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ABSTRACT

Contamination of water resources by organic dyes is a major
environmental issue associated with industrial activities. Methylene blue
(MB), a widely used cationic aromatic dye, is particularly problematic
due to its high chemical stability and toxicity, highlighting the need for
efficient and cost-effective treatment strategies. In this study, a
magnetic amino-functionalized hyper-crosslinked resin (FezO«@XDV-
NH:) was synthesized and evaluated as an efficient adsorbent for MB
removal from aqueous solutions. The material was prepared via post-
synthetic amino functionalization of a hyper-crosslinked polymer
followed by in situ deposition of FezOs nanoparticles, combining high
surface area, permanent porosity, and chemical stability with easy
magnetic separation. Structural and magnetic characterizations
confirmed the uniform incorporation of FeszOs without significant loss of
porosity. Amino functionalization enhanced hydrophilicity and
introduced polar active sites, promoting strong interactions with MB.

Batch adsorption experiments revealed a maximum adsorption capacity

of 79.60 mg/g at 298 K and pH 9 and 0.06 g L-! adsorbent dosage.



Adsorption kinetics followed the pseudo-second-order model (R? =
0.976). Equilibrium data were best fitted by the Langmuir isotherm
model (R? = 0.996), indicating monolayer adsorption with a maximum
theoretical capacity of 183.48 mg/g. Thermodynamic analysis showed
that MB adsorption was spontaneous and exothermic. High removal
efficiencies were maintained in complex matrices such as tap water
(94.11%) and synthetic wastewater (78.41%). Moreover, the adsorbent
retained approximately 89% of its initial capacity after six adsorption-
desorption cycles, demonstrating good reusability. These results
indicate that FesO«@XDV-NH: is a promising and sustainable adsorbent

for dye-contaminated wastewater treatment.
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1 Introduction

Dyes are chemical substances extensively employed as coloring agents
in various industrial sectors, including textiles, paper, leather, printing,
plastics, food, and cosmetics. These compounds, capable of modifying
the color of materials, have become indispensable in numerous
manufacturing processes [1,2]. According to the American Association
of Textile Chemists and Colorists (AATCC) and the Society of Dyers and
Colorists (SDC), more than 105 types of dyes are currently synthesized
and commercially available worldwide. However, their widespread
application has raised serious environmental concerns, particularly
related to soil and water contamination. it is estimated that
approximately 15% of the total global dye production is discharged into
aquatic ecosystems [3,4]. Even at very low concentrations, these
pollutants can significantly alter the color, transparency, and overall
aesthetic quality of surface waters [5]. Aromatic organic dyes, such as
methylene blue (MB), are particularly toxic and chemically stable
compared to other classes of organic dyes. They can cause serious health
effects in humans, including nausea, vomiting, tissue necrosis, and
neurological damage [6]. Over the past few decades, numerous studies
have explored physical, chemical, and biological approaches for treating
dye-containing wastewater, including advanced oxidation processes,
photocatalysis, reverse 0Smosis, coagulation/flocculation,
biodegradation, and adsorption [7-17]. Although many of these methods
demonstrate good removal efficiency, their high operational costs and

complex handling procedures limit large-scale applications. Among the



available technologies, adsorption has emerged as one of the most
efficient and economically viable methods owing to its simplicity, high
removal efficiency, and the possibility of adsorbent regeneration and
reuse [18,19]. The efficiency of the adsorption process depends on
several operational parameters such as initial dye concentration, pH,
adsorbent dosage, temperature, and contact time. For instance, pH
influences the ionization of both dye molecules and the adsorbent
surface, while temperature affects adsorption capacity and kinetics. The
choice or synthesis of suitable adsorbents plays a fundamental role in
the effectiveness of adsorption-based water treatment technologies [20].
Extensive literature surveys indicate that an ideal adsorbent should
combine high adsorption capacity, rapid adscrption kinetics, selectivity
toward target contaminants, chemica! stability under water treatment
conditions, large specific surface area, environmental compatibility,
renewability, resistance tc fouling, and feasibility for large-scale
production [21-23]. To meet these requirements, a broad spectrum of
adsorbent materials has been extensively developed, including activated
carbon, carbon nanotubes, graphene and its derivatives, zeolites, metal-
organic frameworks (MOFs), microgels, and adsorbents derived from
agricultural and industrial wastes [24-30]. Beyond these conventional
systems, considerable research efforts have focused on inorganic
minerals, naturally derived polymers (such as chitosan, cellulose, and
pectin), and synthetic polymeric materials (including polyacrylic acid
and polyacrylamide) [31-34] . Among these materials, hyper-crosslinked
polymers (HCPs) have emerged as a promising class of highly porous

adsorbents due to their facile synthesis via Friedel-Crafts alkylation,
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high surface area, tunable pore architecture, and excellent chemical
stability, making them particularly effective for the removal of heavy
metals and organic dyes from wastewater [35]. They offer numerous
advantages, including mild synthesis conditions, low cost, high chemical
and thermal stability, large Brunauer-Emmett-Teller (BET) specific
surface area (SSA), and permanent porosity. Furthermore, HCPs exhibit
strong affinity toward both polar and non-polar molecules, making them
highly versatile materials [36-42]. Owing to these remarkable
characteristics, HCPs have attracted considerable attention for a wide
range of advanced applications, including environmental remediation,
catalysis, energy storage, and molecular separation. They have been
successfully applied in water purification, gas storage, supercapacitors,
catalysis, drug delivery, and chromatographic separation [38-41].
However, its application for extracting aromatic compounds from
aqueous solutions is liinited due to its extreme hydrophobicity
[42]. Therefore, for eflective removal of target pollutants, it is of great
interest to chemically modify the hyper-crosslinked resin to enhance its
hydrophilic properties [43]. Chemical modification is a commonly
employed method to alter the adsorption characteristics of adsorbents
by surface modification or functionalization. Functionalization of HCPs
is crucial to enhance their performance and selectivity in adsorption
processes. The incorporation of heteroatoms such as nitrogen (N),
oxygen (0O), or sulfur (S) introduces surface heterogeneity and polar
sites, which strengthen the interactions between the adsorbent and the
target molecules. As reported by several authors [43-45], the

introduction of amino groups significantly enhances adsorption capacity



and selectivity toward CO2. It increases affinity toward polar organic
dyes through polar interactions and toward metal cations through
chelation. Such a functionalization increases the polarity of the polymer,
also facilitating its localization in a specific phase of a system; for
example, promoting its localization at the interface in emulsions
designed to produce polymers templated within high internal phase
emulsions (polyHIPEs) [46]. Moreover, functionalization with amino or
other polar groups enhances the electronic properties of the polymer,
such as dipole moment and polarizability, making it more suitable for the
selective adsorption of polar molecules, even at low concentration. Post-
synthetic modification is often preferred, as it allows precise control of
surface chemistry without compromising the porous structure of the
material. As highlighted in recent studies, functionalized HCPs have
shown excellent adsorption capacity, chemical stability, and selectivity
for the removal of organic dyes from aqueous solutions [46-49].
Nevertheless, despite their high efficiency, the recovery and separation
of these materials after use remain challenging, limiting their large-scale
applicability. The separation of nanosized adsorbents often involves
time-consuming and inefficient steps, reducing the overall process's
practicality. To overcome this limitation, the introduction of magnetic
functionalities enables rapid and efficient separation under an external
magnetic field. Magnetic nanoparticles (MNPs) [50], particularly
magnetite (FeszOs), have demonstrated excellent biocompatibility,
stability, and low cost. Magnetic composites can be easily recovered and
reused, improving overall process efficiency and sustainability. In this

study, we hypothesize that an amino-functionalized magnetic hyper-



crosslinked resin (Fe;O,@XDV-NH>), can be effectively designed for the
efficient removal of methylene blue (MB) from aqueous solutions. The
material is expected to combine the high surface area, adsorption
capacity, and chemical stability of hyper-crosslinked polymers with the
easy magnetic separation provided by FesOs nanoparticles, enabling
rapid recovery and reuse. Furthermore, the introduction of amino
functional groups is expected to enhance interactions with MB molecules
and maintain high adsorption performance even in complex water

matrices such as tap water and synthetic wastewater.

2 Materials and Methods

Hyper-crosslinked resins were synthesized and functionalized to
introduce amino groups (XDV-NH2) iollowing the procedure previously
reported in Ref. [44]. The synthesis of XDV-NH: is schematically
illustrated in Figure la and consists of three sequential stages. First,
vinyl benzyl chloride (VBC) and divinyl benzene (DVB) undergo free-
radical polymerization under a nitrogen atmosphere, using AIBN as an
initiator, yielding a crosslinked polymeric precursor (i). Subsequently,
hyper-crosslinking is carried out via a Friedel-Crafts reaction catalyzed
by ferric chloride (FeCls) in dichloroethane, leading to the formation of
a rigid and highly microporous network (ii). Finally, functionalization is
performed through a two-step process: nitration with a mixed acid
solution and reduction of the nitro groups to amino functionalities using
stannous chloride (SnCl:) in an acidic medium, resulting in the aminated

material XDV-NH: (iii). The obtained XDV-NH: was then further



modified by incorporation of FesOs nanoparticles to produce the
magnetic composite Fes04@XDV-NH2, as shown in Figure 1b.
Adsorption tests with methylene blue (MB) were carried out in batch
mode, and recyclability was evaluated through desorption experiments
with different solvents. The materials were characterized using electron
microscopy, spectroscopic analyses, and magnetic measurements. A full
description of the experimental protocols is reported in the

Supplementary Materials.

3 Results and discussion

3.1 Morphology characterization
The hyper-crosslinked resin XDV-NHz: is a highly micreporous material,

exhibiting a Langmuir specific surface area of 1190 £ 20 m? g~ and a
total pore volume of 0.36 cm3 g—!, with micropores accounting for 72%
of the overall porosity [44]. After magnetic modification, the
Fe;04@XDV-NH2 composite shows a reduced specific surface area (851
+ 18 m? g-!'), which can be attributed to the incorporation of FesOa
nanoparticles that introduce a non-porous mass fraction and partially
occupy the pore structure. Nevertheless, the material retains a
significant portion of its porosity, indicating that the hyper-crosslinked
framework is largely preserved during magnetization. The high specific
surface area of XDV-NH: arises from the rigid and extensively
crosslinked network generated via Friedel-Crafts alkylation, which
produces a permanent microporous structure with a large accessible
internal surface area [45]. Such a prominent microporous character is

particularly significant, as it provides a high density of accessible



adsorption sites and greatly enhances the material's capacity for
capturing organic pollutants and metal cations from aqueous solutions.
[46,52-54]. SEM images of XDV-NH: and Fes04@XDV-NH: are
illustrated in Figure 2. The morphology of XDV-NH: (Figure 2a) shows
compact and uniformly distributed structures, confirming the
homogeneity of the raw material. At high magnification (inset of Figure
2a), the SEM images reveal a rough surface and a porous internal
structure. After iron precipitation, the morphology changes significantly.
Figures 2b-d of the Fes0O4@XDV-NH:2 sample show the presence of some
iron oxide agglomerates, although they are relatively small, both on the
surface and in the interparticle regions; overall, however, the
distribution appears controlled and consistent with a uniform deposition
of FesO4. The SEM images reveal the presence of aggregates domains of
FesO4 nanoparticles exhibiting predominantly sub-spherical to slightly
irregular morphologies and generally well distributed within the
polymer matrix. These domains correspond to clusters of nanoparticles
rather than isolated individual particles, with characteristic sizes
ranging from 200 to 500 nm. EDX analysis and elemental mapping
further validate the successful iron precipitation process. The EDX
spectrum of FesO+@XDV-NH-: confirms the presence of C, N, O, and Fe,
while the corresponding elemental maps (Figure 3a and 3b) demonstrate
a homogeneous distribution of these elements. The iron signal is evenly
dispersed and well-integrated with those of carbon, nitrogen, and
oxygen, confirming the effective anchoring of FesO4 nanoparticles onto

the XDV-NH:2 matrix.



3.2 XRD studies
Figure 4a reports the XRD patterns of the XDV-NH:2 and Fes0+@XDV-

NH: samples. For the XDV-NH:2 sample (blue profile), no well-defined
peaks at 20 are observed, and the diffractogram appears rather noisy,
which is typical of amorphous materials, where no long-range crystalline
order is present. In contrast, the XRD pattern of the Fes0+@XDV-NH:
sample (red profile) clearly shows the characteristic peaks of magnetite,
located at 20 = 30.54° (220), 35.62° (311), 43.29° (400), 53.57° (422),
57.23° (511), and 62.84° (440) [55-57]. These signals are in full
agreement with the values reported in the literature and successfully
confirm the effective incorporation of the magnetic nanoparticles within
the amino resin matrix. The average crystaliite size of the FesOa
nanoparticles present in the sample was estimated using the Scherrer
equation [58, 59] applied to the peak corresponding to the (311) plane,
yielding a value of approximately 8.0 £ 2 nm. This size clearly falls within
the nanometric range. It 1s consistent with the values commonly reported

for magnetite nanoparticles synthesized by similar methods [60,61].

3.3 FT-IR analysis
The FT-IR spectra of the XDV-NH: and Fe304@XDV-NH2 samples are

shown in Figure 4b. For the XDV-NH: sample, the spectrum exhibits
characteristic bands confirming the presence of the main organic
functionalities of the resin: the bands at 2923 cm~! and 2859 cm™?,
assigned to the asymmetric and symmetric stretching of -CH2 groups
[62], respectively; and an intense band at 1599 cm~!, corresponding to
the bending vibrations of the -NH2 group. In addition, the band at 3373

cm~! can be attributed to N-H stretching, in agreement with literature



data [62,63]. Moreover, the aromatic and aliphatic C-N absorption bands
at 1286cm~!and 1089cm~-! [64,65]. These signals confirm the
successful amino functionalization of the polymeric matrix. In the case
of FesO4@XDV-NHz, besides the bands already observed for the organic
support, a significant variation is detected in the low-frequency region:
the signal at around 546 cm™?, attributed to C-H out-of-plane vibrations
of substituted aromatic rings [66], shifts to 528 cm~! after FesOas
incorporation, which can be assigned to the stretching vibration of the
Fe-0O bond, confirming the presence of magnetite in the composite [67-
69]. This shift provides direct evidence of the formation of magnetite
nanoparticles and their effective incorporation within the amino resin
matrix. Moreover, the absorption band at 1089 cm~! is not observed in
the Fes:O:@XDV-NH:, likely due to the high intensity of the Fe-O
stretching vibration, which overlaps and dominates this region of the
spectrum and the possibility of the coordination interactions between
amine groups and iron oxide nanoparticles. Generally, the results
obtained from both SEM-EDX, XRD, and FT-IR analyses clearly
demonstrate the successful incorporation of magnetite nanoparticles
and the effective magnetization of the Fes0«@XDV-NH:2 sample. Figure
S1 presents the thermogravimetric (TG) profiles of the amino hyper-
cross-linked resin (XDV-NH:) and the magnetic amino hyper-cross-linked
resin (FesO:@XDV-NH2). The TG curve of XDV-NH: shows an initial
weight loss attributed to the removal of physically adsorbed moisture,
followed by a second major weight loss in the temperature range of 230-
600 °C, corresponding to the complete degradation of the polymeric

support. In contrast, FesO«@XDV-NH: exhibits a residual weight of



approximately 13% at high temperatures. This residual mass is
attributed to the magnetite (FesO4) content within the resin. Moreover,
the presence of the inorganic magnetic phase appears to promote and
slightly accelerate the thermal degradation of the polymeric matrix in

the nanocomposite.

3.4 M(H) and M(T) measurements
Magnetization versus magnetic field measurements, M(H), were

carried out at 5 Kand 300 K for both samples. The measurements were
performed by increasing the field from 0 Oe to 90,000 Oe, decreasing
it to -90,000 Oe, and then returning to 90,000 Oe, taking particular
care to reduce the trapped field in the magnet before each run [70].
The results at 300 K are reported in Figure 5a. In it is possible to see
that the XDV-NH: sample has no relevent magnetic signal compared
to the FesOs@XDV-NH:2 one. Due tc this, only the characterization
performed on the Fes04@XDV-NH2 sample has been shown. In Figure
5b, a clear reduction of the coercive field with increasing temperature
is observed for the FesO4@XDV-NH2 sample: at 5 K, it shows a coercive
field (H¢) of 550 Oe, while at 300 K, the H; is reduced to 16 Oe. The
magnetization at 90 kOe also decreases from about 11 emu/g at 5 K to
8.6 emu/g at 300 K. This reduction in coercivity and magnetization is
expected for a transition to the superparamagnetic state [71,72].
However, the value of H; = 16 Oe, different from 0 Oe, indicates that
not all nanoparticles are superparamagnetic at this temperature.
Furthermore, the magnetization at 90 kOe does not correspond to the
expected value for Fe3;04 nanoparticles [73], since the normalization

mass includes both the resin (non-magnetic) and the nanoparticles. A



magnetization versus temperature measurement, M(T), was also
performed between 5 K and 300 K on the FesO+:@XDV-NH: sample.
After zeroing the field, the temperature was reduced to 5 K; then a
field of 100 Oe was applied, and the magnetization was measured by
heating up to 300 K (Zero Field Cooling curve, ZFC) and cooling back
down to 5 K (Field Cooling curve, FC). The result is shown in Figure
5c. The ZFC curve displays a maximum at 87 K, which can be
considered the average blocking temperature (Tg) of the sample
[74,75]. The lack of overlap between ZFC and FC curves across the
whole temperature range indicates a broad distribution of Tg, related
to a wide nanoparticle size distribution. An initial overlap is observed
only at temperatures below 300 K. This behavior is consistent with the
M(H) measurements, where the decrease in coercivity at 300 K is
attributed to the transition of nanoparticles to an unblocked state [72].
To further investigate this transition, the temperature derivative of the
difference between the ZFC and FC curves was analyzed [74, 75]. The
result, reported in Figure 5d, shows a monomodal distribution with a
maximum at about 21 K. Fitting the curve with a lognormal function,
which is the expected distribution for Ty due to the nanoparticle size
distribution, yielded the following parameters: distribution center
28.6 K and log standard deviation 0.68. The large value of the standard
deviation is consistent with previous observations and confirms a

broad nanoparticle size distribution [74].

3.5 Zeta potential investigation
The Zeta potential of FesO4@XDV-NH2 samples was measured in the

pH range 2-10 using a STABINO ZETA analyzer. At pH values below



5.5, the samples displayed a positive surface charge due to the
protonation of amino groups, thereby enhancing the electrostatic
adsorption of anionic dyes. Conversely, at pH values above 5.5, the
surface became negatively charged, favouring interactions with

cationic species (see Figure S2).

3.6 Optimization of the process parameters
3.6.1 Effect of time and pH

A crucial parameter regulating the adsorption process of MB is the
solution pH, as it simultaneously affects the ionization state of the dye
molecules and the surface charge distribution of the adsorbent. In this
study, the adsorption behavior of MB was investigated at three
representative pH values (3, 6, and 9), with the process monitored for
up to 60 minutes. As shown in Figure S3, the UV-Vis spectra reveal a
gradual decrease in the characteristic absorption band of MB with
increasing contact time, confirming the progressive reduction of dye
concentration in solution due to adsorption. The quantitative results
presented in Figures 6a and 6b demonstrate that the residual amount
of MB (expressed in mg) decreased continuously over time at all tested
pH values, with a particularly enhanced removal efficiency at pH 9.
After 60 min, the residual MB concentration was 2.54 mg at pH 3
(49.2% removal; adsorption capacity 82.0 mg/g), 2.37 mg at pH 6
(58.6% removal; 87.8 mg/g), and as low as 1.71 mg at pH 9 (65.8%
removal; maximum capacity 109.7 mg/g).

This behavior can be explained by considering both the isoelectric
point (pHp,:) of the adsorbent and the ionization properties of MB.

Being a cationic dye, MB remains positively charged across the



studied pH range [76,77]. At pH values lower than the pHp,. the
surface of the adsorbent is predominantly positively charged due to
protonation of functional groups, which leads to electrostatic
repulsion with MB cations, thereby limiting the adsorption efficiency.
Consistently, zeta potential measurements of FesO:@XDV-NH2 show
positive surface charge values below pH 5.5, confirming the
protonation of amino groups (-NH: to -NHs*) and supporting the
electrostatic repulsion observed at pH 3. In contrast, when the pH
exceeds the pHy,:, surface deprotonation occurs, and the adsorbent
becomes negatively charged, establishing strong electrostatic
attractions with MB cations. Accordingly, the zeta potential becomes
negative above pH 5.5, clearly indicating the formation of a negatively
charged interface. This electrostatic transition explains the marked
decrease in residual concentration and the enhanced adsorption
capacity observed at pH 9. Therefore, alkaline conditions (pH 9) were
identified as the most favorable not only for adsorption kinetics but
also for achieving the maximum adsorption capacity, whereas at pH 3
and 6, the efficiency was limited by electrostatic repulsion. Based on
these results, subsequent adsorption experiments were conducted at
pH 9, which was determined to be the optimal condition for MB

removal.

3.6.2 Effect of adsorbent concentration
The influence of adsorbent dosage on the removal of MB was
investigated under optimal conditions (pH = 9, initial MB

concentration = 5 mg/L, temperature = 25 °C, and agitation speed =



220 rpm), varying the amount of adsorbent between 0.03 and 0.07 g/L.
The results clearly demonstrate that the removal efficiency (%)
increases markedly with increasing dosage, particularly during the
early stages of the process when the availability of active sites plays a
crucial role in capturing MB molecules. As shown in Figure 7a, a sharp
decrease in MB concentration occurs within the first 10-20 minutes,
followed by a more gradual decline until a plateau is reached,
indicating the progressive saturation of surface-active sites. In
contrast, the adsorption capacity (Figure 7b), expressed as mg of MB
adsorbed per gram of adsorbent, exhibits an opposite trend: it is
higher at lower dosages but decreases with increasing dosage. This
behavior is typical of adsorption systems, as at higher dosages the
relative number of available adsorption sites exceeds the amount of
MB molecules in solutions, resulting in incomplete site utilization.
Thus, higher dosages enhance overall removal but reduce the
normalized adsorption capacity. The UV-Vis spectra presented in
Figure 7c illustrate the temporal evolution of MB removal for the
dosage of 0.06 g/L. A progressive decrease in the intensity of the
characteristic MB absorption peak is observed with contact time,
confirming the steady reduction of dye concentration in solution.
Similarly, the photograph in Figure 7d, also obtained at 0.06 g/L,
provides clear visual evidence of this process: the initially intense blue
solution gradually fades over 60 minutes, directly reflecting the
progressive removal of MB molecules.

The increase in adsorbent dosage from 0.03 to 0.06 g/L significantly

enhances the removal efficiency; however, further increasing the



dosage to 0.07 g/L results in only a marginal improvement (see Figure
7a). This finding suggests that above 0.06 g/L, the adsorbent mass is
no longer a limiting factor, as the concentration of MB in solution
becomes insufficient to take full advantage of the additional sites.
Therefore, 0.06 g/L can be considered the optimal dosage, ensuring
high removal efficiency while avoiding unnecessary excess of

adsorbent.

3.6.3 Effect of temperature

In Figure 8, the results of MB adsorption at pH 9 under optimal
operating conditions are presented at three different temperatures:
298 K, 308 K, and 318 K. The analysis clearly shows that temperature
has a significant influence on the performance of the adsorbent. At
298 K, the best performance is achieved, both in terms of removal
efficiency (Figure 8a) and adsoiption capacity (Figure 8b). Under
these conditions, the interaction between the cationic MB molecules
and the negatively charged active sites of the adsorbent is more
favorable, resulting in an increased amount of dye absorbed per unit
mass of material. Conversely, as the temperature increases (308 K and
especially 318 K), a progressive decrease in performance is observed.
The removal efficiency tends to decline, and the adsorption capacity
decreases proportionally, indicating that at higher temperatures,
thermal energy counteracts the attractive electrostatic interactions
between MB and the adsorbent surface. 298 K represents the most
favorable condition to maximize both the overall removal of MB and

the specific adsorption capacity of the material.



3.6.4 Effect of MB concentration

The adsorption capacity of an adsorbent is strongly influenced by the
initial dye concentration. Generally, the removal efficiency tends to
decrease with increasing initial dye concentration when the active sites
on the adsorbent surface approach saturation. However, the adsorption
capacity usually increases with higher initial concentrations due to the
greater driving force for mass transfer. The effect of the initial dye
concentration was investigated at different contact times (0-60 min) for
initial concentrations of 5, 10, 20, and 30 mg/L (see Figure S4). The
experimental results indicate that the removal efficiency varies
significantly with increasing initial concentration. At the lowest
concentration (5 mg/L), the removal efficiency increased rapidly with
contact time, reaching about 96.0% after 60 min, while the adsorption
capacity reached 79.6 mg/g. When the initial concentration increased to
10 mg/L, the removal efficiency after 60 min slightly decreased to 89.7%
(see Figure S4), whereas the adsorption capacity increased significantly
to 149.5 mg/g. A further increase in the initial concentration to 30 mg/L
resulted in a more pronounced decrease in removal efficiency. These
results indicate that the percentage removal decreases with increasing
initial dye concentration, which can be attributed to the limited number
of active adsorption sites available on the adsorbent surface. At higher
concentrations, these sites become saturated more rapidly, thereby
reducing the overall removal efficiency (see Figure S4). Nevertheless,
the adsorption capacity increases with increasing initial concentration,
owing to the higher concentration gradient that enhances the mass

transfer of dye molecules from the solution to the adsorbent surface.



3.7 Adsorption kinetics
To gain deeper insight into the adsorption dynamics of MB onto

Fes04@XDV-NHz, the kinetic behaviour was investigated at pH 9 with an
adsorbent dosage of 0.06 g/L. The experimental data were evaluated by
fitting them to two commonly applied kinetic models: Lagergren’s
pseudo-first order and the pseudo-second-order model [78].
The equation of pseudo-first order was defined as:

In(ge - qt) = In(Qe) - k1t (1)
where (e and q; (mg/g) are the equilibrium MB amount and the time t
(min) MB adsorbed quantity, while k; is the constant of adsorption (min-
1).
The equation of pseudo-second order was defined as:

t 1 1 . (2)
dt B kzqez ) k2

with: e and qg; (mg/g), the equilibrium and at the t time (min) amounts
of MB adsorbed, respectively, while the constant of adsorption (min g
mg-!) is ky. The experimental kinetic data for the adsorption of MB onto
Fe;04@XDV-NH:2 at pH 9 and 0.06 g/L were analysed using Lagergren’s
pseudo-first order and pseudo-second-order models, as shown in Figure
S5a and S5b, respectively. The fitting parameters are reported in Table
S1. For the pseudo-first-order model, the calculated equilibrium
adsorption capacity (deca1)) Wwas 59.80 mg/g, with a rate constant (k) of
0.052 min~! and a correlation coefficient (R?) of 0.845. Although this
model could partially describe the adsorption trend, the relatively low R2
indicates that it does not adequately fit the experimental data. On the

other hand, the pseudo-second-order model provided a much better



description of the kinetic process. The calculated adsorption capacity
(de,cal) Was 92.07 mg/g, with a rate constant (k3) of 0.00985 g mglmin-!
and a higher correlation coefficient (R? = 0.976). Although the model
slightly overestimates the experimental equilibrium adsorption capacity
(qe,exp = 79.60 mg g1), it provides the best fit to the kinetic data. The
regression analysis indicates that the pseudo-second-order model most
appropriately describes the adsorption kinetics of MB onto FesO+4@XDV-
NH:z. However, this kinetic model should not be interpreted as direct
evidence of chemisorption. Rather, it suggests that the adsorption rate
is governed by the availability of active sites and by adsorbate-adsorbent
interactions [79-81]. A similar kinetic trend has been reported for the
adsorption of methylene blue onto papaya bark fiber, where the pseudo-
second-order model was also found to provide the best fit [82,83],
suggesting that the interaction between the dye and the active sites
1

represents the rate-controlling step. The adsorption process was

analyzed using the Weber intraparticle diffusion model (see Figure S5c):

Qr = kdtl/Z + c (3)

where kq(mg g—! min—1/?) is the intraparticle diffusion rate constant and
C(mg/g) represents the intercept related to the boundary layer effect. In
this study, only one linear region was observed, corresponding to the
initial stage of adsorption onto the resin (Figure S4c). Since the line does
not pass through the origin, intraparticle diffusion is not the sole rate-

controlling step. The intercept value suggests that external mass



transfer to the resin surface significantly influences the adsorption
process [84].

3.8 Adsorption isotherm

The interaction of polluting dye molecules with the active sites on the
adsorbent surface was described by adsorption isotherm models.
Furthermore, it is employed to examine the correlation between the
mass of the ingested adsorbent and the quantity of pollutant absorbed
at equilibrium conditions. In this particular investigation, dye
concentrations between 5 and 30 mg/L were considered, with the other
three parameters, adsorbent dose of 0.06 g/L, solution pH of 9, and
contact period of 60 min, being maintained at their optimal levels. The
analysis of data fitness and the determination of the homogeneity or
heterogeneity of the adsorbent surfaces were conducted using the
Langmuir and the Freundlich isotherms (see Figure S6a and S6b). The
Langmuir equilibrium isotherm model postulates a monolayer
distribution of dye at specific homogeneous sites within the adsorbent
surface, with no interaction between adsorbed species. The following
equation represents a linearized form of the Langmuir model:

Ce 1 Ce (4)

=< = +
Qe OmaxKL  Omax

Here, Qmax (Mg/g) denotes the maximum adsorption capacity at
monolayer coverage, and Ki (L/mg) is the Langmuir constant parameter
associated with the energy of adsorption and affinity of binding sites
between adsorbate and adsorbent. A linear plot of C¢/qe versus Ce was
observed (Figure S6a). The values of qmax (mg/g), Ky (L/mg), and

correlation coefficient (R2) were determined from the plot and are



provided in Table S2. The Freundlich isotherm model was applied to

heterogeneous surface systems. Its linear form is represented as:

1 (5)
LN Qe = LNKp + ;LN Ce

where Kr is the Freundlich constant, which relates to the capacity of the
adsorbent for the adsorbate, and 1/n is the heterogeneity factor
associated with the intensity of adsorption. The values of K¢, n, and the
correlation coefficient (R2) are determined through linear regression
plotting in Figure S6b. For favorable adsorption, the value of n should
fall between 1 and 10 [85]. The adsorption parameters are listed in Table
S2. Based on the obtained results, the experimental data fit better with
the Langmuir isotherm model, which showed the highest coefficient of
determination (R? = 0.996). Figure S5a shows a linear relationship
between specific adsorption (Ce/qe) and equilibrium concentration (Ce)
with a coefficient of correlation (R%2) of 0.996, confirming the
applicability of the Langmuir model to demonstrate the homogenous
nature of FesO14@XDV-NH:2, as an adsorbent, i.e. equal amount of
adsorption activation energy is associated with each dye molecule. The
maximum monolayer capacity qmaxfor MB onto FesO0:@XDV-NHz,
obtained from the Langmuir model, is 183.48 mg/g at 25°C. The R? value
appears to indicate that the Freundlich isotherm model is less suited

when compared with the Langmuir isotherm model.

3.9 Adsorption thermodynamics
Thermodynamic parameters, namely, free energy, enthalpy, and entropy
changes of adsorption, were estimated using Vant Hoff’s equation [86]

(see Figure S7). In this study, the thermodynamic behaviour of MB
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adsorption onto the adsorbent was investigated at different
temperatures (298, 308, and 318 K). As reported in Table S3, the Gibbs
free energy change (AG°) values were negative at all tested
temperatures, ranging from -14.55 kJ/mol at 298 K to -8.69 kJ/mol at
318 K. These results confirm that the adsorption of MB is a spontaneous
process at room temperature [87]. However, the progressive decrease
in the absolute value of AG° with increasing temperature indicates that
spontaneity tends to diminish as the system is subjected to higher
thermal energy. The enthalpy change (AH®) was calculated as —101.7
kJ/mol, suggesting that the adsorption of MB is an exothermic process.
The decrease in adsorption capacity observed with increasing
temperature can be attributed to the rise in thermal energy of the
system, which counteracts the attractive interactions between MB
molecules and the active sites of the adsorbent. This behaviour suggests
that, once adsorbed, MB molecules tend to adopt a more ordered
configuration on the adsorbent surface. Furthermore, the increase in
temperature enhances the mobility and solubility of MB in the aqueous
phase, as well as the kinetic energy of the species involved, thereby
promoting the desorption of MB molecules and weakening the
adsorbent-adsorbate interactions [88-91], consistent with strong
interactions and the alignment of the cationic dye molecules onto the

negatively charged active sites.

3.10 Adsorption in real water systems
To better approximate realistic operating conditions, additional

adsorption experiments were carried out using MB solutions prepared



in two different aqueous matrices: tap water (Fisciano, Italy) and
synthetic wastewater. Owing to the limited availability of accessible
industrial discharge sites in the Salerno area, the wastewater samples
were artificially formulated to contain MB (5 mg/L), CHsCOONa (500
mg/L), NaCl (200 mg/L), KC1 (200 mg/L), CaCl: (200 mg/L), KSCN (500
mg/L), (NH4)2S04 (150 mg/L), and phenol (10 mg/L); the concentration
of metal ions (Fe, Cu, Zn, and Mn) was maintained below 10 pg/L [92].
This approach enabled a preliminary assessment of the influence of
naturally occurring ionic species as well as coexisting organic and
inorganic contaminants on the adsorption performance of the material.
To ensure consistency and comparability, the experiinental setup and
operating parameters were kept identical to ihose used in experiments
conducted with deionized water. The adsorption behavior of
FesO1@XDV-NH: toward MB under realistic aqueous matrices is shown
in Figure S8. In tap water, Fes04@XDV-NH:2 exhibits high adsorption
performance, achieving a removal efficiency of 94.11% after 60 min,
indicating good resistance to interference from commonly occurring
ions. In contrast, experiments conducted in synthetic wastewater show
a moderate decrease in adsorption efficiency compared to deionized
water and tap water systems. This reduction can be attributed to
competitive adsorption by coexisting contaminants, particularly as
phenol and ionic species, as well as to the effects of the complex
wastewater matrix on the surface properties of the adsorbent. However,
a removal efficiency of approximately 78.41% is still achieved after 60
min, highlighting the promising performance of the material under

challenging, real-water conditions.



3.11 Adsorption mechanism

The structure of Fes:O:@XDV-NH2, characterized by the presence of
amino and hydroxyl groups as well as aromatic domains rich in -
electrons, exhibits both hydrophilic-hydrophobic features and a partially
mesoporous architecture. These characteristics suggest that the
adsorption of MB is governed by multiple interactions, including
hydrophobic interaction, electrostatic attraction, -1 interactions, pore-
filling effects, and hydrogen bonding. The role of surface functional
groups was clarified through FT-IR analyses performed before and after
adsorption (Figure S9a). Before adsorption, the FT-IR spectrum of
Fes04@XDV-NH2 shows the presence of several! surface functional
groups. After the adsorption of methylene blue, the FT-IR spectrum of
the modified material exhibits noticeabie variations in the intensity of
the bands, while their positions remiain almost unchanged. In particular,
the vibrational band due to aromatic C=C bond of FesO:@XDV-NH:2 +
MB shifted from 1659 te 1636 cm~ !, which could be due to localization
of aromatic m-electrons of FesO:4@XDV-NH:2 owing to the m-m bond
interactions of aromatic rings of both MB and Fe:O:@XDV-NH:2
molecules. Additionally, the intensity of N-H stretching vibrations of
Fez0:@XDV-NH2z around 3373 cm~—lin Fe:0:@XDV-NH: + MB
increased abruptly. This indicates the H-bonding between the nitrogen
atom of MB and the H-atom of amine groups (FesO«@XDV-NH2)
[93]. These observations indicate that the adsorption of MB onto
Fez04@XDV-NH: mainly involves non-covalent interactions rather than
the formation of new covalent chemical bonds. The changes in band

intensity can be attributed to the formation of non-covalent interactions,
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including hydrogen bonding, hydrophobic interactions, and electrostatic
forces, between the methylene blue molecules and the functional groups
present on the surface of FesO«@XDV-NHz2. Combined with the kinetic
analysis, these results indicate that the adsorption process is governed
by surface interactions and by the accessibility of active sites rather than
by the formation of strong chemical bonds. In particular, the decrease
or variation in the intensity of certain absorption bands suggests that the
dye molecules have been incorporated or entrapped within the matrix of
the material, occupying the available active sites. The results indicate
that the adsorption of MB onto FezO4@XDV-NH: proceeds through a
synergistic mechanism, in which electrostatic attractions between the
cationic dye and the negatively charged surface are combined with
hydrogen bonding, hydrophobic interactions, -1 interactions, and pore-
filling effects. In particular, the -INIiz> groups play a key role in promoting

the capture of MB molecuies (see Figure S9b).

3.12 Desorption & reusability investigation

Since the interaction between MB and the FezO4@XDV-NH: adsorbent is
quite strong, solvent treatment alone is not sufficient to rapidly induce
the desorption of the MB molecule interacting with the adsorbent
surface. For this reason, desorption was investigated using different
solvents under controlled conditions (contact time: 120 min; T = 25 °C).
As shown in Figure 9a, among the solvents tested (HCI, ethanol, acetone,
propanol, and water), the HCI solution exhibited the highest desorption
efficiency, reaching approximately 90% for MB. This result can be

attributed to the high concentration of HzO* ions, which protonate the



adsorbent surface and enhance the electrostatic repulsion between
cationic MB molecules and the functional groups of Fez:O:@XDV-NHz,
thereby promoting dye release. The reusability of FesO+«@XDV-NH:2 was
further evaluated through seven successive adsorption-desorption
cycles. Adsorption was carried out under optimal conditions (pH = 9;
adsorbent dose = 0.06 g/L; initial MB concentration = 5 mg/L; agitation
speed = 220 rpm), followed by desorption with HCI (contact time: 120
min; T = 25 °C). As reported in Figure 9b, adsorption efficiency gradually
decreased from 100% in the first cycle to 89% in the sixth cycle. The
observed decline in adsorption efficiency can be attributed to the partial
saturation of active sites and possible modifications of the adsorbent
surface during repeated use and following the chemical regeneration
process, as well as to slight physical and chemical structural alterations
of the Fes04@XDV-NH:2 material {94]. Despite this slight decrease in
performance, the results indicate that FesO«@XDV-NH: exhibits good
recyclability and can be considered a promising adsorbent for the
treatment of NPs-contaminated wastewater, while maintaining good
chemical and structural stability even after repeated adsorption-

desorption cycles.

3.13 Comparison with literature

Various magnetic hybrid nanocomposite materials have been employed
as adsorbents for dye removal from contaminated water. Table 1
summarizes the adsorption performances of different magnetic hybrids
[95-100], allowing a direct comparison between the results of this study

and those reported in the literature. The Fes:04@XDV-NH:2



nanocomposites synthesized in this work achieved an adsorption
capacity of 79.60 mg g~—! for methylene blue (MB) under the investigated
experimental conditions. Although this value is lower than that reported
for some adsorbents, such as NH>-MWCNTs@FeszO04 (178.5 mg/g) [99]
and AO-Fe-SWCNTs( 256.69 mg/g) [98], it is higher than that of
ACSO/Fes04 (60.60 mg/g) [100], MGC-4 (65.79 mg/g) [95] magnetized
corn cob (13.23 mg/g) [96]. Therefore, Fes:O:@XDV-NH: exhibits
competitive adsorption performance, particularly in terms of capacity.
Importantly, the developed nanocomposite also demonstrates good
reusability, retaining high removal efficiency over multiple adsorption-
desorption cycles. This cyclic stability, combined with the contribution
of multiple interaction mechanisms (electrostatic interactions, n-n
interactions, and hydrophobic bonding) and the advantage of facile
magnetic separation, positions Fes04@XDV-NH:2: as a promising
candidate for dye removal applications, especially where rapid
adsorption and repeated use under moderate operating conditions are

required.

4 Conclusion
An amino-functionalized magnetic hyper-crosslinked resin (FesOs@XDV-

NH:2) was successfully synthesized and demonstrated high efficiency in
methylene blue adsorption. The structural analyses confirmed the
homogeneous dispersion of FesO4 nanoparticles and the stability of the
polymeric matrix, while the magnetic measurements showed a
superparamagnetic behavior. The adsorption process was optimized

under alkaline conditions (pH 9) and room temperature, following a



pseudo-second-order kinetic model. Thermodynamic parameters
indicated a spontaneous and exothermic process governed by
electrostatic attraction and m-m interactions. The material exhibited
excellent reusability, with an adsorption efficiency of over 89%
remaining after six consecutive adsorption-desorption cycles.
Fes04@XDV-NH2 combines high adsorption capacity, magnetic
recoverability, and stability, making it a promising candidate for efficient

dye removal and sustainable wastewater treatment applications.
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Table 1. Comparative adsorption performance of Fe:0«@XDV-NH:2
nanocomposites and other magnetic adsorbent materials for methylene
blue removal.

Adsorbents Adsorption Reusability Reference
capacity
(mg/g)
MGC-4 65.79 4 cycles (Decreased [95]
slightly)
Magnetized corn 13.23 5 cycles (stay above [96]
cob 68 %)
Magnetic multi- 48.06 - [97]
wall carbon
nanotube
AO-Fe-SWCNTs 256.69 4 cycles (Stay above [98]
55%)
NH,- 178.5 6 cycles (Stay above [99]
MWCNTS@F6304 80%)
ACSO/Fe304 60.60 7 cycles (Decrease by [100]
3%)
Fe30,@XDV- 79.60 6 cycles (Stay above This work

NH;. 89%)
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Figure 3. Energy-dispersive X-ray spectroscopy (EDX) spectrum of
magnetic amino-hyper-cross-linked (Fe3;04@XDV-NH;) for C, Fe, N,
and O elements (a,b).
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Figure 4. X-Ray diffraction (XRD) profile of amino-hyper cross-linked
resin (XDV-NH;) and magnetic amino-hyper cross-linked resin
(Fe30,@XDV-NH;) in the range 20: 20°-80° (a); Fourier-transform
infrared spectra (FT-IR) in the range of wavenumber 4000-500 cm™! of
amino-functionalized hyper cross-linked resin (XDV-NH;), magnetic
amino-hyper cross-linked resin (Fe;0,@XDV-NH>) (b).
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Figure 5. (a) Comparison of M(H) measurements at 300 K for the

sample of XVD-NH, with (black) and without (red) the magnetic
nanoparticles embedded. (b) Comparison of M(H) measurements at 5K
(in red) and 300 K (in black) for the XDV- NH,@Fe30, sample. In the
inset, it is possible to observe the detail around the zero field. From this,
the coercive field at the two temperatures has been evaluated as 550 Oe
at 5 Kand 16 Oe at 300 K; (c) M(T) measurement in the range between
5 K and 300 K under an applied field of 100 Oe. The ZFC curve and the
FC curve are plotted respectively in black and red. In the inset, the
maximum of the ZFC curve is shown at 87 K. The blocking temperature
distribution obtained by the M(T) measurement in Figure 5(c).(d) The
curve follows the lognormal distribution as expected for a sample of
magnetic nanoparticles.
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Figure 6. Effect of pH, as a function of time, on the kinetics of adsorption
of methylene blue (MB) (a) and on the adsorption capacity of MB (b).
Adsorption conditions: Fesz0:@XDV-NH2: = 0.03 g/L; initial MB
concentration = 5 mg/L; T = 25 °C and agitation speed=220 rpm. Each
data point represents the mean of three independent measurements (n
= 3), and the error bars correspond to the standard error of the mean



100
a ———" | b
i |3
80 // g\ 100
g /! - E‘
< ) £ 904
T . |k
g — g
g—2 c 804
& 40 §/ %
0.03 g 701
—_—— gl_ %
0.04gL
20 —2—0.05¢gL < 60-
—o—0.06g/L
—o—007g1L
o T T T T T T 50- T
0 10 20 30 40 50 60 0.04 0.05 0.06 0.07
20 Time (min) Adsorbent dose (g/L)
~ [——o0min Fe,0, @XDV-NH,, 0.06
—— 10 min e0e 2 ot
20 min
——30min
15{ —40min 664 nm C d
3
)
o
(%)
c
]
£
o
8
<

Wavelenght (nm)

Figure 7. Effect of adsorbent dosage, ou the time-dependent adsorption
efficiency of methylene blue (MB) (a) and on the adsorption capacity of
MB (b); UV-vis spectra of MB removal with 0.06 g/L adsorbent as a
function of time (c); photograph of MB color change over time (d).
Adsorption conditions: pH = 9; initial MB concentration = 5 mg/L; T =
25 °C; and agitation speed = 220 rpm. Each data point represents the
mean of three independent measurements (n = 3), and the error bars
correspond to the standard error of the mean
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Figure 8. Effect of temperature on the time-dependent adsorption
efficiency of methylene blue (MB) (a) and on the adsorption capacity of
MB (b). Adsorption conditions: pH = 9; initial MB concentration = 5
mg/L; FesO+«@XDV-NH:2 = 0.06 g/L; and agitation speed = 220 rpm. Each
data point represents the mean of three independent measurements (n
= 3), and the error bars correspond to the standard error of the mean.
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Figure 9. Desorption efficiency of MB using different solvents,
Desorption condition (Solvent; contact time 120 min; T = 25 °C) (a).
Reusability of Fesz0:4@XDV-NH:. Adsorption conditions: pH = 9;
adsorption dose: 0.06 g/L; initial MB concentration = 5 mg/L; T = 25 °C;
and agitation speed = 220 rpm. Desorption condition (HCl; contact time
120 min; T = 25 °C) (b). Each data point represents the mean of three
independent measurements (n = 3), and the error bars correspond to the
standard error of the mean



