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Green synthesis and adsorption performance of
FezO4/chitosan/polypyrrole composites for
efficient removal of chromium ionf

Le Yin, Kai Wang, Liping Jiang, Yang Xi, Ziyi Xu, Zewen Song and Haijun Zhou (&*

In this study, FesO4/chitosan/polypyrrole (FezO4/CS/PPy) magnetic adsorbents were successfully
synthesized using the in situ chemical oxidation polymerization method. These adsorbents were
characterized by SEM, FT-IR, TGA, and XPS. The results of batch adsorption experiments showed that the
Fes04/CS/PPy composite exhibited a maximum adsorption capacity of 193.23 mg g~ in a 100 mg L™*
Cr(vi) solution at 298 K, with a pH of 2.0. The adsorption behavior of the adsorbent to Cr(vi) was in good
agreement with the Langmuir isothermal model and the quasi-second-order kinetic model.
Thermodynamic studies indicated that the process of adsorption was spontaneous and endothermic.
The mechanism of adsorption may be attributed to electrostatic interactions and chemical reduction.
After five cycles, the removal efficiency of the FesO4/CS/PPy composite for Cr(vi) has consistently

remained at 84.32%. Overall, the Fes04/CS/PPy composite exhibits great potential as an adsorbent for

rsc.li/rsc-advances

1. Introduction

Chromium-containing compounds are an important class of
chemical raw materials." The rapid development of industry has
led to the significant emission of large amounts of Cr(vi) into
the environment. Cr(vi) can become concentrated in water,
atmosphere, and soil, and it can migrate through thermody-
namic or kinetic mechanisms and eventually bioaccumulate in
organisms. Therefore, Cr(vi) is a hazardous substance that
significantly threatens the environment and sustainable human
development.”> Chromium typically occurs in two forms: Cr(m)
(as Cr,0; and Cr(OH);) and Cr(vi) (as HCrO,, CrO,*>" and
Cr,0,>7). The toxicity of Cr(vi) is significantly greater than that
of Cr(m). Due to the oxidation of Cr(vi) and its high permeability
to the skin, Cr(vi) is seriously harmful to the human respiratory
tract, digestive tract, and skin mucosa.® Cr(vi) has been identi-
fied as a carcinogen with significant carcinogenic effects by the
International Agency for Research on Cancer and the American
Toxicology Organization. The World Health Organization has
established maximum permissible limits for Cr(vi) in industrial
wastewater and domestic water at 0.25 mg L' and 0.05 mg L™ ",
respectively.* Therefore, there is an urgent need to develop
efficient, expeditious, and effective approaches to alleviate Cr(v)
pollution. Among the various methods available for the removal
of Cr(vi), such as chemical precipitation, membrane separation,
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effectively removing Cr(vi) from aqueous solutions.

ion exchange, and adsorption,>® the latter has gained increasing
attention in recent years due to its low cost, high removal effi-
ciency, environmental friendliness, and ease of operation.
Currently, a variety of adsorbents have been utilized for the
removal of Cr(vi), such as biochar,” metal-organic skeletons,?
zeolite,” clay minerals,' cellulose,'* and diatomite."> However,
the disadvantages of low adsorption capacity and high cost
restrict the further utilization of adsorbents. Therefore, the
development of low-cost, high-performance adsorbents is an
urgent issue.

Polypyrrole (PPy) is a synthetic polymer that is rich in imino
groups (-NH-) and possesses numerous advantages, including
non-toxicity, low price, facile synthesis, and high chemical
stability.”® The chain of PPy contains nitrogen atoms with
positive charges, which enables it to bind with Cr(vi) anions and
effectively reduce them to Cr(ui).* Although PPy is an effective
absorbent material for the removal of Cr(v1), its small particle
size makes it prone to loss in water, leading to potential
secondary pollution. Additionally, PPy usually requires
combining with different carriers to improve its processability
and separability.” It is noteworthy that magnetic separation
technology has found extensive applications in the field of
adsorption.'"” The rapid separation and convenient recycling
of the adsorbent can be easily achieved through an external
magnetic field. It is worth noting that PPy particles tend to self-
aggregate due to the strong m-7 interaction between PPy
molecular chains, which poses another significant issue. This
ultimately results in a decrease in their specific surface area,
leading to inadequate mass transfer performance. Chitosan
(CS) is an inexpensive, non-toxic, and biodegradable natural
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adsorbent.” Owing to the abundance of amino (-NH,) and
hydroxyl (-OH) functional groups in its molecular structure,
chitosan can form chelates with metal ions and is widely
utilized for the removal of heavy metal ions from wastewater.**
Although CS readily dissolves in acidic environments, it is
conducive to the growth of PPy, which helps to irregular
aggregation of PPy through hydrogen bonds. Shi et al. prepared
an EDTA-CS/PPy composite with multiple abundant types of
adsorption sites, thereby achieving the simultaneous removal of
Cr(vi) anions and other metal cations.”

In this study, the Fe;O,/CS/PPy composites were synthesized
using a one-pot synthesis method. Firstly, Fe;0, nanoparticles
were synthesized via a hydrothermal approach. The super-
paramagnetic properties of Fe;O, ensured convenient recycling
after adsorption. Then, PPy was synthesized by chemical
oxidative polymerization, and finally, the composite was formed
by simple physical blending. The preparation process was
conducted in an environmentally friendly manner, without the
incorporation of a cross-linking agent. The adsorbents were
characterized through SEM, FT-IR, TGA, and XPS. The effects of
PH, initial concentration of Cr(vi), and dosage of adsorbents on
the adsorption performance were investigated. To elucidate the
adsorption mechanism of adsorbent, the adsorption kinetics,
isotherms, and thermodynamics experiments were conducted.
Furthermore, regeneration and recyclability experiments were
also conducted to evaluate the potentiality of this novel
adsorbent.

2. Material and methods

2.1. Chemicals and materials

Potassium dichromate (K,Cr,0-), trisodium citrate dihydrate
(NazCeH50,-2H,0), iron chloride hexahydrate (FeClz-6H,0),
ethylene glycol(EG), sodium acetate anhydrous (CH3;COONa),
chitosan (CS), dilute hydrochloric acid (HCI), acetic acid,
sodium hydroxide (NaOH), pyrrole (Py) and ammonium per-
sulfate (APS) were purchased from Sinopharm Chemical
Reagent Co., Ltd. All reagents used in this study were analytical
grade, and the experimental water was prepared with deionized
water.
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Fig. 1 The synthesis route of the FezO4/CS/PPy.
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2.2 Adsorbent preparation

2.2.1. Preparation of Fe;0,. Fe;0, was synthesized using
a hydrothermal method as follows.?* 1.35 g of FeCl;-6H,0 and
0.58 g of trisodium citrate dihydrate were mixed in 50 mL of
ethylene glycol and stirred magnetically at 80 °C until a homo-
geneous mixture was achieved. Next, 3.0 g of sodium acetate
anhydrous was added and stirred for 2 h. Then, the resulting
mixture was transferred to a hydrothermal reactor at 200 °C for
12 h. Finally, the black precipitate was collected using
a magnetic block and washed repeatedly with anhydrous
ethanol and deionized water. Subsequently, the black powder
was dried under a vacuum at 60 °C for 6 h.

2.2.2. Preparation of Fe;0,/CS/PPy. Briefly, 0.75 g of CS was
dissolved in 20 mL of 1% (m/v) acetic acid solution. Then, 0.38 g
of obtained Fe;0, was ultrasonically dispersed in the CS solu-
tion, recorded as solution A. An additional 1% (m/v) acetic acid
solution was introduced into a three-necked flask and subjected
to an ice-water bath to maintain it at 2-5 °C. Subsequently, 3.0 g
of pyrrole was added to the cryogenic solution and thoroughly
stirred until a homogeneous solution was formed. Next, solu-
tion A was slowly added dropwise and stirred for 30 minutes to
form a homogeneous mixture. Finally, 10.2 g of ammonium
persulfate was added to the mixture and stirred continuously
for 12 h in an ice bath. The product was magnetically separated
and subsequently washed repeatedly with deionized water and
anhydrous ethanol. Then, it was dried under a vacuum for 6 h at
60 °C. The synthesis route of the Fe;0,/CS/PPy composite is
illustrated in Fig. 1.

2.3. Characterization

The scanning electron microscope (SEM) images were obtained
using a Zeiss Merlin Compact field emission with an acceler-
ating voltage of 20 kV. Fourier Transform infrared (FT-IR)
spectra were obtained using the Bruker Equinox 55 spectrom-
eter in transmission mode, and the scan range was from 4000 to
500 cm . Thermogravimetric analysis (TGA) was performed
with a Pyris Diamond thermogravimetric analyzer (Perki-
nElmer, USA) at a heating rate of 10 °C min~" under a nitrogen
atmosphere from room temperature to 800 °C. The charged
properties of the surface of microspheres in different pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solutions can be analyzed by zeta ({) potentials. The instrument
used is a Nanobrook 90Plus Zeta nano grain-sized analyzer
(Brookhaven, USA), which is used at normal atmospheric
temperature (25 °C). The X-ray photoelectron spectra (XPS)
experiments were conducted using a PHI5800 X-ray photoelec-
tron spectroscopy analyzer (ULVCA-PHI, USA). A UV-Vis spec-
trophotometer (UV-2550, Hitachi, Japan) was employed to
conduct colorimetric measurements of Cr(vi) concentration.

2.4. Adsorption experiments

A typical adsorption experiment was conducted by adding the
adsorbent to a 50 mL K,Cr,0, solution at various concentra-
tions and pH values. To ensure the complete elimination of
Cr(v1), the solution was continuously oscillated for 12 h at the
designated temperature. Upon the completion of the experi-
ment, an external magnet was utilized to collect the adsorbent.
Using a UV-vis spectrophotometer, the chromium content in
the solution was identified. Eqn. (1) and (2) were utilized to
calculate the adsorption capacity of Cr(vi) at equilibrium
conditions and at ¢ time. The removal rate (R) of Cr(vi) ions was
calculated using eqn (3)

.- = "
(G -C)V
0 = I — (2)
_ (CU — Ce) 0
R= —a x 100% (3)

where C, and C. (mg L") represent respectively the initial and
equilibrium concentration of Cr(vi) solution, C, (mg L)
represents the concentration of Cr(vi) solution at ¢ time, V (L) is
the volume of the Cr(vi) solution, m (g) is the mass of adsorbent,
Q. and Q, (mg g ') is the adsorption capacity at equilibrium
conditions and at ¢ time.

Effect of pH: a series of Cr(vi) solutions with a concentration of
100 mg L™ at varying pH (2, 3, 4, 5, 6, 7, 8) were prepared by adding
0.1 M HCI or 0.1 M NaOH solution. Subsequently, an adsorbent
dosage of 0.5 g L™ " was added to each flask, and the adsorption
process was carried out at room temperature for 12 h.

Effect of adsorbent dosage: a series of Cr(vi) solutions with
a concentration of 100 mg L' were prepared, and various
dosages of adsorbent (0.1, 0.2, 0.3, 0.4, 05, 0.6, and 0.7 g L)
were added to the Cr(vi) solution. The adsorption was carried out
at room temperature for 12 h, and the pH of the solution was 5.

Effect of the initial concentration of Cr(vi): a series of Cr(vi)
solutions at varying concentrations (25 mg L', 50 mg L},
75mgL~",100mg L™ ", 125 mgL ™", 150 mg L™, and 175 mg L")
were prepared, the adsorbent was introduced into the Cr solution
at a dosage of 0.5 g L™ ". The adsorption was carried out at room
temperature for 12 h, and the pH of the solution was 5.

2.5. Adsorption kinetics

The adsorption kinetic curve illustrates the rate of adsorption of
Cr(vi) on the surface of the adsorbent and the corresponding
amount of adsorption versus time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The adsorption kinetics and mechanism were investigated
using the quasi-first-order kinetic models, quasi-second-order
kinetic models, and intraparticle diffusion models. The initial
concentrations of Cr(vi) solutions were 50 mg L ™", 100 mg L,
and 150 mg L', respectively. An adsorbent dosage of 0.5 g L™
was added to the Cr(vi) solution. The adsorption experiments
were carried out under controlled conditions of temperature
(298 K), initial pH (5), and adsorption time (10 h). The
concentration of Cr(vi) remaining in the solution was measured
at specific intervals.

2.6. Adsorption isotherms and thermodynamics

Adsorption isotherms describe the interaction mechanism
between the adsorbent and adsorbate and can be used to eval-
uate the adsorbent's adsorption capacity. Thermodynamic
studies help to understand whether the adsorption behavior is
absorptive or exothermic. Several experiments were conducted
at different temperatures (298 K, 308 K, 318 K, and 328 K) using
varying concentrations of Cr(vi) solutions (ranging from 50 to
500 mg L' with an interval of 50 mg L™ ') at a pH of 5. A
concentration of 0.5 ¢ L™ " of adsorbent was added to the solu-
tion containing Cr(vi) and shaken for 10 h.

2.7. Regeneration of the sorbent elution

To desorb the adsorbed Cr(vi), the adsorbent after adsorption
was immersed in 25 mL of 0.1 M NaOH for 6 h. Subsequently,
the adsorbent was retrieved using a magnet, thoroughly washed
with deionized water and anhydrous ethanol, and then dried
under a vacuum at 60 °C for 6 h. The regenerated pellets were
subjected to 5 adsorption and desorption cycles under identical
conditions. The adsorption experiments were carried out at
a temperature of 298 K, an initial pH of 5, an initial concen-
tration of Cr(vi) of 100 mg L™, and an adsorption time of 12 h.

3. Results and discussions

3.1. Characterization of Fe;0,/CS/PPy

3.1.1. SEM. The SEM images of Fe;O,, Fe;0,/CS, and
Fe;0,/CS/PPy composites are presented in Fig. 2. From the SEM
images, it can be seen that the morphology of the composites
was spherical and uniformly dispersed. The average particle
sizes of Fe;0,/CS/PPy were found to be less than 100 pm. The
surface of Fe;0,/CS/PPy became smoother due to the deposition
of a polypyrrole coating layer on the surface of the Fe;0,/CS
microspheres. The microsphere structure possesses a large
specific surface area, thereby enhancing its adsorption capacity
for Cr(vi).

3.1.2. FT-IR spectra. The FT-IR spectra of CS and Fe;0,/CS/
PPy are presented in Fig. 3. In the Fe;0,/CS/PPy composite, the
peak observed at 583 cm™ ' corresponds to the stretching
vibration of Fe-0.> The peaks at 1485 cm ', 1299 cm
1113 cm ™%, 890 cm ™%, and 780 cm ™' are characteristic peaks of
PPy,** indicating that the product contains PPy. The absorption
peak between 3225 cm™ ' and 3639 cm ™! is attributed to the
overlapping stretching vibrations of -NH- and ~OH. The peaks
at 1304 cm™ " and 703 cm ™" are attributed to the O-H bending

RSC Adv, 2025, 15, 16337-16347 | 16339
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Fig. 2 The SEM images of (a) FesOy4, (b) Fes04/CS, (c) FesO4/CS/PPy.
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Fig. 3 FT-IR spectra of CS and FezO4/CS/PPy.

vibrations of CS molecules inside and outside, respectively. The
peak at 1123 em ™" corresponds to the C-O-C stretching vibra-
tion of the molecular chain in CS.>® The stretching vibration of
C=0O0 at 1649 cm™ " in CS disappeared. However, a new peak at
1565 cm ™' appeared due to the electrostatic interaction
between the -NH, group of CS and the w-electron system of PPy.
The results presented above demonstrate the successful prep-
aration of the Fe;0,/CS/PPy composite.

3.1.3. TGA. The thermogravimetric curves of Fe;0,, Fe;0,/
CS, and Fe;0,/CS/PPy composite were recorded in Fig. 4. The
thermal decomposition of Fe;O, consists of two stages, and the
thermal decomposition of Fe;0,/CS and Fe;0,/CS/PPy consists
of three phases.”® As the temperature increased from 25 to 200 °©
C, the weight loss of Fe;O,, Fe;0,/CS, and Fe;O,/CS/PPy
composites was attributed to the evaporation of the adsorbed
water in the samples. The weight loss platform of Fe;O, was
observed at 200 °C, which can be attributed to the decomposi-
tion of the residual organic groups during the preparation
process of Fe;04. The weight of the Fe;O, remained relatively
stable at 800 °C, exhibiting good thermal stability. The TG curve
of Fe;0,/CS and Fe;0,/CS/PPy composites exhibited distinct
differences from that of pure Fe;O,, which can be attributed to

16340 | RSC Adv, 2025, 15, 16337-16347
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Fig. 4 TG curves of FesOy4, Fes0,4/CS, and FezO4/CS/PPy composite.

the incorporation of CS and PPy. With the increase in temper-
ature, rapid weight loss occurs when the temperature exceeds
350 °C, mainly due to the carbonization and degradation of CS
and PPy.

3.2. Adsorption studies

3.2.1. Effect of adsorbent dosage. The amount of adsorbent
utilized for the removal of metal ions plays a critical role in
attaining equilibrium between the sorbent and sorbate species.
The adsorption capacity of Fe;0,/CS/PPy exceeds that of Fe;O,,
CS, and Fe;0,/CS (Fig. S1t). As illustrated in Fig. 5(a), the
adsorption capacity of the Fe;0,/CS/PPy composite for Cr(vi)
decreased from 142.16 mg g~ ' to 113.08 mg g ' as the adsor-
bent dosage increased. This is likely because many active sites
were obscured with the increase in adsorbent dosage. The
number of adsorption sites exceeded the amount of Cr(vi) in
solution when Fe;0,/CS/PPy was added in excess, and Cr(vi) was
unable to fully occupy all the adsorption sites of Fe;0,/CS/PPy.*”
In other words, the adsorption capacity (Q.) demonstrated
a significant reduction, which can be attributed to the direct
proportionality of Q. to (Cy — C.) and inverse proportionality to
the mass of the adsorbent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Effect of the preparation conditions on adsorption capacity. (a) Fes04/CS/PPy dosage (pH = 5, solution concentration = 100 mg L™, (b)
initial concentration of Cr(vi) (pH = 5, adsorbent dose = 25g L™3), (c) pH value (solution concentration = 100 mg L™, adsorbent dose = 25g L™3).

All contact time = 720 min, T = 298 K.

3.2.2. Effect of initial Cr(vi) concentration. The effect of the
initial concentrations of Cr(vi) on the adsorption capacity is
shown in Fig. 5(b). The adsorption capacity of Fe;0,/CS/PPy
composite increased from 50.0 mg g~ ' to 142.96 mg g ' as
the initial concentration of Cr(vi) increased from 25 mg L™ to
175 mg L. This can be attributed to the fact that at a lower
concentration of Cr(vi), the number of adsorption sites on the
surface of the Fe;0,/CS/PPy composite was significantly higher
than the amount of Cr(vi) present in the solution. As the initial
concentration of Cr(vi) increased, more adsorption sites were
occupied by Cr(vi), gradually increasing adsorption capacity.
However, increasing the initial concentration of Cr(vi) would
fully occupy the adsorption active sites on Fe;O,/CS/PPy. As
a result, adsorption equilibrium would be reached due to
spatial site resistance.”®

3.2.3. Effect of pH value. The pH value of a solution is
a crucial factor that significantly impacts the adsorption of
heavy metal ions. This is due to the close relationship between
the morphology of heavy metal ions and the pH value of the
solution. The Fe;0,/CS/PPy exhibited good stability in the
different pH solutions (Fig. S27). Fig. 5(c) illustrates the effect of
pH value on the adsorption capacity. The adsorption capacity
gradually decreased as the pH increased from 2 to 8. The
optimal adsorption capacity (193.23 mg g~ ') was observed at an
initial pH value of 2. The adsorption capacity decreased from
126.20 mg g ' to 76.20 mg g~ as the pH increased from 6 to 7.
This observation may be attributed to the speciation of chro-
mium ions in the solution. When the pH value is below 7, Cr(vi)
primarily exists in the forms of HCrO,~ and Cr,0,”". The Fe;0,4/

© 2025 The Author(s). Published by the Royal Society of Chemistry

CS/PPy complex exhibited an increased affinity for Cr(vi) due to
the presence of -NH, and -OH on its surface.” When the pH
value exceeds 7, Cr(vi) primarily exists in the form of Cr,0,*~
and CrO,*". In this case, OH™ ions in the solution compete with
Cr(vi) for adsorption sites on the surface of the adsorbent. Thus,
the adsorption capacity for Cr(vi) decreased under alkaline
conditions.

3.3. Adsorption kinetics

The kinetic data were analyzed using a quasi-first-order kinetic
model, a quasi-second-order kinetic model, and an intraparticle
diffusion kinetic model to provide an interpretation. Fig. 6(a)
illustrates the adsorption kinetics of Cr(vi) on the Fe;0,/CS/PPy
composite at 25 °C. The adsorption capacity increased with an
increase in the concentration of Cr(vi). Within 60 minutes of
adsorption, the adsorption rate was relatively fast. As the
adsorption time increased, the adsorption rate gradually
decreased and eventually reached equilibrium. The initial rapid
adsorption rate can be attributed to the presence of an adequate
number of unoccupied adsorption sites. As the adsorption time
was prolonged, the active sites for adsorption gradually became
occupied, leading to a reduction in the concentration of free
Cr(vi) in the solution. Consequently, the adsorption rate of Cr(vi)
was relatively low. Equilibrium was reached after 330 minutes of
adsorption. The corresponding equilibrium adsorption capac-
ities were 254.45 mg g~ ', 299.40 mg g, and 369.00 mg g * for
initial Cr(vi) concentrations of 50 mg L™, 100 mg L™, and
150 mg L™ ", respectively.

RSC Adv, 2025, 15, 16337-16347 | 16341
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(a) The effects of adsorption time on the adsorption capacity of Cr(vi) at different concentrations, (b) quasi-first-order kinetics, (c) quasi-
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Table S11 presents the statistical analysis results regarding
the validity of the selected kinetic models. Fig. 6(b) illustrates
a linear deviation observed in the quasi-first-order model. This
could be attributed to the strong adsorption during the initial
adsorption phase. Based on the results, it can be concluded that
the fitted quasi-second-order curve (Fig. 6(c)) is the most
appropriate fit, as all data points exhibit an R* value greater
than 0.99. Furthermore, the experimental data and simulated
quantitative values showed a high degree of concurrence, sug-
gesting that chemisorption plays a pivotal role in controlling the
rate of the process. As a result, the primary adsorption mecha-
nism of Cr(vi) by Fe;0,/CS/PPy was governed by chemical
adsorption.*

The intraparticle diffusion model is utilized to elucidate the
rate-controlling steps of the adsorption process (Fig. 6(d)). A
comparable adsorption pattern was observed when Fe;0,/CS/
PPy was treated with Cr(vi) solutions of varying initial concen-
trations. The higher the value of C, the more significant the
influence of surface adsorption on the rate-controlling mecha-
nism. The C value increases with the initial concentration of
Cr(vi), suggesting that at higher concentrations, the binding
layer has a more pronounced effect on the adsorption of Cr(vi).
Q. and ¢*'? are linear, and lines do not pass through the origin,
which indicates that in addition to intra-particle diffusion, the
adsorption process also received the influence of boundary layer
diffusion. As the concentration of Cr(vi) increases, the number
of adsorption sites occupied by Cr(vi) gradually increases,
leading to the thickening of the boundary layer on the adsor-
bent surface. The thicker boundary layer impeded the diffusion
of Cr(v1) from the solution to the absorbent, resulting in a slower
diffusion rate.*

3.4. Adsorption isotherms and thermodynamics

Fig. 7(a) demonstrates the effects of temperature variation on
the adsorption capacity of Fe;0,/CS/PPy for Cr(vi). The adsorp-
tion capacity for Cr(vi) increased rapidly when the initial
concentration was low and then increased slowly over an
extended concentration range. This may be because as the
concentration of Cr(vi) increased, the chances of Cr(vi) binding
to the adsorption sites increased. In addition, at the same
concentration, molecular motion accelerates with increasing
temperature, and the adsorption capacity for Cr(vi) increases.
To fit the adsorption isotherms of the adsorbent on Cr(vi), the
Freundlich model, the Langmuir model, and the Temkin
isotherm model were used (Fig. 7(b-d)). The fitted isotherm
parameters are as shown in Table S2.t The R* value of the
Langmuir isotherm model is higher than that of the Freundlich
and Temkin isotherm models, indicating a better fit of the
Langmuir model to the experimental data. Therefore, the
adsorption process conforms more closely to the Langmuir
model, suggesting that monolayer adsorption is the dominant
mechanism.*

Calculated thermodynamic parameters for Cr(vi) adsorption
on Fe;0,/CS/PPy are listed in Table S3.1 From the Van't Hoff
plot (Fig. S37), it can be seen that the correlation coefficient is
0.963, indicating a good fit for the data. Furthermore, since AH
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(10.68 k] mol ) > 0, the adsorption process can be character-
ized as an exothermic reaction. The positive AS value of 33.88 ]
(mol™" K™ ") suggests that the primary mechanism promoting
the adsorption of Cr(vi) is an entropic effect. This indicates that
the adsorption of Cr(vi) results in greater stability and
randomness at the solid-solution interface, which leads to an
increase in entropy.*® As the temperature increased from 298 to
328 K, the AG value decreased from —0.31 to —1.42 kJ mol .
Increasing the temperature facilitates the adsorption process.
Therefore, this result is consistent with the adsorption isotherm
and kinetics. In summary, the positive values of AH, AS, the
negative value of AG indicate that the adsorption of Cr(vi) on
Fe;0,/CS/PPy is a favorable and spontaneous process.**

3.5. Regeneration

The regenerative performance of adsorbent materials is an
important factor in determining their actual applicability. The
regeneration process of Fe;0,/CS/PPy composite was carried
out using 0.1 M NaOH as the eluent. Fig. 8 shows the removal
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Fig.8 Removal efficiency of Fes04/CS/PPy composite in five cycles of
regeneration experiment. (Solution concentration = 100 mg L™, pH =
5, adsorbent dose = 25g L™, T = 298 K, contact time = 720 min).
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Fig. 9 Adsorption mechanism of FezO4/CS/PPy composites.
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spectrum after adsorption.

efficiency of Fe;0,/CS/PPy composite throughout 5 cycles. The
removal efficiency of Fe;O,/CS/PPy composite material
decreased slightly, with only about a 12% decrease observed in
cycles 1-4, but still maintained a removal efficiency of 84.34%
after the fifth cycle. As the desorption process was conducted
under alkaline conditions, a minor loss of adsorbent may
occur during the adsorption-desorption cycle process. Some
of the adsorption sites on the surface were not completely
desorbed by NaOH and remained occupied by the previous
Cr(vi) ions.*® The results indicated that the Fe;0,/CS/PPy
composites exhibited good stability and regeneration
performance.

3.6. Adsorption mechanisms

The adsorption mechanism of Fe;O,/CS/PPy composites on
Cr(v1) is illustrated in Fig. 9. To assess the adsorption mecha-
nism of Fe;0,/CS/PPy composites for Cr(vi), XPS analysis was
performed on Fe;O,/CS/PPy composites prior and after
adsorption, respectively. As shown in Fig. 10(a), the Fe;0,/CS/
PPy composites exhibited a new characteristic peak after
adsorption, corresponding to the Cr energy band, indicating
that Cr(vi) was adsorbed on the materials. In Fig. 10(c), the
energy bands of Cr 2 p3/, and Cr 2 py,, are 575-579 eV and 585-
589 eV, respectively, which indicates the presence of Cr(ur) and
Cr(vi) in the Fe;0,/CS/PPy composites.* In an acidic medium,
Cr(vi) exhibits a higher oxidation potential, facilitating its easy
reduction to less toxic Cr(m) by the electron-rich PPy present in
the adsorbent material. Consequently, a portion of absorbed
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(a) XPS full spectrum of FesO4/CS/PPy before and after Cr(vi) adsorption. (b) N 1s spectrum before and after adsorption. (c) Cr 2p

Cr(vi) was reduced to Cr(m).*” The possible reactions may occur
according to eqn. (4) and (5).*®

Cr,03™ + 6PPy°/CS/Fe;0, + 14H* —
2Cr*" + 6PPy*/CS/Fe;0, + THO  (4)

HCrOjz + 3PPy%/CS/Fe;0, + TH —
Cr** + 3PPy"/CS/Fe;04 + 4H,0  (5)

From the high-resolution XPS spectra of N 1s (Fig. 10(b)), it
can be observed that the binding energies of = NH™, -NH-, and
N" in the adsorbed sample are increased. This suggests that the
nitrogen atoms in PPy participated in the adsorption reaction.
The adsorption process is mainly accomplished through elec-
trostatic attraction between N* and Cr(vi) (Cr,0,>~ and HCrO, ")
as well as a redox reaction between Fe;0,/CS/PPy and Cr(vi).
Moreover, the -NH, groups in the CS and the deprotonated
pyrrolic N sites can adsorb Cr(m) through the formation of
a covalent bond between Cr(m) and N, resulting in the forma-
tion of a complex that is immobilized on the adsorbent.?**

4. Conclusions

Fe;0,/CS/PPy composites with abundant adsorption sites were
prepared using simple blending and chemical oxidative poly-
merization, which was employed for Cr(vi) removal and
exhibited excellent adsorption performance. The results indi-
cated that Fe;O0,/CS/PPy composites exhibited optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption performance under pH 2, with a maximum
adsorption capacity for Cr(vi) of 193.23 mg g~ " at 298 K. The
adsorption process of Cr(vi) on the Fe;0,/CS/PPy composite
conformed to a quasi-second-order kinetic model and the
Langmuir model. The thermodynamic studies indicate that the
adsorption is a spontaneous process. After several adsorption
and regeneration cycles, the adsorbent maintained a high
removal efficiency of Cr(vi). The results further suggested that
electrostatic interaction, chelation, and redox reaction are the
dominant adsorption mechanisms. According to the present
study, Fe;0,/CS/PPy will be a reference for practical application
to remove Cr(vi) from wastewater due to its green preparation
process, low raw material cost, excellent adsorption, and recy-
cling performance.
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