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Tailored magnetic hybrid composites with
recoverable properties for efficient Cr(vi)
adsorption and reduction: a synergistic
experimental and theoretical study
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Kamal Ait El Bacha,® Mohamed Laabd, (2’ ® Lahcen Bazzi® and Abdallah Albourine®*

Despite polyaniline’s simple synthesis methods and proven capabilities pollutant removal applications, its
recovery from solutions remains a major challenge that hampers its application. Therefore, developing
approaches for synthesizing an efficient and easily recoverable polyaniline (PANI) adsorbent is crucial. In
this study, we designed a magnetic FezO4—cysteine-functionalized PANI (FezO4—Cys—PANI) adsorbent
via in situ polymerization. The resulting magnetic adsorbent was characterized by several analytical tech-
niques (e.g., FTIR spectroscopy, XRD, porosity measurements and SEM-EDS), and the results indicated
that it exhibited tunable features for Cr(vi) detoxification. A systematic experimental study revealed that
the maximum Cr(v)) detoxification yield (98.12%) was achieved with an adsorbent dose of 0.25 g L™* and
at pH 2.0. The Freundlich isotherm models and the pseudo-second-order kinetics were appropriate for
predicting the Cr(vi) removal process. The Monte Carlo simulations further elucidated the Cr(vi)
adsorption process, revealing an adsorption energy of E,gs = —55.613 kcal mol™ on Fez0,—Cys—PANI.
The significantly negative adsorption energy further supported the experimental findings, confirming the
spontaneity of the process and high energy efficiency. Additionally, the FezO4,—Cys—PANI magnetic
composite showed excellent decontamination, outstanding regeneration capacity and prominent reusa-

rsc.li/materials-advances

1. Introduction

Chromium (Cr) toxins are found in almost every component of
the environment, including soil, air, and water.' Cr(vi) oxya-
nions, common forms of the heavy metal chromium, raise a
significant concern due to their toxic properties and tendency
to accumulate in organisms. Acute exposure to Cr(vi) can lead to
diarrhea, kidney failure, nausea, liver diseases, ulcer formation,
lung cancer and respiratory issues.”” Reducing Cr(vi) to Cr(m) is
indeed an ideal option, given the much higher toxicity of Cr(vi)
compared to Cr(m).® Hence, it is crucial to explore and develop
effective methods that can concurrently reduce Cr(vi) to Cr(im)
and eliminate it from the environment. The conventional
approaches for wastewater treatment involve membrane filtra-
tion, electrochemical processes, coagulation and flocculation,
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bility, making it a promising candidate for industrial wastewater treatment.

bioremediation, and advanced oxidation processes.*® Never-
theless, these approaches require high-energy systems, which
can increase their operating costs. It is particularly advanta-
geous to adsorb and reduce Cr(vi) ions from solutions using the
adsorption-reduction process. Thus, it is essential to develop
low-cost, dual-purpose, and highly efficient materials for
adsorption-reduction.

A variety of N-containing functional group organic polymers
have been used in hybrid composites in recent years to adsorb
and reduce Cr(vi).””® The unique conjugation system, doping/
dedoping properties, and excellent stability of these composites
have led to their excessive use in hybrids. Besides their inter-
relationship with Cr(vi)’s negative charge, nitrogen atoms in
amines and imines can donate electrons to reduce Cr(vi) ions
into less-toxic Cr(m) ions.'® Therefore, polyaniline (PANI) pos-
sesses all the aforementioned features, making it a promising
adsorber/reducer for Cr(v) detoxification."" Recent investiga-
tions have reaffirmed its outstanding performance in Cr(vi)
removal and revealed its potential for the adsorption of a wide
range of organic pollutants from aqueous media. Nevertheless,
as for other adsorbent materials, the main cornerstone of PANI
for further application in the field of adsorption is its difficult
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recovery from solutions, which can lead to secondary pollution.
Due to the absence of polarity on PANI, it cannot be controlled
by magnetic fields."” Typically, PANI powders are separated
from liquid solutions by centrifugation or filtration, both of
which are expensive.'***

To address this issue and prevent secondary pollution after
adsorption processes, incorporating magnetic materials
enables easy recovery. It is therefore proposed to combine PANI
with magnetic particles to adsorb heavy metals in a simple, low-
cost and fast way for practical procedures.’>"” The Fe;0,
magnetic particles were chosen not only to tackle the PANI’s
drawback - its recovery — but also to contribute toward the
reduction of toxic Cr(vi) to the less harmful Cr(m) form, making
it an efficient water purification material.'®'® Furthermore,
functionalizing PANI with cysteine significantly enhances its
adsorption capacity and selectivity for Cr(vi) by introducing
additional functional groups that facilitate strong and selective
binding of Cr(vi) oxyanions. Magnetic cysteine-PANI compo-
sites have not yet been reported, representing an efficient
approach that combines enhanced adsorption performance
with the magnetic functionality that ensures easy recovery
and reusability of the adsorbent. This integration ensures
efficient pollutant removal and prevents secondary contamina-
tion of water by facilitating its separation from treated water.

This research endeavor holds immense significance in the
field of water environmental remediation, aiming to mitigate
the detrimental effects of Cr(vi) in water systems. Herein, a
tailored hybrid composite was developed and characterized, in
which Fe;0,, cysteine and polyaniline were combined to pro-
vide functional groups, magnetic recoverability, and improved
Cr(v1) adsorption capacity. A systematic study was conducted to
evaluate the influences of solution pH, temperature, adsorbent
dose, contact time and selectivity on the Cr(vi) detoxification.
Finally, the regeneration of Fe;0,-Cys-PANI was performed to
assess its reusability.

2. Experimental

2.1. Chemicals

Aniline (C¢H,N) (=99%), sodium hydroxide (NaOH) (>99%),
ammonium persulfate ((NH,),S,05) (=98.5%), ammonia
(NH,OH) (=>99%), iron(m) chloride (FeCl;-6H,0) (>99%),
iron(u) chloride (FeCl,-4H,0) (>98.8%), ethanol (C,HgO)
(=99%), acetone (>99.8%), hydrochloric acid (HCI) (37%),
potassium dichromate (K,Cr,0,) (=>99.5%), phosphoric acid
(HsPO,) (86%), 1,5-diphenylcarbazide (95%) and sulfuric acid
(H2S0,) (=98%) were purchased from Sigma-Aldrich.

2.2. Preparation of magnetic Fe;0,-Cys-PANI with
recoverability

The Fe;0, nanoparticles were synthesized by a co-precipitation
method. Briefly, 1 M FeCl,-4H,0 and 2 M FeCl;-6H,0 were
introduced into deionized water at a molar ratio of 1/2. NH,OH
(2 M) was added dropwise to the solution under continuous
stirring at 60 °C for 4 h. The resulting nanoparticles were
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magnetically separated, washed with distilled water, and dried
at 70 °C.

The magnetic Fe;0,-Cys-PANI composite was synthesized
via in situ oxidative polymerization in an ice bath. In this
process, 1 g of Fe;0, nanoparticles and 1 g of cysteine were
first dispersed in 100 mL of 0.01 M HCI and sonicated for 1 h to
ensure uniform distribution and surface functionalization.
Subsequently, 0.25 mL of purified aniline monomer was intro-
duced into the Fe;0,-cysteine suspension, allowing cysteine to
act as a co-functional agent during the polymerization step. The
mixture was then stirred for 2 h. Then, ammonium persulfate
(APS), dissolved in 50 mL of 0.01 M HCI with a 1/2 monomer
(aniline)-to-oxidant (APS) molar ratio, was added dropwise to
the suspension while maintaining the ice bath. Polymerization
proceeded under continuous stirring for 12 h. The resulting
Fe;0,—-Cys-PANI composite was washed with ethanol and dis-
tilled water and dried at 70 °C. This tailored design strategy was
selected to combine the high affinity of cysteine functional
groups, the conductive framework of PANI, and the magnetic
separability of Fe;0,, thereby enhancing the overall adsorption
efficiency.

2.3. Characterization of the adsorbent

The porosity of Fe;0,-Cys-PANI was evaluated by N, adsorp-
tion at —196 °C in a volumetric analyzer. Prior to the measure-
ments, the sample was outgassed at 120 °C for 12 h under
vacuum. The total pore volume (Viora1), specific surface area
(Sger), and the micropore volume (Vyncro) were acquired from
the gas adsorption data. The Fe;0,-Cys-PANI surface features
were visualized by scanning electron microscopy (SEM, JEOL
JSM-IT200, operating at an accelerating voltage of 10-20 kV)
coupled with energy-dispersive X-ray spectrometry (EDS) analy-
sis. The zero-charge point (PZC) of the Fe;0,-Cys-PANI sample
was investigated by a potentiometric titration route. The crystal
structures of the hybrid composites were investigated by X-ray
powder diffraction (XRD) analysis (EMPYREAN PANALYTICAL
diffractometer). Fourier-transform infrared (FTIR) spectra of
the prepared materials were visualized using an FT-IR spectro-
meter (ALPHA-Bruker Optics, Germany) with KBr pellets in the

range of 400 to 4000 cm ™.

2.4. Batch experiments and regeneration

The adsorption assays were conducted to evaluate Cr(vi) decon-
tamination on the Fe;zO,-Cys-PANI surface. The tests were
carried out in Erlenmeyer flasks containing 20 mg L™" Cr(v)
solutions (100 mL) with the composite studied (0.025 g) under
continuous stirring at constant temperature. After each adsorp-
tion experiment, Fe;0,-Cys-PANI was separated easily from the
Cr(vi) solution by a magnet. The equilibrium concentration of
Cr(vi) was complexed with 1,5-diphenylcarbazide and then
analyzed using a UV-2300 spectrophotometer at 540 nm. The
removed efficiency R(%) and the adsorption uptake Q. (mg g™ )
were determined using the following equations:"’

R =0 =C) g 1)

0

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Co—Ce)-V
m

Qe = (2)

where C, (mg L") is the initial Cr(v) concentration, C. (mg L")
is the Cr(vi) concentration at equilibrium, and m (g) is the
amount of the Fe;0,-Cys-PANI composite.

Water treatment involves regenerating adsorbents to restore
their original properties for reuse.”® In this process, after
recovering the material using a magnet after its use, 50 mL of
0.4 M NaOH solution was added to an Erlenmeyer flask con-
taining Fe;0,-Cys-PANI and soaked for 2 hours at 25 °C. After
soaking in NaOH, the regenerated sample was rinsed with
distilled water and then treated with 0.8 M HCI. Subsequently,
a fresh Cr(vi) solution was used under the same conditions for
five adsorption-desorption runs.

2.5. Computational details

2.5.1. DFT calculation details. The molecular structures of
polyaniline (PANI) and cysteine were constructed using the
GaussView software.>’ Geometry optimization of the cysteine-
functionalized polyaniline was performed using the Perdew-
Burke-Ernzerhof (PBE) functional within the generalized gra-
dient approximation (GGA) for the exchange-correlation
energy.””> For systems involving metal atoms, the LANL2DZ
(Los Alamos National Laboratory 2 double-zeta) basis set was
employed, incorporating effective core potential (ECP) func-
tions to reduce the computational cost.>® It has been demon-
strated that the functional provides reliable geometries for a
wide range of systems.>* > All calculations were carried out
using the 6-311++g(d,p) basis set within the Gaussian 09
package.”” The computations were performed in an aqueous
solution using the polarized continuum model (PCM) of solva-
tion based on the integral equation formalism.>® To confirm
that the optimized structure corresponded to a true minimum
on the potential energy surface, a harmonic frequency calcula-
tion was performed at the same theoretical level.>**°

2.5.2. Monte Carlo/SA simulation details. To gain deeper
insights into the adsorption process of Cr(vi) ions on the Fe;0,4-
cysteine-functionalized-polyaniline (Fe;O,~Cys-PANI) hybrid
composite in aqueous systems, the Metropolis Monte Carlo
simulations combined with the simulated annealing (SA)
algorithm were performed.*™*> To closely reproduce the real
system, the Monte Carlo/SA simulations were conducted by
explicitly including the solvent effect, using 50H,0 + 1H;0" +
1Cr(vi) solution’s composition. The simulations were per-
formed using three heating ramps, with 3 x 10" Monte Carlo
steps per ramp. The candidate adsorbate-substrate configura-
tions were sampled from a canonical ensemble, in which the
number of adsorbate molecules, substrate loading, and tem-
perature were kept constant. The resulting adsorbate-substrate
system was pre-geometrized using the DFT at the PBE-6-
311++g(d,p) level of theory to ensure the realistic initial
geometry. In the present investigation, the convergence toler-
ances for energy, force, and displacement were fixed at
10~* kecal mol™%, 0.005 kcal mol™* A™! and 3 x 107° A,
respectively. Electrostatic and van der Waals forces were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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computed using Ewald and atom-based summation methods,
respectively. In order to optimize the structure of all compo-
nents of the systems, the CVFF force field was used.

The crystallographic structure of studied Fe;O, was obtained
from previous studies.**>* To predict the more adapted Fe;O,4
surfaces for the simulations process, DFT with a plane-wave
basis set was utilized. As a result, the simulations were carried
out on Fe;0, periodic crystal surfaces in a simulation box of
30.16 A x 30.16 A x 23.29 A, which consists of 15 A of
substrates and a vacuum region of 30 A thickness. The adsorp-
tion (E,qs) energy of Cr(vi) ions on each substrate type was
calculated using eqn (3):*°

Eads = Esyst - (Esubs/surﬁsol + Eiso/subs) (3)

where Egy is the total energy of the studied system, Egps/surfrsol
denotes the energy of the substrate surface solution interface,
Eiso/subs presents the energy of the free substrate, respectively.

All computations were performed using the BIOVIA
Materials Studio 6.0 software package (Dassault Systemes, San

Diego).*®

3. Results and discussion

3.1. Characterization

3.1.1. Morphology and porosity. The SEM analysis was
conducted to investigate the morphological characteristics of
both the Fe;0, and Fe;0,-Cys-PANI surfaces. Fe;0, (Fig. 1(a))
showed the agglomeration of irregularly shaped particles,
attributed to their magnetic characteristics. As shown in
Fig. 1(b), the formation of Cys-PANI on Fe;0, particles resulted
in a significant change in the morphology of the sample. This
change affirms the core-shell surface of the Fe;0,-Cys-PANI
magnetic composite. The EDS analysis identified the elements
present on the Fe;O, and Fe;0,—-Cys-PANI surfaces, as shown
in Fig. 1(c) and (d), respectively. The Fe;0, surface (Fig. 1(c))
exhibited the presence of O and Fe elements. Fig. 1(d) illus-
trates the occurrence of these elements along with C, N, S and
Cl, indicating the formation of the Fe;O,-Cys-PANI magnetic
composite.

The specific surface area of Fe;0,-Cys-PANI was determined
using isothermal N, adsorption-desorption measurements, as
shown in Fig. 1(e). In conformity with the IUPAC classification,
the N, adsorption-desorption isotherm of our adsorbent shows
a typical IV isotherm with a H3-type hysteresis loop, thus
indicating the occurrence of mesoporous structures (with
pore sizes between 2 and 50).>” Furthermore, its surface area
composite is about 19 m> g~ and the total pore volume is
0.046 cm® g~ .

3.1.2. FTIR spectroscopy and XRD analyses. The FTIR
spectrum of Fe;0, displays the distinctive peaks of the Fe-O
bond at 550 and 1645 cm ', providing evidence for the for-
mation of pure Fe;0, (Fig. 2(a)).>® The FTIR spectrum of Fe;0,~
Cys-PANI provides the presence of a band at 3351 cm™ ", which
is ascribed to the N-H stretching vibrations.>®*° This band
overlaps with a similar band accredited to the -NH;" stretching

Mater. Adv., 2026, 7, 509-523 | 511
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Fig. 1 (a) SEM images of FezO4 and (c) Fes04—Cys—PANI and their corresponding (b) and (d) EDS elemental spectra. (e) N, adsorption isotherms curves

of FezO4—Cys—PANI.

vibrations, which correspond to cysteine. In addition to this
overlapped band located at 3045 cm ™, two bands are noticed at
1590 and 1395 cm ™', which are attributed to the symmetric and
asymmetric stretching vibrations of the carboxylate group
(—COO07), respectively. Moreover, a distinct band appearing at
around 1500 cm ' is assigned to the C—=N stretching vibration
of the quinoid structure in PANI, confirming its successful
polymerization.*** A weak peak at 2575 cm ™" corresponds to
the S-H stretching vibrations.’® Furthermore, all other char-
acteristic absorption bands of Fe;0, are observed in the spectra
of Fe;0,-Cys-PANI composite. It is noteworthy that there is a
decrease in the intensity of the peak at 580 cm ™', attributed to
Fe;0,4, accompanied by a slight shift observed in the band at
550 cm~ Y, which moves to 558 cm™*. This shift indicates the
interaction between Fe;O, and Cys-PANI in the composite.

512 | Mater. Adv, 2026, 7, 509-523

The XRD patterns of cysteine and Fe;O0,-Cys-PANI are
presented in Fig. 2(b). The XRD analyses were performed to
examine the phase and crystal structure of the synthesized
materials. The findings indicate that the XRD pattern of pure
Fe;0, corresponds to orthorhombic magnetite (JCPDS 75-1609,
space group Imma and no. 74).** Notably, the diffraction peaks
observed at 20 = 18.49, 30.34°, 35.65°, 43.31°, 53.82°, 57.32°,
and 62.93° can be ascribed to the crystal planes of (0 1 1),
(200),(103),(004),(204),(321),and (4 0 0), respectively. For
cysteine, the pattern shows main peaks centered at 18.91°
(1 0 0), 28.58° (0 0 1), 33.12° (1 1 2), 34.45° (1 1 6) and 38.44°
(2 0 3), according to JCPDS 37-1802."" The Fe;0,-Cys-PANI
diffractogram depicts the coexistence of both Fe;O, and
cysteine phases with a reduction in the intensity of their main
peaks. Additionally, the lack of impurity in the XRD patterns

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns of FesO4 and FesO4—Cys—PANI composite. (b)
FTIR spectra of FesOy4, Cysteine and Fez04—-Cys—PANI.

suggests the successful design of the Fe;O,-Cys-PANI compo-
site. In addition, the crystallite size was calculated using the
Scherrer equation (eqn (4)):

KA
- pcost (4)

where form factor K tunes from 0.62 to 2.08, depending on the
morphology,*® the wavelength of the X-ray radiation is denoted
by Z, f§ is the full width at half maximum (FWHM) in radians of
the peak and 0 is the diffraction angle in radians.’®"” The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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prepared magnetic composite has a relatively small nanostruc-
ture with a crystallite size of 49 nm, but its moderate surface
area of 19 m* g~ ! suggests that Cr(vi) decontamination effi-
ciency is likely influenced more by its chemical properties than
its surface area alone, as will be discussed below.

3.2. Adsorption experiments

3.2.1. Loading, pH effects and mechanism

Loading effect. The impact of loading on the detoxification of
20 ppm Cr(vi) was investigated in the 0.125-1.5 g L' loading
range. It can be observed from Fig. 3(a) that the Cr(vi) deconta-
mination efficiency and its adsorbed amount on Fe;O,-Cys—
PANI vary at different loading levels. There are relatively few
surface-active sites at lower doses, causing Cr(vi)-detoxification
performance to be irrelevant. However, at an Fe;0,-Cys-PANI
dose of 0.25 ¢ L™, the adsorption percentage notably increased
to 98.12% due to more available binding sites for Cr(vi) detox-
ification. Beyond this dose, further increases in the Fe;0,~Cys-
PANI concentration did not significantly affect the Cr(vi)
removal efficiency, likely because the available Cr(vi) ions in
the solution became limited relative to the adsorbent surface
sites. Therefore, 0.25 g L™ " was used for further experiments.

PH effect and mechanism. Both the Cr(vi) solution and the
adsorbent’s surface charge depend on the pH of the solution,
which is paramount in the Cr(vi) adsorption process.*® The
interactions occurring at the interface between these two
entities are directly affected by the acidity or basicity of the
solution. However, prior to investigating the influence of pH on
Cr(v1) adsorption, it is essential to check the adsorbent’s surface
charge as a function of pH (inset of Fig. 3(b)). The point of zero
charge (PZC) value of the Fe;0,-Cys-PANI composite was found
to be 2.8. This reveals that the surface of the as-prepared Fe;0,-
Cys-PANI material is positively charged at pH levels below 2.8,
while the surface becomes negatively charged at pH levels
above 2.8. Hence, a comprehensive study was conducted to
evaluate the impact of solution pH on the efficiency of Cr(vi)
detoxification using Fe;0,-Cys-PANI. The pH values were
systematically varied from 2.0 to 10.0 while maintaining
consistent experimental conditions: an adsorbent dose of
0.25 g L', an initial Cr(vi) concentration of 20 mg L™, a
temperature (7) of 298 K, and a contact time of 90 minutes.
Under lower pH conditions, as depicted in Fig. 3(b), the
magnetic Fe;0,~Cys-PANI material exhibited its maximum
potential for detoxifying Cr(vi). It is crucial to consider the
various forms of Cr(vi) species present in aqueous solutions
within the studied pH range. In acidic media (pH < 6), the
predominant species are HCrO,~ and Cr,0,>~, which possess
strong oxidizing ability and high mobility. As the solution
becomes more acidic, the amino groups of the Fe;0,-Cys-PANI
composite become protonated, resulting in positively charged
active sites that enhance the electrostatic attraction of these
negatively charged Cr(vi) species (eqn (5) and (6)).'° This initial
adsorption process facilitates the close interaction between the
Cr(vi) ions and the redox-active surface of the composite.
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Subsequently, an in situ reduction of Cr(vi) to Cr(im)
occurs through electron transfer from the Fe®'/Fe®* redox
couple in Fe;O, and from the nitrogen-containing functional
groups introduced by cysteine and polyaniline (eqn (7)
and (8)).*"*>° The presence of cysteine enhances the avail-
ability of electron-donating nitrogen sites, while the conjugated
structure of PANI promotes charge transfer and electron mobi-
lity, both of which accelerate the reduction process. The
reduced Cr(m) species, being less toxic and less soluble, can
then chelate with amine and imine nitrogen groups on the
composite surface, forming stable coordination bonds that
prevent their release back into the solution.

-NH;" + HCrO,” — -NH;"-HCrO,~ (5)
-NH;" + Cr,0,>~ - -NH;"-Cr,0,%~ (6)
HCrO,” + 7H'+ 3e~ — Cr*" + 4H,0 (7)
Cr,0,°~ + 14H'+ 6e~ — 2Cr’" + 7H,0 (8)

Conversely, at pH = 10, the Cr(vi) removal decreased as the
PH values increased. Only 28.57% of Cr(vi) ions were deconta-
minated using our magnetic composite. Therefore, a pH value
of 2 was selected for the subsequent experiments. The sche-
matic representation is provided in Fig. 3(c) for the probable

514 | Mater. Adv, 2026, 7, 509-523

mechanism by which Cr(vi) is adsorbed to the Fe;0,-Cys—PANI
material.

3.2.2. Adsorption kinetics, isotherm models and comparison

Adsorption kinetics. The contact time of the absorbent and
the ability to adsorb quickly are the key features for its
successful use in practical applications.>® The result of adsor-
bent/adsorbate contact time (from 2 to 180 min) on the
decontamination of Cr(vi) oxyanions by the Fe;0,-Cys-PANI
composite surface was investigated under the following opera-
tional conditions: an adsorbent dosage of 0.25 g L™ ' was used
in 100 mL of Cr(vi) solution with initial 20 mg L ™" concen-
tration at pH 2 and 25 °C (Fig. 4). A better rate of Cr(vi) oxyanion
uptake was noticed when the contact time was increased in the
first 30 min, but then it became slower, and equilibrium was
attained after 60 min. Accordingly, the removal ability of the
Fe;0,-Cys-PANI composite was referred to the availability of
Cr(vi) oxyanion-binding sites on the Fe;0,~Cys-PANI surface.
We fit the kinetic data using pseudo-first-order, pseudo-second-
order, Elovitch, and intra-particle diffusion kinetic models, and
the findings are presented in Fig. 4 and Table 1. According to
the table, R*> of the pseudo-second-order kinetic model was
found to be higher than that obtained for others. As the
pseudo-second-order kinetic model had a higher correlation
with laboratory data, its Q. value was also similar to the actual
experiments’ Q. value.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pseudo-first-order, pseudo-second-order, Elovitch and Weber-

Morris intraparticle diffusion linear plots for Cr(vi) adsorption by FezO4—

Cys—PANI.

The experimental results were further fitted by the intra-
particle diffusion kinetic model (inset of Fig. 4). According to
the multilinear pattern of the intra-particle diffusion plot, Cr(vi)
transfer to solid surfaces is governed by two distinct phases.
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Initial Cr(vi) ion migration from the aqueous medium to the
Fe;0,—-Cys-PANI composite interface indicates a higher mass
flow rate for Cr(vi) ion transfer from the liquid to the absorbent.
Adsorption equilibrium is reached after Fe;0,~Cys-PANI sur-
face sites are saturated, internal diffusion resistance increases,
and the surface sites of the adsorbent are eventually saturated.

Isotherm models. 1t is a mandatory tool to consider the
distribution of Cr(vi) oxyanions from the liquid phase to
Fe;0,-Cys-PANI (solid phase) up to the equilibrium stage
under the controlled (fixed) conditions.'**" A pair of conven-
tional adsorption isotherms (Langmuir and Freundlich) have
been examined to explain the type of isotherm, the adsorption
mechanism, the adsorbent affinity, the reaction nature,
whether multilayer or monolayer adsorption, and the maxi-
mum capacity of adsorption. Fig. 5(a) and Table 2 show that the
Freundlich model anticipates the adsorption of Cr(vi) ions over
the Fe;0,-Cys-PANI composite better than the Langmuir
model, based on the comparison of regression coefficients.

Comparison. Compared with other reported adsorbents,
Fe;0,—Cys-PANI shows excellent adsorption performance
(Fig. 5(b) and Table 3). The literature reports numerous studies
on the adsorption of Cr(vi) from water using a variety of
materials. The composite exhibits an outstanding maximum
uptake capacity of 933.15 mg g~ '. Thus, it has the potential to

Table 1 Kinetic and equilibrium parameters of Cr(vi) detoxification on FesO4—Cys—PANI

2kt 1
PSO model Q, = _Ochkat Elovitch model Q, = —In(of,)
PFO model Q; = Q.(1 — exp(—kt)) 1+ Qckot B
Qexp (l’l’lg gil) kl Qe,l R2 kz Qe,z R2 A B R2
77.98 0.158 74.75 0.981 0.0033 79.35 0.998 631.88 0.116 0.982
Weber-Morris model Q, = kint*’? + C
Initial linear portion Second linear portion
kint.l Cl kintAZ CZ
6.731 33.98 0.065 76.14
1ooon 10004
8oo 800+ % 5 E
= = ;
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g: " 600- g . S o
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Fig. 5
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(a) Non-linear isotherm plots and (b) comparison of our composite with other materials reported in the literature.
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Table 2 Isotherm parameters for Cr(vi) decontamination on FezO4—Cys—
PANI
. QmaxKLCc
Langmuir ==
& Qe 1+ K.C Freundlich Q. = KzCL™

Qexp (M ") Omax (Mg g ) Ky (Lmg ) B> np Ky (mgg )R

933.15

994.02 0.097 0.975 3.32 221.95 0.988

be an effective material for removing Cr(vi). Fe;0,-Cys-PANI
can, therefore, be recommended as a promising and cost-
effective wastewater decontamination adsorbent.
3.2.3. Thermodynamic parameters, regeneration and
selectivity
Thermodynamics. A study of the temperature effect on the
adsorption of Cr(vi) onto Fe;0,-Cys-PANI was conducted in
order to gain a deeper understanding of the thermodynamic
conduct of the adsorption procedure.®™** Eqn (9) and (10) were
used to evaluate the results:
In Kd = Ai — Ai

R RT ©)

Kj is the constant distribution equilibrium specified by the
following equation:

_Q

K
1=

(10)
where T (in K), R (8.314 J mol K™ '), and p (mg L") are the
absolute temperature, universal gas constant, and water den-
sity, respectively.

As part of this research, the Cr(vi) adsorption by Fe;0,~Cys—
PANI was examined at three different temperatures: 298 K,
308 K and 318 K (Fig. 6(a) and Table 4). From the experimental
data, standard thermodynamic parameters were estimated for
understanding the thermodynamic behavior. It can be demon-
strated that the AG® values are negative, provided that the
removal of Cr(vi) occurred spontaneously onto the Fe;0,-Cys-
PANI surface sites. Furthermore, the gradual decrease in the
absolute values of AG® as the temperature increases suggests
that higher temperatures are more favorable to global adsorp-
tion. The positive AH® value suggests that the adsorption of
Cr(vi) onto Fe;0,-Cys—PANI is an endothermic process. This is
supported by the positive AS° value, indicating the strong
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affinity of Fe;0,-Cys-PANI surfaces for Cr(vi) ions at the
adsorbent-adsorbate interface.

Regeneration. The critical factor in assessing the practical
applications of the designed adsorbent lies in its regeneration
potential.">® After the adsorption test, the recovered Fe;O,~
Cys-PANI was reutilized for five runs, as shown in Fig. 6(b). The
efficiency of Cr(vi) decontamination using Fe;O,-Cys-PANI
provides excellent regenerability and outstanding reusability.
This suggests that Fe;O,-Cys-PANI maintains its adsorption
performance even after multiple regeneration runs, making
it a promising candidate for practical applications in water
treatment.

Selectivity. There is no doubt that wastewater is polluted by
heavy metals and other organic and inorganic pollutants as
well.>>®* Therefore, assessing the influence of co-interfering
ions is necessary. Herein, a series of adsorption tests were
performed, maintaining the Cr(vi) concentration at 20 mg L~
and the concentrations of co-interfering ions (CO3>~, SO,>7,
and NO; ) at 100 mg L. As shown in Fig. 6(c), the presence of
CO,*>~ and NO;~ ions did not impact the decontamination of
Cr(vi). However, SO,>~ ions caused a slight decline of 2.5%.
This indicates the selectivity of the Fe;0,-Cys-PANI composite
in detoxifying Cr(vi) oxyanions. Furthermore, the adsorption
behavior of Fe;0,-Cys-PANI was tested with three pollutants:
orange G dye (OG), methylene blue dye (MB), and 4-nitrophenol
(4-NP) (Fig. 6(d)). The results showed that Fe;0,-Cys—PANI
achieved an impressive decontamination rate of over 94%
for Cr(vi) oxyanions, with an adsorption capacity around
933.15 mg g ', whereas the adsorption rates for the other
pollutants were below 60%. Compared to the other pollutants,
Fe;0,-Cys-PANI has a higher selectivity for Cr(vi).

3.3. Theoretical results

3.3.1. DFT insight: Frontier molecular orbitals for the
cysteine molecule. The optimized structure by the PBE-6-
311++g(d,p) level of theory, the frontier molecular orbitals
(HOMO and LUMO), the electrostatic potential map (ESP
map), as well as the electronic characteristic aspects in the
solvent cavity, which are examined to ascertain the character-
istics of cysteine and shed light on its reactivity. The compre-
hension of the structural influences on the reactivity of cysteine

Table 3 Comparison of the adsorption performance of FesO4—Cys—PANI for Cr(vi) with previously reported materials

Operating conditions

Adsorbent Qmax (Mg g7 1) Conc (mg LY Ads. dose (g L) pH Ref.
Polyaniline@almond shells 324.48 100-400 2 4.5 52
DBSA-PANI/MWCNTSs 55.55 20-140 1.33 2 53
Fe;0,@polypyrrol 322.58 50-450 1 2 54
PANI@graphene oxide-CNT 142.86 25-200 1 2 55
polyaniline-NF/Ox-g-C3N, 178.57 25-300 0.6 2 56
ZnCl, modified vinegar residue biochar 236.8 10-1500 2 2 57
MSEP/PPy 108.85 10-100 0.5 2 58
Polypyrrole/Fe;O, magnetic nanocomposite 169.4-243.9 200-600 2 2 59
Hydrous zirconium oxide 61 100-200 2 2 60
Fe;0,4-Cys-PANI 933.15 20-500 0.25 2 Current study
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and 4-nitrophenol (4-NP).

Table 4 Thermodynamic parameters related to Cr(vi) adsorption onto the
FesO4—-Cys—PANI surface

AG° (k] mol ™)

AH° (k] mol™")
30.973

AS° (J mol ' K1)

17.361

298 K 308 K 318 K

—14.37 —15.56 —16.77

in its isolated form requires a comprehension of such funda-
mental concepts. The helpfulness of chemical reactivity in the
adsorption and removal studies of heavy metals especially Cr(vi)
ions has been well established as complementary to experi-
mental studies.®>®® Herein, the main aim of the current study
is to remove Cr(vi) from wastewater using the Fe;0,—-Cys-PANI
hybrid composite, for which the neutral form of the cysteine is
considered.

The optimized molecular structure, 3D representation of
HOMO and LUMO and ESP map are shown in Fig. 7. The
HOMO and LUMO (Exomo and Epymo) energies belong to the
popular quantum chemical descriptors.®”’> As stated pre-
viously, the HOMO corresponds to the area in a molecule that
can donate electrons (electron-rich region) to the adsorbent
surface, while the LUMO specifies the region within the mole-
cule (electron-poor region) that tends to accept electrons from
the adsorbent during the adsorption process.”> The figure
reveals that the carboxylic group, linked to the thiol group,

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

(a) van't Hoff law plot. (b) Regeneration cycles. (c) Effect of co-interfering ions. (d) Selectivity towards orange G (OG), methylene blue (MB) dyes

forms an angle of approximately 5° with the remaining part of
the molecule, indicating that the native configuration of
cysteine is nearly planar. This molecule’s planarity may be
crucial when considering how cysteine interacts with PANI
and the Fe;0,-Cys-PANI composite. According to a report,
the planar structure can offer a greater surface area for inter-
action with the Fe;O, combination.”*””

3.3.2.
study. Comprehending the adsorption energies assists in unco-
vering the fundamental mechanisms and facilitates the crea-
tion of efficient adsorption strategies for Cr(vi) ions on the
Fe;0,-Cys-PANI hybrid composite surface.”>”®”® The purpose
of the Monte Carlo/SA simulations was to get an atomic-scale
insight into the mechanism and strength of the Cr(vi) ion’s
adsorption process over the Fe;0,~Cys-PANI hybrid composite.
Theoretical calculations and interpretation of the surface-
related adsorption energies reveal that the (110) face, which
makes up 55.17% of the crystal surface, has a higher percentage
of total facet area,”® indicating that it was the primary face
where the Cr(vi) ion adsorption process took place. The (110)
face was chosen as a representative Fe;0, surface model for the
adsorption study.

The adsorption of cysteine on the Fe;0, surface was quanti-

Understanding adsorption through a theoretical

tatively inspected by calculating the adsorption energy (Eqs,
eqn (10)), which is the energy necessary during the adsorption
of cysteine on the Fe;0, Surface. According to the equilibrium
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Fig. 7 (a) Optimized structures of cysteine with the solvent cavity; 3D-
isosurface visualization of (b) ESP map, (c) LUMO, and (d) HOMO map; (e)
optimized structures of Cys—PANI with the solvent cavity; 3D-isosurface
visualization of (f) ESP map, (g) LUMO and (h) HOMO map as obtained
using DFT at the PBE/6-311++g(d,p) level of theory in aqueous solutions
using the IEFPCM solvation model. For HOMO and LUMO surfaces, green
and tan colors correspond to positive and negative potentials, respectively.
For ESP, the color grades are shown under each map.

configurations shown in Fig. 8, the adsorption energy (Ea.qs =
—91.681 keal mol ') was achieved by carrying out MC calcula-
tions. Furthermore, cysteine was situated about parallel to the
surface of Fe;0,. The large negative value of the adsorption
energy for Fe;0,-Cys inferred that the adsorption was exother-
mic and stable, and this composite was formed through the sp®
nitrogen atom of cysteine and Fe;0O, in a flat mode as well as
hydrogen bonds.

® @
o w

Fig. 8 Equilibrated adsorption configuration of cysteine on FezO4 sur-
faces in the aqueous phase, on side and top views.
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According to the obtained results, the values of adsorption
energy of PANI are largely negative, suggesting spontaneous
adsorption of PANI on Fe;0,~Cys (Eags = —165.6 kcal mol 1),
inferring that the physisorption could lead to the formation of a
new composite that was reactive and exothermic. PANI mole-
cules were located in the parallel position on Fe;0,-Cys (Fig. 9).
If we consider the Cys-PANI interaction, the unprotonated
oxygen and oxygen sp> atoms of cysteine were directed toward
the PANI molecules, involving its favorable interaction with it,
as displayed in Fig. 9. The remarkable adsorption capacity of
PANI on Fe;0,-Cys was attributed to strong interactions of
PANI molecules on the Fe;O,-Cys surface to produce a Fe;O,—
Cys-PANI hybrid composite.

To further understand the adsorption behavior observed at
different pH levels, it is essential to investigate the interaction
energy between Cr(vi) ions and the Fe;0,-Cys—PANI interface.
In this regard, experimental findings were supplemented with
theoretical simulations to gain a deeper understanding of
adsorption mechanisms. The interaction between the adsor-
bate ion and the interface of Fe;0,~Cys and polyaniline (PANI)
is a significant source of valuable information. By analyzing
this interaction, adsorption energies associated with this
method may be calculated, providing crucial insights into the
system’s energy and durability. MC/SA simulation was used to
elucidate the adsorption of Cr(vi) ions in the aqueous phase,
and the results are exhibited in Fig. 10 by considering the
aqueous system during this simulation, the adsorption energy
of Cr(vi) ions on Fe;0,-Cys-PANI was calculated to be E,qs =
—55.613 keal mol™'. Because the Monte Carlo simulation
produced such a negative result, it validated experimental
findings, and the process was stable and spontaneous, and
Cr(vi) can be effectively adsorbed on Fe;0O4~Cys-PANIL3*%!
According to this figure, the adsorption orientation of Cr(vi)
ions is strongly influenced by the chemical nature of the Fe;0,-
Cys-PANI substrate. The calculated distance between the nitro-
gen atom of the cysteine moiety and the chromate ion is
approximately 2.96 A, while the distance between the nitrogen
atom of the polyaniline heterocycle and the chromate ion is
around 3.07 A. In contrast, the distance between the ferric ion
of Fe;0, and the chromium atom is noticeably shorter, indicat-
ing stronger interactions and distinct reactivities among the

Fig. 9 Side and top views for the lowest energy geometries derived from
MC for the PANI molecules adsorbed onto the interface of FesO4—Cys.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The side and top views of the stable adsorption configuration of
Cr(v) ions on FesO4—Cys—PANI surfaces under solvation conditions.

active sites. These results suggest that electrostatic interactions
initially guide and pre-orient the chromate ions near the sur-
face, facilitating subsequent strong bonding and contributing
to the overall stability of the adsorbed complex. Furthermore,
the Fe;0,-Cys-PANI system exhibited the lowest adsorption
energy, confirming its enhanced affinity and stability toward
Cr(vi) species.®®* This suggested that the Cr(vi) ion’s adsorp-
tion process was more robust, steady, and spontaneous on
the Fe;0,~Cys-PANI system. Therefore, this provided a good
clarification for why the elimination efficiency of Cr ion
was improved after the use of the Fe;O0,-Cys-PANI hybrid
composite.”>5*

4. Conclusion

To sum up, the magnetic Fe;0,-Cys-PANI composite was
successfully synthesized and characterized, exhibiting tunable
properties for efficient Cr(vi) detoxification. The functionaliza-
tion with cysteine introduced N-containing groups that
enhanced the surface reactivity and facilitated the interaction
with Cr(vi) species. The magnetic adsorbent achieved a max-
imum Cr(vi) removal efficiency of 98.12% at an adsorbent dose
of 0.25 g-L7" and pH 2, where acidic conditions favored
both the reduction of Cr(vi) to Cr(m) and the adsorption of
Cr,0,°~ and HCrO, ions through electrostatic attraction.
Monte Carlo simulations revealed a high adsorption energy of
—55.613 kcal-mol™', confirming the strong binding affinity
between Cr(vi) species and the active sites of Fe;0,-Cys—PANI,
in agreement with experimental observations. Freundlich

© 2026 The Author(s). Published by the Royal Society of Chemistry
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isotherm and pseudo-second-order kinetic models accurately
described the Cr(vi) decontamination behavior. Moreover, the
Fe;0,-Cys-PANI magnetic composite demonstrated excep-
tional selectivity towards Cr(vi) oxyanions and significant regen-
eration capacities and reusability as well. Although this study
presents promising results in depolluting Cr(vi) solutions under
controlled conditions, further work is needed to evaluate the
economic feasibility of the tailored Fe;O,-Cys-PANI composite
in real wastewater treatment applications.
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