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ARTICLE INFO ABSTRACT

Keywords: The presence of complex dyes, which possess four or more aromatic rings, is pervasive in environmental
Green synthesis matrices. Nanomaterials offer a promising avenue for their removal. In this study, we synthesized novel magnetic
Adsorption nanocomposites comprising nanochitosan (nCS) and iron nanoparticles through the application of green and
Eﬁsnanopamdes conventional protocols. In the preparation of the green composite, designated as G-nCS@FeNPs, eucalyptus
Chitosan leaves extract and proanthocyanidins were employed as reducing and crosslinking agents, respectively. In

contrast, the conventional composite, designated as C-nCS@FeNPs, utilized ammonia and glutaraldehyde as the
reducing and crosslinking agents, respectively. The G-nCS@FeNPs exhibited a more electropositive surface, and
prominent magnetic properties. The zeta potential measurements of the G-nCS@FeNPs (ranging from +36 to
+30 mV) were more positive than those of the C-nCS@FeNPs (+35 to —2.79 mV). Additionally, the C content in
C-nCS@FeNPs was less (36.4 %) than in G-nCS@FeNPs (57.2 %), which is likely due to the higher nanochitosan
content and the presence of proanthocyanidins in the green nanocomposite. The G-nCS@FeNPs exhibited a
tridimensional porous structure, whereas the conventional composite appeared to form a CS film with an uneven
surface and embedded FeNPs. G-nCS@FeNPs demonstrated remarkable potential as an adsorbent material for the
removal of anionic reactive dyes, namely orange 122 (RO122) and red 250 (RR250). It exhibited an exceptional
adsorption capacity of 3005 mg.g~' for RO122. A DFT study revealed that the RO122 molecule displays
enhanced reactivity towards the adsorbent surface. Moreover, experiments conducted in saline media and XPS
and FTIR analyses post-adsorption indicated that 78.8 % of the interactions between RO122 and the adsorbent
are based on electrostatic and ion exchange, while the remaining 22.2 % are attributed to n-r and hydrogen
bonds. Also, G-nCS@FeNPs demonstrated a synergistic effect on the removal of the cationic dye safranin in
multicomponent systems, exhibiting an increase in removal capacity from 0 to 169 mg.g~'.

1. Introduction

The discharge of domestic waste and effluent into water bodies
represents a significant ecological problem on a global scale, with sig-
nificant implications for the sustainability of aquatic ecosystems. The
utilization of dyes many industrial activities has been identified as a
significant contributor to the contamination of water sources [1]. Dyes
are an indispensable component in industries, including textiles, food,
leather, and paper. It is estimated that over 100,000 distinct types of
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dyes, amounting to approximately one million tons, are produced
annually [2]. A considerable quantity of wastewater generated by these
industries is discharged into rivers, lakes, and oceans without any
treatment. Approximately 20 % of the dyes present in this wastewater
are not removed [3].

The presence of dyes in water can impede the photosynthetic activity
of aquatic plants by obstructing the penetration of sunlight and oxygen,
which may inhibit the optimal growth of aquatic life. Moreover, it is
crucial to acknowledge that a significant portion of dyes are not
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biodegradable and can persist in the environment due to their complex
aromatic structures [2,4]. Many dyes are toxic to biodiversity and
human health [5]. Anionic dyes are considered complex structures due
to their four or more aromatic rings, which confer resistance to degra-
dation [6]. Fig. 1 depicts the complex chemical structures of two anionic
dyes: reactive red 250 (RR250) and reactive orange 122 (R0122).

Several conventional methods have been developed to eliminate
dyes. These include biological methods (bacterial, fungal, and yeast
biodegradation) [3], physical methods (flocculation, coagulation, ul-
trafiltration, ion exchange, membrane separation), and chemical
methods (oxidation, catalysis, photolysis, chemical precipitation,
ozonation, electrolysis, and UV irradiation) [1,2]. Oxidation is an
effective method for the degradation of a range of dyes and other
recalcitrant compounds. However, it has the inherent limitation of
forming toxic by-products and requires strict control of operating con-
ditions [7,8]. Membrane separation also exhibits high efficiency in the
removal of dyes; however, it is prone to clogging, necessitating frequent
cleaning. Furthermore, its efficacy is limited for smaller molecules [9].
In general, these treatments are incapable of completely removing dyes
from water and wastewater, and they are not environmentally friendly
[2].

Nanomaterials have the potential to remove organic dyes from the
environment through adsorption due to their high surface area and pore
volume. The adsorption process is a relatively simple method whereby
the molecules of the pollutant are retained on the surface of the nano-
material through physical and/or chemical interactions. [10,11].
However, most nanomaterial synthesis processes employ the use of
harmful chemicals, including organic solvents, strong acids or bases, and
oxidizing or reducing agents. The use of these chemicals inevitably re-
sults in the generation of toxic byproducts and waste [12]. Conse-
quently, current research describes the synthesis of eco-friendly
nanomaterials by substituting harmful chemicals with biological sources
[13-15].

Chitosan (CS) is a biopolymer derived from chitin that is primarily
found in the exoskeletons of crustaceans, including shrimp, crabs, and
insects. CS is regarded as a biocompatible, environmentally friendly, and
biodegradable material with antibacterial properties [16]. This material
displays advantageous characteristics that render it an optimal candi-
date for water treatment [17]. The high adsorption potential, abun-
dance, and low cost of this material render it an attractive option. The
molecular structure of CS contains amino and hydroxyl groups, which
serve as active sites for the sorption of contaminants [17,18]. Several
studies have demonstrated the ability of CS to be configured into a va-
riety of forms, including gels, membranes, beads, microparticles,
nanoparticles, and sponges. Among these, chitosan nanoparticles
(CSNPs) are distinguished as an adsorbent material with a high potential
for a novel and efficacious water and wastewater decontamination
process [16,18].

CSNPs can be combined with other particles to create new compos-
ites with enhanced properties, which improve the adsorption potential.
He et al. (2023) immobilized the cellulose-chitosan composite in aero-
gels and applied them to remove methyl orange dye. The authors re-
ported that the generation of the composite resulted in excellent
structural stability of the material, and the chemical groups present in
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both materials facilitated dye removal [19]. One strategy to enhance
adsorption and facilitate the removal of the substance from the medium
after the process is to insert iron nanoparticles (FeNPs). The preparation
of FeNPs can be achieved through the utilization of either traditional or
green chemistry-based methodologies. Conventional methodologies rely
on the use of toxic reducing agents, such as sodium borohydride and
ammonia. In contrast, green protocols employ a range of natural re-
sources, including plants, fungi, and waste materials, to generate
nanoparticles.

The formation of composites comprising disparate particles requires
the use of a crosslinking agent. Commonly employed agents include
glutaraldehyde (GLUT) and epichlorohydrin, which are toxic com-
pounds [20]. Proanthocyanidins (PAS) are formed by oligomers and
polymers bound to the flavan-3-ol framework and can be found in
several plants’ fruits and flowers. They are promising non-toxic and
natural crosslinking agents [15,21].

Numerous studies have been conducted on the synthesis and appli-
cation of ecological composites. However, few studies have conducted a
comprehensive and objective comparison of the morphological and
chemical characteristics, as well as the adsorption performance, of eco-
friendly composites in comparison to conventionally prepared com-
posites. In this study, we synthesized novel magnetic composites with CS
and iron nanoparticles using both green and conventional protocols and
conducted a comparative analysis of their chemical and morphological
characteristics, as well as their adsorption efficiency for toxic complex
dyes. The conventional protocol employed ammonia and glutaralde-
hyde, whereas the green protocol utilized eucalyptus leaf extract and
proanthocyanidins, which served as reducing and crosslinking agents,
respectively. The composites were subjected to characterization using X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), vibrating sample magnetometer
(VSM), and zeta potential analysis. The nanocomposites were applied to
remove reactive red 250 (RR250), reactive orange 122 (RO122), and
safranin (SF). The study evaluated the effectiveness of adsorption in
relation to pH, contact time, and adsorbent dosage. Kinetic, isothermal,
and thermodynamic studies were conducted in order to gain further
insight into the underlying mechanisms. A Density Functional Theory
(DFT) study was conducted to evaluate the molecular descriptors asso-
ciated with the complex dyes, with the objective of gaining a deeper
understanding of the adsorption system at the molecular level. To assess
the adsorption capacity of the nCS@FeNPs composite in the presence of
interfering agents, a real river water sample was employed. To the best
of our knowledge, this is the inaugural study to contrast the synthesis of
magnetic CS-based composite via green and conventional protocols,
with an emphasis on their characteristics and efficacy in dye adsorption.

2. Materials and methods
2.1. Materials

Oleic acid (89,5 %), ethyl alcohol (98 %), safranin (SF, 95 %), so-
dium tripolyphosphate (TPP, 95 %), iron chloride II (99 %), and III (98
%) were purchased from Dinamica (Indaiatuba, SP, Brazil). Sodium
hydroxide (NaOH, 98 %), ammonia hydroxide (NH40H, 98 %; 51.94 %
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Fig. 1. Chemical structure of the dyes (a) RR250; (b) RO122.
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of NHg in weight), chloride acid (HCI, 98 %), acetone (98 %), and glacial
acetic acid (high purity, 99.7 %) were acquired from Synth (Diadema,
SP, Brazil). Chitosan (low molecular weight, <100,000 g.mol’l) and
glutaraldehyde solution (Grade II, 25 % v/v) were purchased from
Sigma Aldrich (Milwaukee, WI, USA). Proanthocyanidin (PAS) was
purchased from Galena Farmaceutica (Campinas, SP, Brazil). Eucalyptus
extract (Eucalyptus globulus Labill) was acquired from UNICAMP (Lime-
ira, SP, Brazil). Reactive orange 122 (RO122), and reactive red 250
(RR250) were purchased from Danny Color Comércio de Corantes Ltda
(Sao Paulo, SP, Brazil).

2.2. Conventional synthesis of iron nanoparticles

Conventional iron nanoparticles (C-FeNPs) were synthesized based
to the methodology proposed by Silva et al. (2013) [22]. In a 250 mL
round-bottom reaction flask, 10 mL of iron chloride II and III and 0.5 mL
of oleic acid were vigorously stirred at 1400 rpm. Subsequently, NH4OH
was added dropwise until the system reached a pH of 11. The reaction
was conducted at a temperature of 85 °C for 30 min. The system was
then filtered and washed with ultrapure water until the pH reached 7.
The resulting precipitate was then dried in a Lucadema heating oven for
three days at 40 °C and subsequently stored at room temperature.

2.3. Green synthesis of iron nanoparticles

The synthesis of green iron nanoparticles (G-FeNPs) followed the
methodology proposed by Zhang et al. (2021), with modifications [23].
Eucalyptus leaves were collected, washed with ultrapure water, and air-
dried for a period of 24 h. Subsequently, the dried leaves pulverized, and
the resulting powder (10 g) was added to 150 mL of water at 80 °C. The
system was then heated for 1 h, and the extract was filtered. Iron
chloride III and iron chloride II were added to a 2 L beaker in a 2:1 ratio.
Then, 17 mL of eucalyptus extract and 1.5 mL of oleic acid were added to
the mixture. The reaction underwent vigorous mechanical stirring at
room temperature, and a 1 M NaOH solution was added dropwise until
the system’s pH reached 7. The reaction was then heated to 55 °C and
kept under vigorous stirring for 1 h. Aqueous NaOH solution (1 M) was
added to the mixture while heating until the pH of the medium reached
11. The reaction medium was stirred for another 30 min while heating.
The mixture was filtered using a Biichner funnel and ultrapure water
until the pH reached 7. The retained material was then dried in an oven
at 40 °C for 48 h.

2.4. Synthesis of chitosan nanoparticles

Chitosan nanoparticles (CSNPs) were prepared with modifications
based on the methodology proposed by Pereira et al. (2017) [24].
Initially, 1 g of CS (with 88 % of deacetylation degree [25]) was dis-
solved in acetic solution (2 % v/v) and kept under magnetic stirring
overnight at 600 rpm. Then, a sodium tripolyphosphate (TPP) solution
(5 % v/v) was prepared and stirred until complete dissolution. Using a
peristaltic pump, the TPP solution was slowly dripped into the stirring
CS solution (1000 rpm).

2.5. Preparation of magnetic composites nCS@FeNPs

2.5.1. Conventional nCS@FeNPs magnetic composite

A mixture of 1 L of ultrapure water, 1 g of nCS, and 1 g of C-FeNPs
was sonicated for 1 h in a beaker flask. Then, 3.77 mL of the crosslinking
agent glutaraldehyde (GLUT, 37 wt% solution in H,0) was added, and
the system was stirred for 1 h at 1200 rpm. Finally, the crude reaction
product was washed and filtered with ultrapure water (1 L) in a Biichner
funnel and stored in suspension in an amber flask. The generated ma-
terial (C-nCS@FeNPS) was purified using a magnetic magnet.
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2.5.2. Green nCS@FeNPs magnetic composite

A mixture of 1 L of ultrapure water, 1 g of nCS, and 1 g of G-FeNPs
was sonicated for 1 h in a beaker flask. Afterward, 1 g of the crosslinking
agent proanthocyanidin (PAS) was added, and the system was stirred for
1 h at 1200 rpm. Finally, the crude reaction product was washed and
filtered with ultrapure water (1 L) in a Biichner funnel and stored in
suspension in an amber flask. The generated material (G-nCS@FeNPS)
was purified using a magnetic magnet.

A scheme of the preparation of the composites is presented in Fig. 2.

2.6. Characterizations

The crystalline structure was analyzed using Shimadzu XRD7000
equipment at 25 °C. Cu K-a radiation with A = 1.54 nm was used at 40 kV
and 30 mA. Prior to measurement, the samples were dried in an oven at
40 °C for 12 h. The Debye-Scherrer equation (Eq. 1) was applied to
obtain the particles size of FeNPs.

KA
~ p.cosd

@

where: D = size (nm); K = Debye-Scherrer constant (0.89), A = wave-
length used in the equipment (0.15406 nm); p = the maximum peak
width at half height and 6 = the diffraction angle.

The functional groups were analyzed using Agilent FTIR-Cart 630
spectrometric equipment with the KBr pellet method. The equipment
scanned from 4000 to 400 cm™!. X-ray Photoelectron Spectroscopy
(XPS) analyses were conducted using a Scienta Omicron ESCA+ spec-
trometer equipped with an EAC2000 hemisphere analysis system.
Monochromatic radiation A1 Ka with a photon energy (h v) of 1486.6 eV
was used as the electronic excitation source. To avoid surface charge
effects, a CN10 charge neutralizer was utilized. High resolution XPS
spectra were obtained with a constant pass energy of 30 eV and a step
size of 0.05 eV. The binding energies were referenced to the C 1 s peak at
284.8 eV. Data analysis was performed using CasaXPS software. Struc-
tural and morphological characteristics were analyzed using scanning
electron microscopy (SEM) with Tescan equipment Vega 3 SEM. C-
FeNPs and G-FeNPs were affixed to the sample holder using double-
sided carbon adhesive, while nCS, C-nCS@FeNPs, and G-nCS@FeNPs
were deposited on a silicon plate affixed to the sample holder with
double-sided carbon adhesive and then coated with an ultra-thin gold
film using vacuum spraying. The magnetization at room temperature
was measured using a vibrating sample magnetometer (VSM). The sur-
face charge was analyzed using a Zetasizer Nano ZS (Malvern) at pH
values ranging from 4 to 10, with a concentration of 0.01 mg/mL. The
pH was adjusted by adding HCI or NaOH solutions. Prior to measure-
ment, the C-FeNPs and G-FeNPs samples were magnetically shaken for
24 h.

2.7. Adsorption study in ultrapure water, river water and saline media

Batch adsorption experiments were conducted to describe the
adsorption of contaminants by the composites. The efficiency parame-
ters used were the adsorption capacity (Eq. 2, ge) and removal efficiency
(Eq. 3, Removal %).

(Ci—Cf).v

=" Mads @

Removal% = a _,Cf 3)
Ci
where qe (rng.g’l) is the adsorption capacity; C; (mg.L’l) is the initial
concentration; C¢ (mg.L’l) is the final concentration; V (L) is the volume
of the solution; and M,gs (g) is the mass of adsorbent material.
The effect of the parameters was assessed by altering the pH within
the range of 2 to 12 from the addition of NaOH and HCI (1 M), contact
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Fig. 2. Scheme of the preparation of C-nCS@FeNPs and G-nCS@FeNPs.

time (between 0.5 and 300 min), adsorbent concentration (between 0.2
and 1 g.L’l), dye concentration (between 50 and 700 mg.L’l) and
temperature (298, 308 and 328 K).

The samples underwent analysis using a UV-vis spectrophotometer
(FEMTO 700) at wavelengths of 486 nm, 545 nm, and 520 nm for
RO122, RR250, and SF, respectively. After each experiment, the
adsorbent was removed from the solution using a magnet and disposed
of in suitable packaging.

Adsorption tests were conducted on a sample collected from the
Ribeirao do Pinhal River (Sao Paulo, Brazil) and enriched with 5 mg.L’1
of the RO122 dye.

The adsorption test of the RO122 dye in multicomponent systems
was evaluated in the presence of the anionic dye RR250 and the cationic
dye SF.

The experiments in saline media were carried out with NaCl con-
centration of 100 mg.L L. The concentration of RO122 and RR250 dyes
was 100 mg.L’l.

The Supplementary Material presents the calculations for the kinetic,
isothermal, and thermodynamic studies.

2.8. Molecular modeling

Molecular modeling was conducted via density functional theory
(DFT) calculations. The Avogadro 1.2.0 software was employed as the
interface to generate the three-dimensional chemical structures of the
RO122 and RR250 dyes. The highest energy occupied molecular orbital
(HOMO, EH) and the lowest energy unoccupied molecular orbital
(LUMO, EL) were calculated using Orca software, version 4.2.3, from the
B3LYP theory and the DEF2-SVP basis set. The quantum-chemical de-
scriptors, including the overall chemical hardness (1)), the electronic
chemical potential (p), and the overall electrophilicity index (w), were
calculated from the HOMO and LUMO values obtained using egs. 4, 5,
and 6.

p= —(Ey+E)/2 “
n=(—Eyg+E)/2 (5)
=pu*/2n )

3. Results and discussion
3.1. Adsorbent characterizations

3.1.1. Physical analyses

The XRD patterns of C-FeNPs, G-FeNPs, nCS, and composites are
shown in Fig. 3. In the XRD pattern of C-FeNPs (black line) e G-FeNPs
(red line), characteristic peaks around 35.6°, 43.4°, 57.2° e 62.9°
correspond to the crystalline planes (311), (400), (511) and (440),
respectively, indicating the presence of cubic magnetite nanoparticles
[15,26]. The Debye-Scherrer equation was employed to determine the
dimensions of the synthesized particles. The particle size of C-FeNPs was
determined to be 12.7 nm, whereas that of G-FeNPs was found to be
14.2 nm, thereby confirming the synthesis of particles on a nanoscale.
Appu et al. (2021) [27] also yielded comparable results. The researchers
prepared iron nanoparticles using leaf extracts of Brassica oleracea, and
the resulting particle size, using the Debye-Scherrer equation, was found
to be 14 nm.

In the XRD pattern of nCS (Fig. 3, blue line), characteristic peaks
were observed at 20.4° and 22.8°, 26.5°, 33.2° e 38.8°, indicating high
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G11)
(400
MWM.W% i ) o B1D (440)
2 o) (400)  (S11)(440)
z 2049580 3327
‘B
§ 38.8°
=
[S=i
G100 (511) (440) 1 W
i GID 400y (511) (440)
T T T T
20 40 60 80 100
20

Fig. 3. XRD patterns of C-FeNPs (black line), G-FeNPs (red line), nCS (blue
line), G-nCS@FeNPs (green line), and C-nCS@FeNPs (orange line).
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crystallinity due to the presence of the crosslinking agent TPP [28],
confirming the formation of CS nanoparticles. Alehosseini et al. (2022)
reported high crystallinity of chitosan nanoparticles due to ionic in-
teractions between CS and TPP [29], confirming similar findings. The
XRD pattern of the G-nCS@FeNPs (green line) exhibited the presence of
peaks associated with FeNPs and CS. The peaks related to CS were more
discernible in the G-nCS@FeNPs, suggesting a major CS content in this
composite. The C-nCS@FeNPs XRD pattern (orange line) revealed the
presence of CS and FeNPs, indicating successful generation of the
composite.

To confirm and evaluate the morphological characteristics of the
pure materials (C-FeNPs, and G-FeNPs) and the composites (C-
nCS@FeNPs and G-nCS@FeNPs) SEM analyses were performed (Fig. 3).
To conduct the SEM analyses, the material suspensions were subjected
to drying, which resulted in the agglomeration of nanoparticles due to
van der Waals interactions between Fe3O4 nanoparticles [26], forming
blocks with a diameter of approximately 20 pm. Biswas et al. (2024)
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obtained SEM images of iron nanoparticles, which revealed that the
material formed shapeless agglomerates measuring 10 pm [30].

Regarding C-FeNPs (Fig. 4 a-c), this material showed the smallest
particle size in comparison to the G-FeNPs (Fig. 4 d-f). Queiroz et al.
reported the formation of FesO4 nanoparticles agglomerates synthesized
through green and conventional routes [15]. The green Fe3O4 agglom-
erates were observed to have a larger size compared to the conven-
tionally prepared nanoparticles.

Following the composite formation, the visibility of nCS and FeNPs
in the morphology of C-nCS@FeNPs (Fig. 4 g-i) and G-nCS@FeNPs
(Fig. 4 j-1) diminished, suggesting agglomeration between the two ma-
terials, likely due to the crosslinking agents employed. A change in the
surface of the composite compared to pure nanoparticles was also re-
ported by Cheng et al. (2024), who synthesized a magnetic composite of
biochar with chitosan. The authors observed a change in the surface of
the material, with the apparent magnetic nanoparticles becoming un-
detectable [31].

Fig. 4. SEM images of (a-c) C-FeNPs; (d-f) G-FeNPs; (g-i) C-nCS@FeNPs; and (j-1) G-nCS@FeNPs.
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The SEM images of C-nCS@FeNPs suggest the formation of a CS film,
with an uneven surface, containing the iron nanoparticles (Fig. 4 g-i).
Similarly, Neves et al. (2020) [26] documented the formation of a CS
film comprising magnetic FesOs nanoparticles cross-linked with glutar-
aldehyde, employing the identical conditions utilized in the conven-
tional synthesis methodology presented in this study. Conversely, the
SEM images of G-nCS@FeNPs revealed the formation of a three-
dimensional porous material, which underscores the significant impact
of the methodologies on the material properties. (Fig. 4 j-1). The findings
indicate that the incorporation of proanthocyanidins as a cross-linking
agent has imparted augmented characteristics to the composite. In
addition to using naturally occurring and non-toxic compounds, this
approach offers a promising avenue for enhancing the composite’s
properties.

3.1.2. Chemical analyses

The surface charge of the materials was analyzed using zeta potential
at different pH (4, 6, 8, and 10). The results are presented in Fig. 5a. The
nCS suspensions exhibited positive surface charges ranging from +36
mV to +29, which can be attributed to the presence of protonated amine
groups [32]. The net zeta potential is observed to decrease when
negatively charged TPP reacts with positively charged chitosan.
Consequently, an elevated zeta potential corresponds to a diminished

International Journal of Biological Macromolecules 289 (2025) 138657

TPP proportion within the nanoparticle. Yu et al. (2013) obtained
similar zeta values for CS nanoparticles cross-linked with TPP [33].

The surface charge of the G-nCS@FeNPs composite showed a similar
profile to that of nCS, with zeta potential values ranging from +36 to
+30 mV. This profile may be associated with the presence of nCS, Fe?",
and Fe®" in the composite. As indicated by XRD data (Fig. 3), the CS
content appears to be higher in the green composite than in the
conventionally prepared one. This may result in a markedly enhanced
positive charge in the green composite. Appu et al. (2021) also found
that a composite based on CS and Fe3O4 nanoparticles, prepared from a
green route with leaf extracts of Brassica oleracea L., exhibited a positive
zeta potential, reaching +76.9 mV [27].

In contrast, the zeta potential of C-nCS@FeNPs decreased from +35
to —2.79 mV as the pH increased from 4 to 10, indicative of the emer-
gence of a more electronegative material at basic pH compared to the
green material. In a previous study, Peralta et al. (2019) [34] demon-
strated that a magnetic composite formed by CS and FesO4 nanoparticles
prepared via a conventional route exhibited comparable zeta potential
values, ranging from +35 to —10 mV. In their study, Munim et al. (2020)
[35] observed that the composite formed by CS and nanocellulose
exhibited a positive surface charge until the pH reached 7. After this
point, the surface charge was approximately —20 mV.

As evidenced by the XRD analysis (Fig. 3), the presence of nCS on the
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Fig. 5. (a) Zeta potentials of suspensions of nCS, C-nCS@FeNPs and G-nCS@FeNPs; (b) FTIR spectrum of C-FeNPs (red line) and G-FeNPs (black line); (c) FTIR
spectrum of nCS (black line) and composites C-nCS@FeNPs (red line) and G-nCS@FeNPs (blue line).
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surface of the C-nCS@FeNPs composite could not be discerned, indi-
cating that PAS exerted a more pronounced influence on the crosslinking
between nCS and G-FeNPs. In light of these findings, it can be posited
that G-nCS@FeNPs displays the greatest potential for the removal of
anionic dyes [15].

Fig. 5a-b displays the FTIR spectra of the synthesized iron nano-
particles and composites. The G-FeNPs spectrum showed more intense
bands compared to the conventionally prepared FeNPs. The spectra of C-
FeNPs (red line) and G-FeNPs (black line) (Fig. 5b) showed a broad band
at 3320 cm™}, corresponding to the O—H stretching vibration. The
stretching vibrations of the —CH, groups of aliphatic hydrocarbons are
attributed to the bands at 2921, 2925, and 2855 cm ™}, confirming the
presence of oleic acid in the NPs generated [36]. In C-FeNPs the band at
1441 cm ™ is related to the ~CHg groups and in the G-FeNPs the band at
1431 cm™! is assigned to symmetrical bending in the plane of C—H
bond, as observed in the FTIR spectrum of eucalyptus extract [37].
Regarding the bands attributed to phenolic compounds in the eucalyptus
extract, it is worth noting that the bands at 1720 and 1563 cm ™ * are a
result of the presence of C=0 groups and aromatic rings [38]. In the
FTIR spectrum of C-FeNPs, the band at 1624 cm™! is assigned to the
asymmetric and symmetric bands (COO™), due to the presence of oleic
acid [39]. The bands at 611 and 609 cm ™! may be associated with Fe—O
[40], confirming the presence of iron oxide [23]. Furthermore, the band
around 600 cm~! can also reveal the formation of cubic magnetite
nanoparticles [23].

A large band was observed around 3305 cm™! in the nCS spectrum
(black line, Fig. 5¢), which can be attributed to the O—H stretching
vibration. The band at 1648 cm™! corresponds to the stretching vibra-
tion of the C=0O groups, indicating the presence of amide [41]. The
presence of C—N stretching vibrations is suggested by the band at 1363
em~! [42]. The 1064 cm™! band is attributed to the presence of C-O-C
groups of CS scaffold [43], whereas the 848 cm ! band is due to P=0
stretching vibrations resulting from TPP, the crosslinking agent of CS
nanoparticles [44].

In the C-nCS@FeNPs spectrum (red line, Fig. 5c), the bands at 3320
and 3305 cm ™}, associated with O—H stretching in the FTIR spectra of
pure FeNPs and CS, respectively, red-shifted to 3420 cm™!. This shift
indicates the presence of interactions between CS and GLUT through
hydrogen bonds [45]. The slight band at 1654 cm ™! is related to the
presence of amide in the CS acetylated rings [46] and the band at 1566
cm ! are attributed to the formation of imine groups (HC=N—) resulting
from interactions between the NH, groups of CS and the aldehyde
groups of the crosslinking agent used in the composite preparation
[46,47]. The disappearance of the peak at 1720 cm ™! referring to the
C=0 stretching present in C-FeNPs was noticeable, indicating the re-
action between FeNPs and GLUT [48]. The bands at 1151 and 1051
cm! refer to C-O-C groups of CS scaffold [43,49].

Also, in the G-nCS@FeNPs spectrum (blue line, Fig. 5¢), the 3320 and
3305 cm ™! bands related to O—H stretching in the FTIR spectra of the
pure FeNPs and CS, respectively, red-shifted to 3420 em ™}, indicating
interactions between CS and PAS through hydrogen bonds [50]. Similar
behavior was observed by Bi et al. (2019) in the formation of CS and PAS
films [51]. The bands at 1573 and 1412 cm ™ referred to C=C stretching
and C—H of the aromatic ring, respectively [51]. The bands at 1042 and
1014 cm™! are related to C-O—C of nCS and PAS [43].

The XPS analyses of the surface of the synthesized FeNPs and com-
posites are shown in Fig. 6 a and Table 1 displays the data obtained from
the XPS spectra survey. The nCS exhibited 43.5 % carbon, 37.0 % oxy-
gen, and 1.9 % nitrogen. As a consequence of the crosslinking process
between nCS and TPP, the presence of sodium (6.3 %) and phosphorus
(11.3 %) was confirmed. The C-FeNPs exhibited a carbon percentage of
63.9 %, which was higher than that observed for the G-FeNPs (37.4 %).
Conversely, the G-FeNPs exhibited a higher iron percentage (16.3 %)
than the C-FeNPs (3.4 %). This difference may be related to the effi-
ciency of the crosslinking process, suggesting that proanthocyanidins
are more effective crosslinking agent. In a similar study, Queiroz and
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colleagues observed comparable results when preparing green and
conventional magnetic composites cross-linked with proanthocyanidins
and glutaraldehyde [15]. The composite cross-linked with proantho-
cyanidins exhibited double the iron content.

Regarding the composites, C-nCS@FeNPs exhibited higher phos-
phorus (14.0 %) and oxygen (41.8 %) contents than the green com-
posite, what is probably related to the higher content of polyphosphate
groups of the CS crosslinking agent. This analysis corroborates the re-
sults observed for zeta potential measurements (Fig. 5), in which the
conventionally prepared composite exhibited a more negatively charged
surface. The G-nCS@FeNPs showed a higher carbon content (57.2 %),
probably due to the oleic acid and natural organic compounds from the
plant extract used in the material’ synthesis. With relation to the iron
content, C-nCS@FeNPs exhibited 0.1 %, whereas the green G-
nCS@FeNPs composite exhibited 1.0 %. The XPS technique analyzes and
quantify the elements present in the material’ surface [52], and in the
case of composite materials, with an irregular composition, it is
reasonable to anticipate discrepancies in the elemental content, given
that the FeNPs are heterogeneously distributed in the composite [53]. de
Almeida et al. (2022) [54] similarly observed a low iron loading (1.2 %)
for a magnetic composite comprising graphene oxide and CS cross-
linked with glutaraldehyde.

The high-resolution C1s XPS spectrum of nCS (Fig. 6a) revealed the
presence of four components centered at 284.7, 286.1, 287.8 and 288.9
eV, which correspond to C-C/C-H (48.7 %), C-N/C-O (34.2 %), C=0
(10.3 %), O-C-0/0-C=0 (6.8 %), respectively [55]. Similar composi-
tion was observed by Rodrigues et al. (2012) [56]. Regarding nitrogen,
the high-resolution N 1 s spectrum (Fig. 6b) showed the presence of two
components at 399.2 and 400.8 eV. The first corresponds to C—N bonds
(81 %) of CS amines and amides [57] and the second is related to pro-
tonated amine group (—NHZ) (19 %) of CS [58].

The high-resolution C1s XPS spectrum of C-FeNPs (Fig. 6¢) revealed
the presence of five components centered at 284.7, 285.7, 286.8, 288.2,
and 289.5 eV, which correspond to C-C/C-H (50.8 %), C-N/C-O (28.5
%), N-C=0 (9.0 %), C=0 (7.4 %), 0-C-0/0-C=0 (4.4 %), respectively
[15,26]. In the Fe 2p high-resolution XPS spectrum of C-FeNPs (Fig. 6d),
the peak centered around 711 eV was assigned to 2ps s level, while the
peak centered around 725 eV was set to 2p; /2 level. The Fe 2p 3/2 peak
was decomposed in two components at 710.5 eV and at 712 eV which
were attributed to Fe2t (46 %) and Fe3* (54 %), respectively [59,60].
These findings are in accordance with the results of the XRD analyses
(Fig. 3) that indicated the formation of Fe304 (magnetite nanoparticles).
The high-resolution Cls XPS spectrum of C-nCS@FeNPs (Fig. 6e)
revealed the presence of fours components centered at 284.7, 285.9,
287.4, and 288.6 eV, which correspond to C-C/C-H (62.5 %), C-N/C-O
(23.5 %), C=0 (7.0 %), and O-C-O/0-C=0 (7.0 %), respectively
(Neves et al., 2020; Queiroz et al., 2022).

The high-resolution XPS Cls spectrum of G-FeNPs (Fig. 6f) revealed
the presence of peaks centered at 284.7, 286.1, 287.9, and 288.9 eV,
which correspond to C-C/C-H (57.0 %), C-N/C-0 (24.6 %), C=0 (10.1
%), 0-C-0/0-C=0 (8.3 %), respectively (Neves et al., 2020; Queiroz
et al.,, 2022). In the high-resolution XPS Fe 2p spectrum of G-FeNPs
(Fig. 6g), the two spectral peaks centered at 710.2 and 711.6 eV are
attributed to 2ps/», associated with the transition peaks centered at
723.9 and 725.9 eV in 2py / region, attributed to Fe?* (44 %) and Fe>*
(56 %), respectively [59,60]. This result is in accordance with XRD
analysis, which suggested the formation of Fe3O4 nanoparticles. The
high-resolution XPS Cls spectrum of G-nCS@FeNPs (Fig. 6h) revealed
the presence of four components centered at 284.8, 285.8, 288.3, and
289.2 eV, which correspond to C-C/C-H (49.8 %), C-N/C-O (11.2 %),
C=0 (35.6 %), and O-C-0/0-C=0 (3.4 %), respectively (Neves et al.,
2020; Queiroz et al., 2022).

3.2. Magnetization curves

The magnetization curves of the pure C-FeNPs and G-FeNPs, as well
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Table 1
The atomic composition of nCS, C-FeNPs, G-FeNPs, C-nCS@FeNPs and G-
nCS@FeNPs.

Element Atomic composition (%)
Materials
nCS C-FeNPs G-FeNPs C-nCS@FeNPs G-nCS@FeNPs
C 43.5 63.9 37.4 36.4 57.2
(0] 37.0 32.2 45.0 41.8 31.5
N 1.9 - - 0.3 0.1
Na 6.3 0.5 1.3 7.4 9.9
P 11.3 - - 14.0 0.40
Fe - 3.4 16.3 0.1 1.0

as their corresponding composites C-nCS@FeNPs and G-nCS@FeNPs,
were measured using a vibrating sample magnetometer (VSM) as a
function of the magnetic field at room temperature. The resulting data
are presented in Fig. 7a-b. As evidenced by the VSM data, all materials
exhibited magnetic properties. The saturation magnetization (SM)
values for C-FeNPs were approximately 42 emu.g~*, while those for G-
FeNPs were 31 emu.g ! (Fig. 7a). The decrease in MS values is related to
the size of the nanoparticles [26], indicating that the FeNPs synthesized
by the green method (G-FeNPs) are larger, which was confirmed by SEM
images (Fig. 4). Both composites showed lower saturation magnetiza-
tion values (Fig. 7b), approximately 0.008 and 0.75 emu.g™' C-
nCS@FeNPs, and G-nCS@FeNPs, respectively, suggesting the coating of
the materials with nCS particles, corroborating the SEM analysis.
Almeida et al. (2022) found a low SM value of 0.06 ernu.g_1 in their
synthesis of a magnetic composite using graphene oxide, chitosan, and
organoclay [14]. Appu et al. also observed minimal saturation magne-
tization values for FesO4 nanoparticles (0.265 emu.g 1) and a composite
formed with CS (0.253 emu.g’l) [27].

3.3. Assessment of adsorptive potential

C-nCS@FeNPS and G-nCS@FeNPS exhibited chemical characteris-
tics that make them possible candidates for the removal of anionic dyes.
Thus, the potentials of the adsorbents in removing the anionic dyes
RR250, and RO122 were evaluated (Fig. 8).

The results indicated that the green G-nCS@FeNPs composite
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Fig. 8. Evaluation of the adsorption potential of C-nCS@FeNPs and G-
nCS@FeNPs towards anionic dyes. 5 mL, RO122 and RR250 concentration of
100 mg.L’l, Adsorbent concentration of 0.2 mg‘mL’l, 298 K, 60 min and 180
rpm. The results are mean values from triplicate assays.

showed higher adsorption capacity of 178.10 mg.g ! and 231.74 mg.g~*
for RR250 and RO122, respectively, compared to the adsorption ca-
pacity of the conventionally prepared G-nCS@FeNPs composite. The
uptake capacity of C-nCS@FeNPs for RR250 and RO122 dyes was
175.17 mg.g~! and 175.56 mg.g !, respectively. The superior perfor-
mance of the green composite is likely attributable to its porous tridi-
mensional structure (Fig. 4j-1) which offers a substantial surface area for
interaction with the anionic dyes. In contrast, the conventionally pre-
pared composite, C-nCS@FeNPs, formed a non-porous film, which made
it more challenging for the dye molecules to access the surface. In
addition, the G-nCS@FeNPs composite has a more positive surface
charge, confirming the XRD analysis that the green composite has a high
CS content, i.e., a high NHJ content. This characteristic enables the
formation of electrostatic interactions with anionic dyes, explaining the
best performance of the green composite.
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Fig. 7. Magnetization curves of (a) C-FeNPs and G-FeNPs; (b) C-nCS@FeNPs and G-nCS@FeNPs; (c) Magnetic recovery.
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The results suggest that the adsorption process occurs through
electrostatic and n-n interactions. The idea of electrostatic interactions is
supported by the positive zeta potential values of the G-nCS@FeNPs
composite (Fig. 4a), which facilitate the approximation and interactions
between the anionic dyes and the G-nCS@FeNPs composite. Further-
more, the presence of aromatic rings in both dyes and proanthocyani-
dins indicates the potential for n-t interactions. It is established that
proanthocyanidins are susceptible to interaction with contaminants via
n-n interactions [15,61]. Thus, in order to gain more in-depth knowledge
of the interactions between the two cationic dyes and the composite, and
to find out why the RO122 dye was the most adsorbed, a study based on
DFT and tests in a saline media was carried out.

3.4. Calculation of the chemical descriptors using DFT

A DFT study was conducted with the objective of achieving a
comprehensive understanding of the reactivity of the two dyes
employed in this work, RO122 and RR250, towards the active sites of the
composite. This approach allowed for the identification of the molecular
and electronic properties of the adsorbates, providing insights into the
occurrence of n-n interactions between the dyes and the adsorbent [62].
The optimization of the geometry of the isolated molecules was con-
ducted using the B3LYP/6-31G(d,p) functional hybrid in the gas phase
and the optimized molecules are presented in Fig. 9. The size attributed
to RO122 molecule was 30.246 A, while for RR250 the size was 21.042
A, indicating that RR250 is the smallest molecule. The RR250 dye
demonstrated planar tendencies as a result of the conjugation of the
aromatic rings. This characteristic enables high level of n-n interactions
with the aromatic system of the adsorbent. In the RO122 structure,
although most of the molecule is flat, the naphthalene unit bonded to
two sulfonate groups is in a twisted manner with respect to the n-n
system, due to the steric repulsion. The size and the conformation of the
molecules directly influence their interaction with the adsorbent sur-
face. The larger and more twisted the molecule, the more difficult it is to
reach the active sites of the adsorbent, mainly through =n-n interaction,
which may result in a reduction in adsorption efficiency [63]. Fig. 10
shows a tridimensional rendering of the frontiers orbitals (HOMO and
LUMO) for RO122 and RR250 molecules. The HOMO orbital is the
occupied orbital with the highest energy, while the LUMO is the empty
orbital with the lowest energy. These boundary orbitals are involved in

(b)

«— 21.042A

Fig. 9. Optimized structures of (a) RO122; (b) RR250.
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electron transfer during adsorption. The higher the HOMO energy and
the lower the LUMO energy (low band gap), the more reactive the
molecule will be towards the adsorbent in terms of n-n interactions [64].
Regarding RO122, the HOMO is localized on the azo group and on the
naphthyl rings attached to sulfonate groups, while LUMO is centered on
the triazine ring and on the aniline attached to the sulfonate moiety. For
RR250 molecule, the HOMO is concentrated on the two sulfonate groups
attached to the naphthyl units, and the LUMO density occurs over the
atrazine ring and on the aniline. A comparison of the band gaps of
RO122 (1.1135 eV) and RR250 (1.7487 eV), respectively, shows that
RO122 has the lower energy gap and it is the most reactive molecule
towards the adsorbent surface.

Table 2 depicts quantum chemical parameters obtained from HOMO
and LUMO energies. The chemical potential (i) refers to the tendency of
the electrons to escape from the molecule. Global chemical hardness ()
evaluates the resistance to changes in the electron distribution in a set of
nuclei and electrons. And the electrophilicity index (o) measures the
molecular system’s ability to receive electrons. A comparison of the data
obtained for RO122 and RR250 reveals that RR250 has the highest
chemical potential value (4.374 eV) and electrophilicity index (10.9450
eV). This indicates a higher tendency of RR250 to lose and accept
electrons when interacting with the adsorbent surface. The RR250 ex-
hibits greater chemical hardness (0.8741 eV), indicating that it is more
resistant to variations in the electronic domains, which corroborates
with the results obtained for energy gap.

The DFT study points out that the adsorption potential of the G-
nCS@FeNPs composite through n-n interactions should be higher for
RR250, the molecule exhibiting the most pronounced reactivity,
compared to RO122. However, the experimental data indicated that
RO122 was the most effectively removed contaminant (0.2240 mmol.
g_l), whereas RR250 exhibited a lower removal rate (0.1693 mmol.
g™ 1. The discrepancies between the calculated values and the results
obtained in the adsorption experiments indicate that, in addition to n-x,
other interaction mechanisms may be more significant in the removal
process. Therefore, it was planned to study the adsorption in saline
media to evaluate the presence of electrostatic interactions.

3.5. Adsorption experiments in saline media

As evidenced by zeta potential measurements (Fig. 5), the adsorbent
G-nCS@FeNPs composite exhibits a positive surface charge. Given the
anionic nature of the two dyes, it can be postulated that the predominant
interactions are electrostatic in nature. To further investigate this hy-
pothesis, adsorption tests were conducted in a saline media. In saline
media, the adsorption of RO122 and RR250 was observed to occur with
aqe of 0.0475 mmol.g’1 (78.8 % reduction) and 0.1068 mmol.g’1 (36.5
% reduction), respectively. These findings suggest that, in the RO122
adsorption, electrostatic interactions exert a more pronounced influence
than in the RR250 adsorption, which is predominantly adsorbed by n-n
interactions. Following RO122 removal, 78.8 % of interactions were
found to be attributed to electrostatic interactions, whereas 22.2 % were
related to n-n, hydrogen-bonding, and ion exchange. In the case of
RR250 uptake, electrostatic interactions account for 36.5 % of the total
interactions, while n-n interactions, hydrogen bonding, and ion ex-
change account for the remaining 63.5 %. According to DFT study,
RR250 has a flat tridimensional arrangement, which strengthens and
enables 7-7 interactions.

The presence of Na™ ions in the media is likely to result in electro-
static interactions with the anionic dyes, thereby reducing their capacity
to attach to the adsorbent surface. Furthermore, the negatively charged
Cl™ ions may attach to the cationic sites of G-nCS@FeNPs, thereby
impeding the access of the anionic dyes to the adsorbent surface [65]. It
has been demonstrated that the presence of NaCl impairs electrostatic
interactions [64,66]. Wu et al. [67] posit that the presence of NaCl
impairs the electrostatic interactions between the neutral red (NR) dye,
which is positively charged, and the D001 resin (styrene-DVB), an
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Fig. 10. Tridimensional model for the orbitals HOMO and LUMO (a) RO122; (b) RR250 (blue color: positive phase; red color: negative phase).

Table 2
— Quantum chemical parameters obtained for RO122 and RR250 dyes.
Molecular chemical descriptors RO122 RR250
Experimental ge in water (mmol.g~?!) 0.2240 mmol. 0.1693 mmol.
-1 -1
8 g
Experimental ge in saline media (mmol. 0.0475 mmol. 0.1068 mmol.

g h g! g’

HOMO energy (Ey, eV) —2.8127 —3.5002
LUMO energy (E;, eV) —3.9262 —5.2489
Energy gap (Ag.1, V) 1.1135 1.7487
Chemical Potential (p, eV) 3.3693 4.3740
Chemical hardness (n, eV) —0.5570 —0.8741
Electrophilicity index (o, eV) 10.1887 10.9450

anionic adsorbent. This reduction in the removal capacity of the
adsorbent is attributed to the aforementioned impairment of the elec-
trostatic interactions [67]. Avena et al. (2008) [68] reported that NaCl
presence led to a competition between Na* and tetracycline, reducing
the electrostatic interactions and consequently diminishing the adsorp-
tion rate when studying the tetracycline removal by montmorillonite.
Shojaei et al. (2019) attested that the methyl orange, an anionic dye,
uptake by nanodiamonds was reduced in the presence of NaCl [69]. In
light of the enhanced adsorption of the RO122 dye, an investigation was
conducted to ascertain the optimal adsorption parameters for this
contaminant.

3.6. Assessment of operational conditions

3.6.1. pH effect

The pH variation of the solution is directly correlated with the con-
taminant’s speciation and the adsorbent’s surface charge, which are
pivotal factors in the adsorption process [64,70]. Fig. 11a illustrates the
charge of RO122 dye microspecies versus pH, indicating the presence of
negatively charged molecules across the analyzed pH range. Fig. 11b
depicts the impact of pH variation on the adsorption capacity of RO122
dye by G-nCS@FeNPs, spanning a 2 to 12 pH range.

The results obtained indicated low adsorption capacities at pH 2 and
4 of 149.8 and 154.5 mg.g~?, respectively. At pH < 4 the H' ions
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concentration is higher and these ions compete with the cationic
adsorbent to interact with the anionic dye RO122 through electrostatic
interactions [70]. At pH 6, the adsorption potential increased to 231.7
mg.g . This phenomenon was likely caused by electrostatic interactions
between the adsorbent and adsorbate, given that the composite
exhibited a maximum electropositive surface charge of +36 mV (Fig. 5).
Under these conditions, the number of H' ions in the medium is
reduced, thereby limiting the competition between these ions and the
adsorbent for interaction with the RO122 dye molecules. At pH 8, 10,
and 12, the adsorption capacity decreased to 126.4, 105.3, and 37.4 mg.
g1, respectively. Under basic conditions (pH > 8), the OH™ groups
present in the solution and the anionic dye molecule can compete,
consequently reducing the adsorption potential [71].

Huo et al. (2021) also observed comparable outcomes with regard to
the removal of the anionic methyl orange dye by a cellulose/chitosan
composite film [73]. The authors reported that the acidic medium im-
pairs the interaction of the dye with the film due to the protonation of
the -NH; groups present in the CS and the dissociation of the sulfonated
groups present in the dye molecule. In the basic medium, the authors
observed that competition can occur between the anionic dye molecules
and the excess hydroxide ions present in the solution. In light of these
findings, the authors concluded that the highest adsorption capacity was
observed at pH 6 [73]. Accordingly, the results indicate that the
adsorption of RO122 dye by G-nCS@FeNPs is pH-dependent, and pH of
6 was selected as the optimal condition.

3.6.2. Sonication time effect

The impact of subjecting the G-nCS@FeNPs composite to ultrasonic
waves was investigated over a period of 90 min (Fig. 12a). Prior to the
adsorption tests, the material suspension was subjected to sonication.
The results demonstrated that the duration of ultrasonic irradiation had
a direct impact on the adsorption capacity of RO122 dye by G-
nCS@FeNPs.

The absence of sonication resulted in a negative effect on RO122
removal, with an adsorption capacity of 102.9 mg.g~! achieved. A
number of studies have indicated that the use of ultrasonic irradiation
can enhance suspension stability and dispersion [66,74]. The system
was subjected to sonication for 2 min, resulting in the highest adsorption
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Fig. 11. (a) RO122 dye microspecies as a function of pH: data acquired from
Chemicalize [72]; (b) Removal pH variation of RO122 by G-nCS@FeNPs. 5 mL,
RO122 concentration of 100 mg.L ™!, G-nCS@FeNPs concentration of 0.2 g.L %,
2 min of sonication time, 298 K, 60 min and 180 rpm. The results are mean
values from triplicate assays.

capacity (231.7 mg.g ™). The stability of the suspension can result in an
increase in the surface area of the material and an enhancement of active
interaction sites, thereby enhancing the adsorption potential [74].
However, when the system was sonicated for 5, 10, and 15 min, the
adsorption capacity decreased to 182.6, 149.8, and 107.7 mg.g *,
respectively. Furthermore, a reduction in adsorption capacity was
observed at times exceeding 30, 60, and 90 min, with the adsorption
capacity decreasing to 79.6, 77.2, and 49.2 mg.g” ", respectively. This
suggests that prolonged irradiation may result in diminished removal
performance, probably due to the disruption of the material’s three-
dimensional structure. [26]. Neves et al. (2020) [26] also observed
similar results when removing basic brown 4 dye using a magnetic
chitosan/quaternary ammonium salt graphene oxide composite. Also,
identical behavior was observed by Silva et al. (2020) [25] in the
removal of basic blue 7 dye by nanocellulose/graphene oxide nano-
composite. Accordingly, the results demonstrate that the adsorption of
RO122 dye by G-nCS@FeNPs is dependent on sonication. Therefore, 2
min was selected for further investigation of the removal process.

3.6.3. Adsorbent dosage effect

The objective of this part of the study was to examine the impact in
the removal system of varying the dosage of the adsorbent, which
ranged from 0.1 to 0.6 g.L’l. (Fig. 12b). The results showed that the
RO122 adsorption was directly influenced by the variation in the
adsorbent dose. The lowest adsorbent dosage of 0.1 g.L ™! provided the
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highest removal potential of 514.9 mg.g”!. The concentration of G-
nCS@FeNPs was increased to 0.2, 0.4, and 0.6 g.L_l, resulting in a
gradual decline in the removal capacity, which decreased to 210.7, 79.6,
and 56.2 mg.g !, respectively. These results were expected, as
increasing the adsorbent dosage decreases the unsaturation of the active
sites present on the adsorbent surface [75]. Gajera et al. (2022) observed
a comparable profile in the removal of Congo red anionic dye by a TiO--
loaded fly ash chitosan composite. Accordingly, the optimal amount of
adsorbent for the adsorption system was determined to be 0.1 g.L™!
[76].

3.6.4. Effect of the contact time

The impact of contact time on the adsorption of RO122 by G-
nCS@FeNPs was investigated over 150 min (Fig. 12c). The adsorption
process was observed to proceed through three distinct phases. Initially,
rapid adsorption occurred during the first minutes. This was followed by
a period of constant adsorption rate, and finally, a decrease in adsorp-
tion performance. The highest removal potential for RO122 dye was
reached at 10 min when the adsorption capacity was 608.6 mg.g 1. The
removal potential remained constant up to 45 min (between ~608.6 to
603.9 mg.g~ ).

Subsequently, a reduction in RO122 uptake was noted, and equi-
librium was reached within 60 min (514.9 mg.g’l), attributable to the
desorption of contaminant molecules. [77]. In a study conducted by
Ilhan et al. (2008), the optimal time for the removal of RO122 by dried
cells of Penicillium restricum was found to be 75 min [78]. Saeed et al.
(2015) synthesized a biosorbent based on chemically treated Trapa bis-
pinosa and applied it to the removal of RO122 [2]. The authors reported
an equilibrium time of 120 min, 12 times longer than that observed in
this study. Although equilibrium was reached within 60 min, the
optimal time for the adsorption of RO122 by G-nCS@FeNPs was 10 min,
during which the highest removal capacity was achieved. These findings
are encouraging, as rapid contaminant removal is among the desirable
parameters for the adsorption process.

3.6.5. Temperature effect

Experiments were conducted to assess the effect of temperature on
the adsorption of RO122 by G-nCS@FeNPs composite within the tem-
perature range of 298 to 328 K (Fig. 12d). The obtained results indicated
that the temperature directly influenced the adsorption of RO122 dye by
G-nCS@FeNPs.

The highest adsorption potential was reached at 298 K (608.6 mg.
g™ 1. Increasing the temperature to 308, 318 and 328 K impaired the
removal process, decreasing the adsorption capacity to 571.2, 561.8,
and 524.3 mg.g~’, respectively. High temperatures are known increase
the molecular agitation of the system [79], which increases the kinetic
energy of the molecules, hinders the adsorbent/adsorbate interactions,
and consequently damages the adsorption process [14,64]. These results
indicated an exothermic profile of the system since the increase in
temperature was detrimental to the process [70,80]. In our previous
works, the same trend was observed in the removal process of several
organic dyes, such as basic blue 7 [66], basic blue 26 [70], basic brown 4
[26], and direct black 22 [64].

3.7. Kinetic modeling

The adsorption process of RO122 dye by G-nCS@FeNPs was inves-
tigated by analyzing the kinetic profile. Nonlinear models, including
pseudo-first order (PFO) [81] and pseudo-second order (PSO) [82], were
used to fit the experimental data. The degree of fit was determined from
the correlation coefficient (Rz) and Akaike Information Criterion (AIC).
The equilibrium was reached in 60 min for the removal systems at
concentrations of 100, 200, and 300 mg.L’l, and the experimental
adsorption capacities were 608.6, 1978.3, and 2359.6 mg.g_l, respec-
tively. The results obtained are presented in Table 3.

Table 3 shows that the PSO model fits the experimental data better,
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Table 3

Kinetic parameters in the adsorption process.

RO122 concentration (mg.L’l)

100 200 300
Experimental (q.) 608.6 1978.3 2359.6
PFO k! 1.0222 9.7318 5.8990
Qe 529.0300 1974.5606 2403.0957
R? 0.8803 0.9995 0.9936
R? o 0.8683 0.9995 0.9929
AIC -54.15 -57.41 —55.52
PSO k! 1.3041 202.7090 35.0187
Qe 598.4220 1977.5291 2421.0734
R? 0.9408 0.9996 0.9935
R? o 0.9349 0.9995 0.9929
AIC ~51.27 -93.08 —53.02

with R? adj ranging from 0.9349 to 0.9995 and AIC ranging from —51.27
to —93.08. This model predicted equilibrium adsorption capacities of
598.42, 1977.52, and 2421.07 mg.g ™! for the 100, 200, and 300 mg.L
concentrations, respectively, adsorption capacities similar to the
experimental values. The best fits were observed for the highest con-
centrations, 200 and 300 mg.L™!. The PSO model suggests that the
adsorption rate is contingent upon the interactions between the

adsorbent active sites and the adsorbent [83], and that the adsorbent
and the adsorbate have strong interactions at multiple active sites
[26,84].

In their study of the uptake of methyl orange anionic dye by mag-
netic chitosan nanoparticles, Hosseini et al. observed that the PSO model
demonstrated the best correlation with the experimental kinetic data
[85]. In this study the maximum removal capacity was 20.5 mg.g .
Similarly, Selim et al. (2022) [86] achieved comparable results in their
investigation into the preparation of a composite comprising nano-
chitosan and its application in the removal of Congo red anionic dye
from wastewater. The kinetic model that provided the best fit to the
experimental data was the PSO, and the maximum removal capacity was
determined to be 230 mg.g ™.

3.8. Isothermal modeling

The isothermal study was carried out at temperatures 298, 308, and
318 K, under the optimal conditions determined previously, and the
results obtained are presented in Fig. 13. The adsorption isotherms for
all temperatures were classified as L3, following the Giles classification
[87]. Initially, there is rapid initial adsorption of the dye by G-
nCS@FeNPs, as evidenced by the initial slope of the curves. After satu-
ration (inflection point), the isotherms show increased adsorption

13
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Fig. 13. Adsorption isotherms were measured at temperatures of 298 K, 308 K,
and 318 K. G-nCS@FeNPs concentration of 0.1 g.L’l, 10 min, and 2 min of
sonication time.

capacity with increasing dye concentration. This suggests that adsorp-
tion may initially occur in monolayers and after the inflection point, the
initially adsorbed dye molecules may promote new interactions that
favor adsorption in multilayers [87,88].

The Langmuir, Freundlich, Redlich-Peterson, D-R, and Temkin
models were fitted to experimental data to understand the adsorption
behavior, and the results obtained are presented in Table 4. The appli-
cability of the models was assessed based on the correlation coefficients
obtained (R?).

The D-R model suggests physical adsorption in the process [89]. At
298 K and 308 K, the D-R model best fitted the experimental data,
indicating the formation of multilayers through physisorption. These
findings are in accordance with those of previous studies, which suggest
that electrostatic and n—= interactions are significant factors influencing
RO122 uptake. At 318 K, the experimental adsorption data was fitted by
the Temkin model, suggesting the formation of a homogeneous satu-
rated layer on the adsorbent surface at high temperatures.

The greatest adsorption capacity was achieved at 298 K (3005.62
mg.g~ ), followed by 308 K (2771.53 mg.g ™) and 318 K (2640.45 mg.
g™ 1). These results indicate that increasing temperature negatively
affected the performance of G-nCS@FeNPs in removing RO122 dye,

Table 4
Isothermal parameters in the adsorption process.

Models Parameters Temperature (K)
298 308 318
Langmuir Qm (mg.g™ ) 3547.66 3248.60 2586.66
Ky (L.mg™}) 0.0133 0.0111 0.0154
R? 0.8020 0.8367 0.8394
Freundlich ng 0.3727 0.3803 0.3898
Kg [(mg.g ™). 351.1761 291.3478 253.9470
(Lmg 1) 1/ng]
R? 0.8432 0.8815 0.8229
Redlich- Krp (L/8) 47.7073 44.6917 40.7718
Peterson o (L/mg)? 135.6711 153.2701 160.3747
B (dimensionless) 0.6275 0.6198 0.6103
R? 0.8432 0.8814 0.8228
D-R qor (mg.g™h) 3138.81 2502.06 2486.07
Kpr 0.0007 0.0005 0.0007
R? 0.9944 0.9410 0.9395
Temkin Kt 0.1299 0.1055 0.0827
RT/b 783.9230 728.1290 727.3103
R? 0.9796 0.8603 0.9805
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suggesting an exothermic effect. At low temperatures, physisorption is
generally favored [90]. The nCS provided protonated amines that
interact with the anionic portion of the RO122 dye, enabling greater
proximity between the adsorbent/adsorbate, which can favor other
types of interactions, such as n—r interactions and hydrogen bonds [91].

The greatest removal efficiency of RO122 by G-nCS@FeNPs was
selected for comparison with the performance of other adsorbents.
Different adsorbents were selected for comparison, and their respective
capacities are shown in Table 5. Compared with values reported in the
literature, the composite of nCS and FeNPs synthesized by the green
method (G-nCS@FeNPs) showed a higher adsorption capacity for the
RO122 dye. Which is approximately 10 times greater than the highest
reported adsorption capacity, indicating that the material easily pro-
duced in this study is promising for dye removal. The composite, G-
nCS@FeNPs, exhibited a markedly high adsorption capacity in just 10
min of contact, a notable contrast to other adsorbents, such as Beads of
Trapa bispinosa’s peel-H,O, and Beads of Trapa bispinosa’s fruit-HyOg,
which require considerably longer periods, approximately 120 min, to
reach an adsorption capacity of approximately 90 mg.g~!. This effi-
ciency suggests that G-nCS@FeNPs could serve as a promising alterna-
tive for water treatment and pollutant removal.

3.9. Thermodynamic study

The thermodynamic parameters of Gibbs energy (AG°), enthalpy
(AH®), and entropy (AS°) changes were determined by analyzing the
adsorption process of RO122 dye by G-nCS@FeNPs at temperatures of
298 K, 308 K, and 318 K. The calculation of thermodynamic parameters,
AH° and AS°, is based on the slope and intercept, respectively, of the
linear regression of In(K) versus (1/T) (Fig. 14). The results are sum-
marized in Table 6.

The thermodynamic parameters obtained suggest spontaneity in the
adsorption system, indicated by the negative values of AG® [54,64]. In
general, the variation in Gibbs free energy for physisorption is between
—20 and 0 kJ mol ™}, whereas for chemisorption, it is within the range of
—80 to —400 kJ mol ! [94]. Accordingly, the values for AG® in this
study were approximately —5 kJ.mol™!, which suggests that phys-
isorption is the main operating mechanism. These findings are in
accordance with the previously obtained results, which indicate that the
RO122 adsorption process is primarily mediated by electrostatic and n-n
interactions. Moreover, a slight increase in AG® values is observed from
298 K to 318 K, suggesting that the increase in temperature not favor the
adsorption process [95]. This finding aligns with the observations
documented in the temperature effect section (Fig. 12d).

The negative value of AH® indicates that the adsorption of RO122
dye by G-nCS@FeNPs is exothermic, i.e., high temperatures may

Table 5
Comparison data on the removal of the anionic dye RO122 by different
adsorbents.

Material Conditions Qe (mg. Reference
g
Hectorite-cetyldimethyl 60 mg.L ! 55.49 [92]
benzylammonium chloride (dye)
Hectorite-cetylpyridinium chloride 100 mg.L~! 67.15
(dye)
Beads of Trapa bispinosa’s peel-H,0y 120 min 72.60 [2]
Beads of Trapa bispinosa’s fruit-H;05 120 min 84.4
Polyviologen polymer 20 mg.L 7! 56 [93]
(dye),
30 min
CS@CNC-mTA bead 100 mg.L ™! 311 [70]
(dye),
150 min
G-nCS@FeNPs 600 mg.L ! 3005.62 This
(dye), work
10 min

14
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Fig. 14. Fitting of the thermodynamic parameters of the adsorption of RO122
by G-nCS@FeNPs.

Table

Thermgdynamic parameters of RO122 on G-nCS@FeNPs at 298, 308 and 318 K.
AG® AH® AS°
(kJ.mol 1) (kJ.mol ) (kJ.mol ™)
298 K 308 K 318K
—5.6570 —5.2125 —5.0044 —10.4133 —0.0160

disfavor the adsorption process [70]. In consideration of the AH® values,
those that are <80 kJ.mol ! are indicative of physical adsorption pro-
cesses, while those that exceed 80 kJ.mol™! are ascribed to chemical
adsorption processes [96]. Thus, according to the AH® value (—10.41 kJ.
mol 1), the RO122 uptake by the G-nCS@FeNPs occurs by the phys-
isorption process [96,97]. The negative value of AS° reveals the regu-
larity of RO122 molecules at the adsorbent interface at low temperatures
[66].

3.10. Multicomponent system

To date, the G-nCS@FeNPs composite has demonstrated remarkable
efficacy in the removal of the RO122 dye in a single adsorption system.
In this study, the performance of the adsorbent in removing RO122 in
real multicomponent systems was investigated. To this end, a real
sample collected from the Ribeirao Pinhal River was spiked with RO122
ata5mg.L ™. Even in complex matrices, G-nCS@FeNPs demonstrated a
51 % RO122 removal efficiency.

In order to investigate the effect of RO122 removal in the presence of
a cationic (safranin, SF) and anionic (RR250) dye, experiments were
carried out in binary systems under the best conditions obtained in the
previous tests. The results obtained are shown in Fig. 15. The G-
nCS@FeNPs composite showed removal potential for anionic dyes in
single adsorption systems and the adsorption capacity for RO122 and
RR250 was 608 and 366 mg.g~ ", respectively. However, the adsorbent
did not show adsorption potential for the cationic dye SF in a single
adsorption system. These results were expected since the adsorbent had
an electronegative surface charge (Fig. 5), which contributes to the
electrostatic repulsion between the composite and the SF.

In the binary system, a competitive effect was observed between the
anionic dyes RO122 and RR250, since the adsorption performance of the
dyes decreased from 608 to 329 mg.g~' and 366 to 274 mg.g !,
respectively. Interestingly, a synergistic effect was observed when the
cationic dye SF coexisted with the anionic dye RO122. For SF dye, the
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Fig. 15. Adsorption of RO122 in a multicomponent system. G-Ncs@FeNPs
concentration of 0.1 g.L-1, 298 K, 2 min of sonication time, 10 min of contact
time, pH 6 and 180 rpm.

adsorption performance increased from 0 to 169 mg.g~'. Probably,
RO122 is initially adsorbed, and the anionic dye remains adsorbed on
the adsorbent surface. This may reduce the electrostatic repulsion of the
cationic portion of the adsorbent with the SF, allowing the dye to
approach and subsequently be removed. Nevertheless, additional
research is required to gain a deeper understanding of the adsorption
process between the material and emerging contaminants.

3.11. Study of the mechanism of the uptake of RO122 by G-nCS@FeNPs

The uptake mechanism of RO122 was investigated using XPS and
FTIR, as shown in Fig. 16. The FTIR spectrum of G-nCS@FeNPs after
RO122 adsorption revealed some modifications compared to the spec-
trum of the pristine adsorbent. The band at 3420 cm ™}, related to the OH
and NH functional groups, shifted to 3363 cm™!, suggesting that
hydrogen bonds occurred between the NH and OH moieties of the
adsorbent and RO122. Also, the intensity of this band increased after
adsorption, due to the presence of the NH and OH groups of the RO122
dye. Also, it appeared at the 1128 em ™! band, which is attributed to the

—— G-nCS@FeNPs after adsortion process
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Fig. 16. FTIR spectra of G-nCS@FeNPs before and after RO122 uptake.
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presence of S—O asymmetric stretching in SO3 groups [98] of the
RO122 molecules. The bands at 1042 and 1014 cm_l, referred to as
C-O-C of nCS and PAS [43], blue-shifted to 1039 and 1002 cm ! after
RO11 uptake, suggesting that ether groups interact through H-bonds
with the OH and NH groups of RO122 dye.

XPS survey analysis after RO122 adsorption showed some variations
in the chemical composition (Table 7). The appearance of S and the
increase in Cl and N content confirm the presence of RO122 molecules
attached to G-nCS@FeNPs. The reduction in P and Na contents suggests
that the anionic molecules of RO122 may have displaced the tripoly-
phosphate anions bound to CS, through an anion exchange mechanism.

XPS high-resolution C1s after RO122 removal (Fig. 17 and Table 8)
revealed that the contents C-C/C=C and C-N/C-O increased slightly,
from 49.8 to 54.0 %; and from 11.2 to 16.2 %, due to the presence of dye
molecules. Regarding XPS high-resolution O 1 s, a reduction in the ox-
ygen content bound to Na/P is noted, corroborating the ion exchange
mechanism. The carboxyl peak, centered at 534.9 eV, shifted to 534.2
eV after RO122 adsorption, indicating that C=0(0O) of FeNPs may act as
an H-bonding acceptor for NH and OH groups of the dye.

Based on the data obtained through DFT, experiments in saline
media, and FTIR and XPS analyses after the adsorption process, a pro-
posed mechanism is presented in Fig. 18. The results indicate that the
adsorption of RO122 on the surface of G-nCS@FeNPs is primarily driven
by electrostatic interactions and anion exchange. The presence of SO3
groups in the structure of RO122 is of considerable consequence in this
process, as these negatively charged groups interact with the positively
charged NHJ groups in the composite. This interaction indicates a
robust affinity between the dye and the adsorbent, which facilitates
effective adsorption. Additionally, hydrogen bonding plays a notable
role in the adsorption mechanism. The interaction between the NH and
OH portions of the G-nCS@FeNPs adsorbent with the functional groups
of RO122 may enhance the stability of the adsorbed layer, thereby
facilitating the binding process. Moreover, n-t interactions contribute to
the adsorption process. The aromatic rings present in RO122 are capable
of interacting with the aromatic rings present in the composite structure.
Nevertheless, this combination of interactions substantiates the efficacy
of the G-nCS@FeNPs composite as an adsorbent.

4. Conclusions

New composites of nanochitosan and iron nanoparticles synthesized
by conventional (C-nCS@FeNPs) and green (G-nCS@FeNPs) methods
were prepared, characterized, and used to remove anionic dyes. The
composite synthesized by the green method showed better removal ca-
pacity for RO122 and RR250 dyes, due to its more electropositive sur-
face, tridimensional porous structure and higher CS content.

The affinity of the two dyes for G-nCS@FeNPs was observed to be
more pronounced for RO122 (231.7 mg.g~ 1) than for RR250 (178.0 mg.
g 1), despite the high similarity between the two molecules. The DFT
study indicated RR250 as the more susceptible dye to be adsorbed
through n-r interactions. While experiments in saline media revealed
that 78.8 % of the interactions between RO122 and the adsorbate are
based on electrostatic, e the rest is attributed to z-r, hydrogen-bonding,
and ion exchange. Regarding the removal of RR250 dye, 36.5 % of the
interactions were found to be attributable to electrostatic interactions,

Table 7
Obtained data for XPS survey before and after RO122 uptake.

Element  Composition before adsorption (%)  Composition after adsorption (%)
C 57.2 56.5
o 31.5 31.2
N <0.1 1.4
Na 10.9 8.3
P 0.25 0.1
Cl 0.15 0.8
S _ 1.7
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Fig. 17. XPS spectra of G-nCS@FeNPs after RO122 uptake.
Table 8
High-resolution C1s data for G-nCS@FeNPs before and after RO122 adsorption.
G-nCS@FeNPs G-nCS@FeNPs/RO122
Binding Composition Binding Composition Carbon
energy (eV) (%) energy (eV) (%) group
284.8 49.8 284.7 54.0 C-C/C=C/
C-H
285.8 11.2 285.8 16.2 C-0/C-N
288.3 35.6 288.2 26.6 C=N/C=0
289.2 3.4 289.3 3.2 0-C=0
531.1 79.1 531.1 71.7 0O-(Na, P)
532.3 11.8 532.3 18.3 C=0
534.9 3.4 534.2 2.9 C=0(0)
536.0 5.7 535.8 7.1 Adsorbed
H0

whereas 63.5 % were ascribed to the aforementioned interactions.

The parameters of the process were varied for the best system,
RO122 and the G-nCS@FeNPs composite. In a remarkably brief 10 min,
at pH 6 and room temperature, an exceedingly high adsorption potential
was achieved (3005.62 mg.g 1), indicating the composite as a potential
adsorbent for the uptake of anionic dyes. The experimental kinetic data
for the adsorption of the anionic dye RO122 was best described by the
pseudo-second order model, indicating strong interactions between the
adsorbent and the dye in multiple active interaction sites. According to
Giles’ classification, the adsorption isotherms were classified as L3. The
D-R isothermal model provided the best fit to the experimental data at
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Fig. 18. Proposed mechanism for the adsorption of RO122 dye by G-nCS@FeNPs.

room temperature, while the Temkin model was the best fit to increasing
temperature. The thermodynamic parameters obtained suggest that the
RO122 adsorption process by G-nCS@FeNPs occurs spontaneously
through physisorption.

The study of mechanism based on DFT, experiments in saline media,
and XPS and FTIR analyses post adsorption, suggests that the RO122
adsorption on the nCS@FeNPs surface is primarily driven by electro-
static interactions and anion exchange, with hydrogen bonding and n-=n
interactions also contributing to the process.
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