of our adsorbents with those of various reported
materials. The capacities reported here are moderate relative to
the literature, reflecting the dual physicochemical adsorption
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mechanisms inherent to our magnetic composites.

5. Conclusions
In this study, Fe3O4/BPEI and Fe3O4/SAC magnetic

nanocomposites demonstrated efficient Cu2+ removal from
aqueous solutions via spontaneous, endothermic chemisorption
(∆G = −0.9 to -8.2 kJ/mol; ∆H = +10.17 kJ/mol). Equi-
librium data were best described by heterogeneous isotherm
models (Redlich-Peterson, Toth, Sips, Hill), with the amine-
rich surface of Fe3O4/BPEI exhibiting the highest adsorption
capacity. Both composites retained superparamagnetic behav-
ior, enabling rapid magnetic separation and facile regeneration.
These attributes position the materials as practical, scalable
adsorbents for heavy metal remediation, warranting further
validation in pilot-scale studies and exploration of their ap-
plicability to additional contaminants.
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