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Efficient and sustainable removal of dyes from wastewater remains a critical challenge in environmental
remediation. Magnosorbent, a magnetically retrievable, dual-functionalized biopolymer-based nanocomposite,
was designed by integrating xanthan gum (XG), a natural and biocompatible polysaccharide, with poly (3-sul-
fopropyl methacrylate) (PSPMA) which is also recognized for its biocompatibility, to enable efficient, selective,
and sustainable removal of methylene blue (MB) from complex pollutant systems. This design enables a syn-
ergistic combination of magnetic recoverability, pH-resilient adsorption, and selective dye affinity. Compre-
hensive characterization confirmed the structural, chemical, and magnetic properties of the nanocomposite. The
material exhibited an amorphous nature, with a saturation magnetization of 38.075 emu/g and a BET surface
area of 46.68 m2/g, supporting magnetic separability and high surface accessibility. The adsorption process
followed the Langmuir isotherm model, achieving a maximum capacity of 235 mg/g, and demonstrated spon-
taneity and exothermic behavior. Magnosorbent showed remarkable stability and efficiency across a broad pH
range (2—12), retaining high adsorption efficiency. The rapid kinetics (>80 % removal within 5 min) and ease of
magnetic recovery underscore its practical applicability. High adsorption performance for MB was maintained
even in complex multi-pollutant mixtures, retaining over 72 % removal efficiency despite competition from
interfering cations, heavy metal ions, endocrine-disrupting compounds, dye mixtures, and surface-active agents.
The nanocomposite maintained robust performance over multiple regeneration cycles and batch-to-batch
reproducibility, highlighting its reusability. These results position Magnosorbent as a scalable, eco-friendly so-
lution for industrial wastewater treatment, with potential extensions to other environmental pollutants.

1. Introduction utilized, they often encounter limitations such as high energy con-

sumption, operational complexity, and the generation of secondary

The rapid development of industrialization has dramatically inten-
sified water pollution, introducing harmful pollutants such as micro-
plastics, dyes, and pharmaceutical compounds into aquatic ecosystems.
These pollutants not only disrupt marine life but also pose serious risks
to human health, as they can enter the food chain, gradually accumulate
in the body, and potentially cause allergic reactions, genetic mutations,
or even cancer [1,2]. The increasing prevalence of such pollutants
highlights the urgent need for effective strategies to protect water
quality and safeguard public health. Common methods for pollutant
removal include chemical oxidation, coagulation-flocculation, mem-
brane filtration, and biodegradation. While these approaches are widely

* Corresponding author.
E-mail address: aumetin@gmail.com (A.U. Metin).

https://doi.org/10.1016/j.ijbiomac.2025.147640

waste, which can compromise their sustainability and efficiency. Among
these methods, adsorption has emerged as a highly efficient and envi-
ronmentally friendly alternative. Its advantages include low energy re-
quirements, ease of scalability, and broad applicability in the removal of
undesired pollutants [3]. A variety of adsorbent materials-ranging from
carbon-based compounds, metal oxides to polymer-based nanoparticles,
films, and nanofibers-have demonstrated exceptional potential in miti-
gating water pollution and ensuring environmental safety [4-7]. Many
traditional adsorbents exhibit limited selectivity, slow kinetics, narrow
operating pH ranges, or lack reusability, restricting their practical
implementation in industrial settings.
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Beyond the limitations of the traditional adsorbents, the composi-
tional diversity, toxicity, and persistence of pollutants in water neces-
sitate the use of adsorbents with specific functionalities that offer high
selectivity toward targeted pollutants. One particularly challenging
category of such pollutants is cationic dyes, such as methylene blue
(MB), which interact with negatively charged cell membranes, posing
significant environmental and health concerns associated with colored
wastewater [8-11]. This interaction facilitates the penetration of dyes
into cells and their accumulation in the cytoplasm, thereby exacerbating
their detrimental impact on aquatic ecosystems in rivers and lakes. MB,
a stable organic molecule, is widely used in dyeing silk, wool, and cotton
textiles, making it a prominent component of colored wastewater
[12,13]. Due to its complex and stable aromatic structure, MB is resis-
tant to natural degradation. Furthermore, it exhibits high toxicity and is
linked to sensitization, mutagenicity, and carcinogenic effects. Conse-
quently, the International Agency for Research on Cancer classifies MB
as a Group 3 carcinogen [14,15]. To address the challenge of MB
removal, various materials, including carbon-based materials [16-20],
metal oxides [21-23], and polymer-based materials [24-29] have been
extensively developed. Graphene oxide (GO), a well-known carbon-
based material with abundant oxygen-containing functional groups, is
widely used for the adsorption of cationic dyes [30]. Molla et al.
demonstrated that GO selectively adsorbs MB from a binary MB/methyl
orange (MO) mixture [31]. In contrast, Molavi et al. noted that nano-
diamond, which generally possesses many oxygen-containing functional
groups on its outer surface, adsorbed MO instead of MB from the MB/
MO mixture due to the scarcity of carboxyl groups [32]. Metal-based
materials, particularly metal oxides, have also been employed for the
dye removal. For instance, Zahra et al. investigated the adsorption of MB
using vanadium phosphorus oxide embedded in a TiOy matrix [33].
Among these materials, magnetic oxides are the most commonly utilized
due to their unique properties. Magnetic particles, often modified with
polymers or other materials, serve as cores for the formation of magnetic
nanocomposites, which offer higher efficiency, ease of separation, sur-
face tunability, and a more sustainable alternative to traditional adsor-
bents [34]. Notable examples include magnetic activated carbon [35],
Fe3O4/graphene [36], and magnetic multi-walled carbon nanotubes
[37]. Recent advancements have focused on incorporating polymers,
biomaterials, and functional nanoparticles into magnetic nano-
composites to increase the density and diversity of functional groups,
thereby enhancing adsorption capacity, selectivity toward specific dyes,
and stability under varying environmental conditions [38]. These
modifications not only improve surface attachment but also enable rapid
separation and recovery post-adsorption [39]. For example, Xie et al.
synthesized Fe304/B-cyclodextrin-based polymer composites for MB
removal, demonstrating a pH-dependent adsorbent with optimal per-
formance around neutral pH (~7) [38]. Similarly, Sorajini et al. devel-
oped a PPy-Fe304-SW nanocomposite to remove MB from synthetic
solutions, with the highest adsorption capacity achieved at alkaline
conditions (optimal at pH 10) [39]. Ma et al. prepared magnetic
iron-manganese oxides-acrylic polymer composites for MB adsorption,
though regeneration performance and adsorption/desorption cycles
were not explored, limiting insights into the reusability [14]. In our
previous study, we utilized a polymethacrylic acid-magnetic cellulose
nanocomposite as an adsorbent for MB removal [40]. Like many studies
in this field, these works primarily focused on MB adsorption from
synthetic solutions and did not evaluate performance in multi-pollutant
or real wastewater systems, limiting understanding of their practical
applicability. Hence, there remains a need for adsorbents that combine
fast kinetics, broad pH applicability, high adsorption capacity, and
efficient regeneration—especially for treating complex, multi-dye
wastewater systems.

Unlike previous systems, the nanocomposite developed in this study
integrates a natural biopolymer backbone with sulfonic acid-rich func-
tionalization and magnetic properties, enabling rapid and selective dye
capture across diverse conditions. We developed a polymeric and
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magnetic nanocomposite based on xanthan gum impregnated with poly
(3-sulphopropyl methacrylate) (mXG/PSPMA). The combination of XG
and PSPMA exhibits enhanced responsiveness to environmental stimuli,
with sulfonic acid groups of PSPMA facilitating adaptability, while gel-
forming nature of XG contributes to the durability and smart function-
ality of the material. Magnosorbent was prepared via a combination of
sequential physical cross-linking and graft co-polymerization. The
physicochemical properties of magnosorbent were characterized using
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron
Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS), Trans-
mission Electron Microscopy (TEM), Vibration Sample Magnetometer
(VSM), X-ray Diffraction (XRD), and Brunauer-Emmett-Teller (BET).

This study aims to develop an advanced magnetically retrievable,
dual-functionalized mXG/PSPMA nanocomposite for the rapid and se-
lective MB remval from complex aqueous environments, including
interfering cations, heavy metal ions, endocrine-disrupting compounds,
dye mixtures, surface active agents, and real water samples. Compre-
hensive investigations into the adsorption kinetics, isotherms, and
thermodynamic aspects, and mechanism were conducted. Magnosorbent
exhibited several significant advantages: (1) An oxygen-enriched surface
with different functional groups, enhancing adsorption efficiency
(98.04 % at 50 mg dosage); (2) Broad applicability across a broad pH
range (2-12), ensuring versatility under varying conditions; (3) Rapid
adsorption kinetics, achieving >80 % MB removal within just 5 min; (4)
Despite competitive ions and complex contaminant mixtures, magno-
sorbent retains exceptional selectivity for MB, achieving >72 % removal
efficiency in multicomponent systems. Its hierarchical adsorption
mechanism, prioritizing electrostatic attraction, n-n stacking, and
porous uptake, ensures robust performance; (5) Magnosorbent exhibits
exceptional regeneration capability, maintaining 65-88 % MB removal
efficiency over eight cycles due to its magnetic recoverability and
chemical stability. Batch-to-batch reproducibility (<25 % variation in
adsorption capacity) and scalable synthesis further highlight its prac-
tical viability, with cost-effectiveness enhanced by reusable perfor-
mance and multi-pollutant targeting.

2. Materials and methods
2.1. Reagents

The reagents used in this study are detailed in the Supplementary
Data (Text S1).

2.2. Preparation of mXG/PSPMA nanocomposite

The mXG/PSPMA nanocomposite was synthesized using xanthan
gum and 3-sulphopyropyl methacrylate, following modified methods
from previous studies [41,42]. The schematic illustration of the syn-
thesis process is shown in Fig. 1. In brief, a homogeneous XG solution (1
% w/v, 12.5 mL) was prepared in Fe(III) solution (1.0 M, FeCl3-6H50) in
a water bath at 60 °C. Subsequently, SPMA monomer (1-4 % w/v),
potassium persulphate (KPS, 0.1 % w/v), and N, N-methylene bisacry-
lamide (MBA, 0.15 % w/v) were introduced to the reaction medium,
which was stirred continuously for 2 h in a thermostatic water bath at
60 °C. After the polymerization reaction, excess monomer and Fe (III)
ions were removed by centrifugation at 5 °C. Next, Fe(II) solution (0.05
M, 15 mL, FeSO4-7H,0) was added to the reaction medium, and the
temperature was raised to 70 °C. Following the homogeneous dispersion
of Fe(II) ions onto Fe(IlI)-adsorbed XG/PSPMA for 30 min, a 25 % NH3
solution was introduced, and the magnetization reaction was allowed to
proceed for 2 h. Upon completion of the reaction, the resulting mXG/
PSPMA particles were separated from the solution using a magnet and
washed sequentially with distilled water and alcohol for at least three
cycles. Grafting yield was calculated using following equation, where m,
is the weight of the grafted copolymer and m, is the weight of the
monomer used.
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Fig. 1. A schematic illustration for the sequential synthesis and assembly pathway of the mXG/PSPMA.

Grafting yield (%) = %XIOO 6))

2.3. Characterization

A comprehensive description of the characterization methods used in
this study are provided in the Supplementary Data (Text S2).

2.4. Adsorption study

2.4.1. Efficiency under varying operational scenarios

MB removal experiments in batch systems, were performed in 25 mL
solutions, modifying key adsorption parameters including pH, temper-
ature, and the initial MB concentration. The pH of the MB solution was
varied from 2 to 12, while the adsorbent dosage was changed from 0.4 to
4 g/L. Following the adsorption process, the mXG/PSPMA was separated
using a magnet, and the remaining dye concentration was determined
spectrophotometrically at 650 nm.

The equilibrium capacity (q) and the dye removal percentage (R %)
were determined using Egs. (2) and (3), respectively.

_(Co—C)V
q (mg/g) = e (2
Ros = C0 =€) 1100 3)

0

Here, C, and C, represent the initial and the equilibrium concen-
trations (mg/L), respectively, m denotes the weight of the mXG/PSPMA
(mg), and V refers to volume of the MB solution (mL).

The MB adsorption efficiency of the mXG/PSPMA was also evaluated
under varying operational scenarios, including the interfering cations
(C+; Na™, K, Ca?t, and NHY), and heavy metal ions (HMISs; cu?*, cd**,
cr®t, NiZt, Fe3*, Zn?t, Mn?"), dye mixtures (DMix; MG, RB, RB-4, IC,
and CR), endocrine-disrupting compounds (EDCs; carbamazepine,
ibuprofen, paracetamol), and surface active agents (SAAs; Tween80 and
sodium lauryl sulfate (SLS)). Calibration curves for the MB (0.5-4 mg/L)

and EDCs (0.002-0.625 mg/mL) are presented in Supplementary Data
(Fig. S1). The limits of detection (LOD) and quantification (LOQ) were
calculated based on signal-to-noise (S/N) ratios of 3 and 10, respec-
tively. The LOD and LOQ were 0.01380 mg/L and 0.04631 mg/L for MB,
and 0.0528 ng/mL and 0.1761 ng/mL for EDCs, respectively.

The competing species were introduced to MB solutions (50 mg/L,
pH 7) at environmentally relevant concentrations: C* (0-400 mg/L),
HMIs (0-10 mg/L), DMix (0-50 mg/L). For EDCs, complete dissolution
was achieved at a final pH of 12 (0.04 mg/mL solutions). Tween 80 (1 %,
v/v) and SLS (0.1 %, w/v) were used as SAAs in the experiments.

Additionally, the real water samples used in this study were collected
as tap water from a residential area in Kirikkale, Tiirkiye, on 12 February
2024, and were used without any additional pretreatment to evaluate
the practical performance of the nanocomposite under optimal experi-
mental conditions. All experiments were performed in triplicate.

2.4.2. Examination of adsorption kinetics, isotherm characteristics, and
thermodynamic aspects

Detailed information on the kinetics, isotherm, and thermodynamic
analyses, including experimental procedures and calculation methods, is
provided in Supplementary Data (Text S3).

2.4.3. Regeneration, recyclability, and reproducibility study

The reusability of mXG/PSPMA was assessed through multiple
adsorption-desorption cycles. Initially, 25 mg of mXG/PSPMA were
added to 25 mL of MB solution (50 mg/L) and allowed to adsorb the dye
until equilibrium was reached. After adsorption, the MB-loaded mXG/
PSPMA were incubated in a 0.1 M NaOH solution for 2 h to desorb the
dye. The desorbed particles were then thoroughly rinsed with deionized
water until a neutral pH was achieved before the next cycle. This
adsorption-desorption process was repeated for a total of 8 cycles. The
efficiency of various agents for MB desorption was also evaluated,
including citric acid (0.1 M), NaCl (0.5 M), acetic acid (0.1 M), and a
mixture of acetic acid (0.1 M) with ethanol (50:50, v/v).

Batch-to-batch reproducibility experiments were conducted using
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mXG/PSPMA prepared at different times. The MB removal capacity
under optimal conditions was determined, and the reusability of each
batch was evaluated over five cycles at maximum capacity.

3. Results and discussion
3.1. Preparation and characterization of mXG/PSPMA

The mXG/PSPMA were synthesized in situ by chemically co-
precipitating Fe(IlI)/Fe(II) ions (molar ratio of ~50/3) in a basic me-
dium and copolymerizing SPMA onto XG. The sulfonic acid groups of
PSPMA on the XG chains provide additional active sites, thereby
enhancing adsorption capacity. A schematic illustration of the mXG/
PSPMA preparation process is shown in Fig. 1. Typically, XG was first
homogenized in the Fe(IlI) solution, and then the APS initiator was
added to initiate the graft copolymerization. The possible reaction of the
graft copolymer begins with the cleavage of the O—H bond of XG,
producing XG macroradicals (XGO®) [43]. XGO® macroradicals react
with the SPMA monomer to form free SPMA radicals (RSPMA®), initi-
ating a series of chain growth reactions that ultimately lead to the for-
mation of the graft copolymer and homopolymer (Fig. 2). During this
process, electrostatic interactions and ionic crosslinking occurred

International Journal of Biological Macromolecules 328 (2025) 147640

between Fe(III) ions and the carboxyl groups on XG chains. The success
of the graft copolymerization and the effect of SPMA concentration on
copolymerization efficiency were evaluated by calculating the percent-
age of grafting efficiency. Accordingly, the SPMA concentration was
changed between 1 %, 2 %, and 4 % w/v, the grafting efficiency was
calculated as 40 + 5 %, 110 + 8 %, and 55 + 2 %, respectively. FTIR
analysis was also used to follow the effect of SPMA concentration
(Supplementary Data, Fig. S2). Functional group signals were most
pronounced at 2 % SPMA concentration, consistent with the highest
grafting efficiency obtained experimentally. Therefore, we proceeded
with magnetization studies at this concentration.

The grafting efficiency values increased when the SPMA concentra-
tion was raised from 1 % to 2 %, followed by a decrease with further
increases in SPMA concentration within the polymerization medium.
This initial rise in grafting efficiency is attributed to the enhanced
diffusion of SPMA molecules into the XG chains as monomer concen-
tration increases in the reaction mixture. Further increase in SPMA
concentration, the termination reaction rates among these macro-
radicals surpass the rates of combination between SPMA radicals and XG
chains, potentially resulting in reduced grafting efficiency. In addition,
the viscosity of the reaction medium increases, which restricts the
diffusion of SPMA radicals into the XG chains and may further decrease

R" Stepl: initiation
$:08" —

XGOH + R—3» XGO + RH

<

Fig. 2. Possible mechanism for formation of XG/PSMA by free radical graft copolymerization.
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grafting efficiency. Similar trends have been observed in other systems
reported in the literature [43,44].

To characterize changes in functional groups during the preparation
of mXG/PSPMA, FTIR spectra were obtained and compared with those
of XG/PSMA. As shown in Fig. 3a, the characteristic bands of XG/PSMA
and mXG/PSPMA originate from both XG and PSPMA. The bands at
approximately 3438, 2912, 1706, 1604, 1369, 1000-1140, and
650-1000 cm ™! are attributed to various stretching vibrations: O—H
and -CH groups, the -C=0 stretching mode in XG, asymmetric and
symmetric stretching of carboxylate groups, primary OH, ketone, -C-O
groups in ketals, and glycosidic bonds in XG chains [45,46]. The bands
at 1033 and 601 cm ™! can be attributed to S=0 and S—O stretching
vibrations, respectively [42]. Notably, the prominent band at 536 cm ™!
in the mXG/PSPMA spectrum corresponds to Fe—O vibration in the
crystalline lattice of Fe3O4 which is compatible with the SEM-EDS
spectrum (Supplementary Data, Fig. S3). A shift to lower wave-
numbers due to the strong interaction of Fe(III)/Fe(Il) ions through
hydrogen bonding during the magnetization process, which occurs
alongside the polymerization reaction, thereby affecting the absorption
band of the hydroxyl group and broadening of the O—H band in mXG/
PSPMA was also observed.

Fig. 3b shows the thermal degradation behavior of XG/PSPMA and
mXG/PSPMA. The XG/PSPMA exhibits a significant weight loss at lower
temperatures, indicating a lower thermal stability. The decomposition
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process likely involves the moisture loss or dehydration (~100-150 °C),
breakdown of polymer chains and oxidation reactions (~200-300 °C),
leading to a faster decline in mass. In contrast, the mXG/PSPMA com-
posite retains a higher percentage of its weight (~60 %) compared to
non-magnetic counterpart (~30 %) across the temperature range,
indicating improved thermal stability (Supplementary Data, Fig. S4).
The slower degradation rate can be attributed to the presence of mag-
netic nanoparticles, which interact with the polymer matrix, forming a
more thermally stable structure. These nanoparticles may also serve as
physical barriers, limiting heat transfer and thereby slowing the vola-
tilization and degradation of polymer chains. Additionally, the presence
of magnetic nanoparticles could contribute to enhanced crosslinking or
intermolecular forces within the polymer matrix, further improving its
resistance to thermal decomposition [47]. The incorporation of mag-
netic nanoparticles into the XG/PSPMA composite significantly im-
proves its thermal stability, making it a more robust material for
applications requiring high-temperature resistance. This suggests that
magnetization could be a viable strategy for enhancing the durability
and performance of polymer-based materials in thermal environments.

X-ray diffractograms of XG/PSPMA and mXG/PSPMA are presented
in Fig. 3c. The XG/PSPMA exhibits distinct signals at 19.46°, 32.02°,
45.72°, 56.8°, 66.44°, and 75.46°, indicating partial crystallinity.
[48-50] Upon magnetization, the crystalline planes of the polymeric
structure is observed at 20 = 20.74° [51], alongside signals at 20 =
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Fig. 3. FTIR spectra (a), TGA curve (b), XRD pattern (c) of XG/PSPMA and mXG/PSPMA, and VSM analysis of mXG/PSPMA.
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30.24°, 35.62°, 43.16°, 53.58°, 57.16°, and 62.66°, which align with the
(220), (311), (400), (422), (511), and (440) Bragg reflections, indicating
that the face-centered cubic crystal structure of FesOa [52,53]. The
broadening of diffraction signals and an increase in background in-
tensity suggest a higher degree of amorphous content in the mXG/
PSPMA. This transformation indicates structural rearrangement,
potentially enhancing the flexibility of polymer network and increasing
the availability of active sites for adsorption. Furthermore, the mXG/
PSPMA exhibits improved potential for wastewater treatment applica-
tions by combining magnetic separability.

Fig. 3d demonstrates the magnetic hysteresis curve of the mXG/
PSPMA, which shows continuous and stable responses with smooth
cycles in response to the applied magnetic field. The specific saturation
magnetization value was 38.075 emu/g (1.82 emu). The high saturation
magnetization facilitates the efficient separation of mXG/PSPMA from
aqueous solutions using a simple magnet. Notably, the saturation
magnetization of polymeric nanoparticles containing FesO. varies
depending on the thickness of the polymer layer encapsulating the
magnetic core and the characteristics of the coating polymer, such as its
molecular weight [51].

The shape, surface morphology, and composition of mXG/PSPMA
are shown in Fig. 4a, with SEM micrographs at different magnifications
(100x, 2.50 kx, and 500 kx) revealing that the particles have an
irregular morphology and polyhedral shape due to aggregation. More-
over, the mXG/PSPMA exhibits a rough surface morphology, with the
magnetic core homogeneously integrated into the polymer structure
without any phase separation. The magnetic core and polymer matrix
appear to form layered structures within the particle cross-section, likely
due to the dense intermolecular interactions within the polymer chains.
Additionally, the presence of abundant voids in the fabricated hybrid
material is expected to enhance its specific surface area. mXG/PSPMA
exhibited a BET surface area of 46.68 m?/g, a pore volume of 0.148 cm®/

¥
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g, and a pore diameter of 3.9 nm, indicating that the material contains a
combination of micro- and mesopores. The EDS mapping and spectrum
(Supplementary Data, Fig. S3) confirm the homogeneous distribution of
FesO4 on the mXG/PSPMA composite. Consistent observations were
reported by Rahmatpour et al., [45] who produced XG nanoparticles
containing SiO: via in situ synthesis, and by Pandey and Mishra [54],
who developed an ethyl acrylate-xanthan gum graft copolymer. Addi-
tionally, researchers have noted that the surface of XG, before polymer
grafting or coating, exhibits a smooth, homogeneous, and continuous
morphology, free from cracks and discontinuities [45]. Therefore,
grafting PSPMA, which contains sulfonyl groups, onto the XG surface
offers multiple advantages, including (i) the introduction of sulfonic acid
groups in addition to carboxyl groups, enhancing adsorption capacities,
and (ii) the generation of a rough and porous morphology that increases
surface area and active sites, thereby improving the suitability of ma-
terials for pollutant removal.

TEM micrographs of mXG/PSPMA, as shown in Fig. 4b, reveal nearly
spherical and homogeneous particles with a heterogenous morphology,
distinctly exhibiting both polymeric and inorganic phases. The lighter,
amorphous regions in the micrographs correspond to voids formed by
the polymer layer and intermolecular interactions, while the darker
regions, attributed to FesOa core, indicate the heavier inorganic phase
due to its higher electron density. The nanocomposites exhibit a uniform
particle size distribution, with average diameter of 4.98 + 1.17 nm, as
shown in histogram (Fig. 4b). Additionally, the SAED pattern confirms
the presence of polycrystalline phases, consistent with XRD analysis
(Fig. 3¢), and attributed to the integration of XG and FesOa. These results
highlight the successful synthesis of a hybrid material well-distributed
phases, enhancing its structural integrity and functional properties for
adsorption applications.

1
|
|
|

0123456678 910
Diameter (nm)

Fig. 4. SEM (a) and TEM micrographs (b) of mXG/PSPMA at different magnifications. The TEM panel (b) also shows diameter distribution and the selected area

electron diffraction (SAED) pattern.
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3.2. Effect of different operational conditions on adsorption performance

Fig. 5 illustrates the impact of several variables on the MB adsorption
capacity of mXG/PSPMA. The MB adsorption capacity increases from
43.5 mg/g to 48.49 mg/g as the solution pH rises from 2 to 9, with
minimal changes observed at higher pH values (pH 9-12), indicating
pH-independent behavior, as shown in Fig. 5a. The adsorption is influ-
enced by the degree of ionization of the functional groups of adsorbents,
which varies with the pH of the medium [55]. This pH-independent
behavior is attributed to the ionization of the functional groups on the
mXG/PSPMA surface, the carboxyl groups tend to be predominantly
existed in the -COOH form (pKa = 4.2) at low pH values (pH < 5),
whereas sulfonyl groups maintain a stable negative charge across a
broad pH range due to their pKa of 0 [56], facilitating both electrostatic
and hydrogen bonding interactions with MB molecules. Consequently,
the adsorption between mXG/PSPMA and MB molecules occurs through
electrostatic forces hydrogen bonding, and n-n interactions which persist
across a wide pH range [57] (Fig. 5b). The slight decrease in adsorption
capacity observed under more alkaline conditions may be attributed to
the weakening of hydrogen bonding interactions due to the imbalance in
hydrogen and hydroxyl ion concentrations, as well as electrostatic
repulsion caused by an excessive increase in hydroxyl ions. To gain
further insight of both structural and morphological changes in mXG/
PSPMA, FTIR and SEM/EDS analysis were performed after MB adsorp-
tion. The FTIR spectrum of mXG/PSPMA (Fig. 5b-1) reveals interactions
between MB molecules and the functional groups. The O—H band shifts
from 3438 to 3286 cm ! and broadens, suggesting hydrogen bonding.
The disappearance of the -C=0 band (1706 cm ) points to electrostatic
or 7-1 interactions with MB, while the appearance of a C—N band at
1313 cm ™! likely arises from adsorbed MB [10]. Additionally, shifts in
the S=O (from 1033 to 1016 cm ') and S—O (from 601 to 860 cm )
bands imply MB involvement with sulfur-containing groups. The
persistence of the Fe—O bond confirms the stability of the magnetic
properties. The visual representation of adsorption and magnetic sepa-
ration process of MB using an mXG/PSPMA composite is depicted in
Fig. 5b-2, highlighting the efficiency of the mXG/PSPMA composite in
MB removal and its magnetic responsiveness for simple and effective
wastewater treatment. The SEM micrograph of the mXG/PSPMA com-
posite in Fig. 5b-3 exhibits a smoother and more compact morphology
after MB adsorption, indicating the successful attachment of MB mole-
cules onto the composite compared to its structure before MB adsorption
in Fig. 4a. The change in morphology suggests strong interactions be-
tween MB and the functional groups of mXG/PSPMA, confirming
effective adsorption. Fig. 5b-4 and 5b-5 present the Ny adsorp-
tion—desorption isotherms and the corresponding pore size distribution
plots, respectively. After MB adsorption, the BET surface area decreased
significantly from 47 to 30 m?/g, indicating a substantial reduction in
accessible surface sites. Similarly, the total pore volume (BJH adsorp-
tion) decreased from 0.148 to 0.133 cm?/g, while the micropore volume
(DR method) dropped more drastically from 0.016 to 0.007 cmg/g,
highlighting that micropores are preferentially occupied by MB mole-
cules. In addition, the average pore diameter (BJH adsorption) shifted
from 3.9 to 3.5 nm, and the micropore width (DR method) contracted
from 2.89 to 1.53 nm, confirming pore filling and partial pore blockage
upon MB uptake. These results indicate that MB adsorption occurs
predominantly in the microporous network, which explains the pro-
nounced loss in micropore volume and surface area. While mesopores
also exhibit a reduction in available volume, their larger dimensions
render them less severely affected. The pore structure analyses strongly
support that the sorbent adsorbs MB efficiently, with preferential
localization in the microporous domains. The effect of mXG/PSPMA
dosage on MB removal is shown in Fig. 5c, where the mXG/PSPMA
dosage increased, the adsorption efficiency improved due to the increase
in the adsorption-friendly sites on the adsorbent, eventually reaching an
equilibrium. The equilibrium adsorption efficiency of MB (at 50 mg of
mXG/PSPMA) was 98.04 %.
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Fig. 5d and e demonstrate how MB adsorption alters the colloidal
properties of mXG/PSPMA in a pH-dependent manner. The hydrody-
namic radius (Ry), polydispersity index (PDI), and zeta potential in
relation to MB adsorption are presented in Supplementary Data
(Table S1). Ry and PDI shifts after MB adsorption reveal pH-dependent
structural changes in mXG/PSPMA, driven by electrostatic interactions
and conformational adjustments. At pH 2, Ry decreases slightly from
590 nm to 504 nm due to limited MB binding to protonated -SOsH, while
at pH 5 (near -COOH pKa), Ry drops sharply (from 904 nm to 302 nm) as
MB™ neutralizes -COO™~, reducing aggregation. For pH 7-11, Ry stabi-
lizes at ~360 nm (reduced from 715 nm to 887 nm) with improved PDI
(0.36-0.42), indicating MB-induced stabilization via charge neutrali-
zation, steric hindrance, and hydrogen bonding (O—H shift, -C=0 loss
in Fig. 5b-1). The zeta potential trends also support the changes in Ry,
maintaining negativity upon MB adsorption, particularly at pH > 4.5,
where electrostatic MB*/-COO~ binding dominates. Thus, MB trans-
forms mXG/PSPMA from an aggregated state into a stabilized disper-
sion, with optimal effects at pH 5-7, aligning with the deprotonation of
carboxyl groups and FTIR-confirmed interactions.

3.3. Simulation of real water systems

Different water systems can influence the adsorption performance of
materials by altering the surrounding microenvironment [58]. The qe
and R% values of MB at various concentrations in tap water were lower
than those observed in deionized water (Supplementary Data, Fig. S5).
This reduction is mainly due to the presence of ions in tap water, which
compete with MB molecules [59] for the active binding sites on the
mXG/PSPMA. The efficiency of the mXG/PSPMA was further evaluated
in presence of C+, HMIs, DMix, EDCs, and their mixture, mimicking
real-world conditions.

3.3.1. Effect of C+ and HMIs on MB adsorption

Despite the presence of C+ (Fig. 6a) and HMIs (Fig. 6b) across tested
concentrations, mXG/PSPMA retained robust MB adsorption percentage
(>87 % efficiency), demonstrating remarkable selectivity. The minimal
decrease in adsorption capacity is attributed to the charge shielding
effect of cations like Na™ and K, which reduces electrostatic attraction
and other interaction forces between the adsorbent and MB [60].
However, heavy metal ions such as Cu?* and Fe>* had negligible impact,
likely due to concentration difference between MB and these ions typi-
cally found in concentrations ranging from 0.003 mg/L to 5 mg/L in
wastewater [61]. Competitive ions can negatively affect MB adsorption
by competing for adsorption sites, altering surface properties, and
influencing electrostatic and chemical interactions. However, in our
study, the effect of various C+ and HMIs at different concentrations on
the interactions between the adsorbent and MB was found to be negli-
gible. A similar observation was reported in previous studies, where ions
like Ca?* and Mg?" enhanced the CR removal capacity of a cellulose-
based aerogel by promoting dye coagulation [59]. This effect may also
apply here, as the competitive interactions between metal ions (such as
Fe3+, Cu2+, and Zn2+, which have an affinity for carboxyl groups) and
dye molecules did not significantly alter the removal capacity.

3.3.2. MB adsorption performance in DMix

The performance of mXG/PSPMA was also examined toward
different cationic and anionic dyes. As shown in Fig. 6¢, mXG/PSPMA
demonstrated notable adsorption efficiency for MB at various concen-
trations, reaching MB removal efficiencies of 77.5 %, 75.3 %, and 72.45
% for 5, 10, and 50 mg/L, respectively. Among other cationic dyes, the
mXG/PSPMA exhibited lower adsorption efficiency for MG (25 %
removal at an initial concentration of 50 mg/L) compared to RB (85 %
removal efficiency at 50 mg/L). This difference in performance may be
attributed to the geometries and functional groups of the dye molecules.
For instance, the higher adsorption performance of RB could be linked to
the presence of positively charged N groups in its structure [62,63], as
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well as additional hydrogen bonding interactions resulting from free
oxygen-rich groups [64]. The larger molecular weight and complex
structure of other dyes like RB-4 may lead to the occupation of more
adsorption sites, while the repulsive interactions between the nano-
composite and anionic dyes (such as IC or CR) likely contribute to their
relatively lower adsorption rates [65].

3.3.3. Adsorption behavior of MB under co-existing EDCs and/or HMIs
To evaluate selectivity, the affinity of mXG/PSPMA for EDCs
(ibuprofen, paracetamol, carbamazepine) and HMIs was tested across
pH and concentration gradients (Supplementary Data, Fig. S6). The
adsorbent showed pH-dependent selectivity: paracetamol (pKa ~9.5)
[66] exhibited the highest adsorption (~26 mg/g), followed by carba-
mazepine (pKa ~13.9, ~23 mg/g) [67] and ibuprofen (pKa ~4.91, ~5
mg/g) [68]. Zeta potential data revealed this trend stems from electro-
static interactions—the negatively charged surface (pH 5-11) repelled
anionic ibuprofen while attracting neutral/positively charged paracet-
amol and carbamazepine as they deprotonated at higher pH. Solvent
effects further modulated adsorption: ibuprofen’s low capacity (0.1 mg/
mL in 0.1 M NaOH) contrasted with paracetamol’s performance (1 mg/
mL in water) and carbamazepine’s intermediate uptake (0.1 mg/mL in
MeOH/water). These results demonstrate mXG/PSPMA’s ability to
discriminate pollutants based on charge, pH, and solvent environment.

In the case of MB, the high selectivity of mXG/PSPMA can be
attributed to a combination of electrostatic attraction and specific mo-
lecular interactions. At working pH values (typically above pH 5), the
surface of mXG/PSPMA is negatively charged due to deprotonation of
—-SOsH and —~COOH groups, while MB remains positively charged, pro-
moting strong electrostatic interactions. Moreover, n—n stacking occurs
between the aromatic rings of MB and the PSPMA backbone, enhancing
selective affinity. Hydrogen bonding between MB and surface -OH or
—-SOsH groups may also contribute to the interaction. This synergistic
effect of charge complementarity, n-n interactions, and hydrogen
bonding underlies the superior selectivity of mXG/PSPMA toward MB
over other competing pollutants.

For HMIs (Cu®", Cd?*, Ni%*, Fe3*, Zn?", Mn?", Cr®") at their opti-
mum pH values, the oxygen-rich surface (hard base) preferentially ad-
sorbs hard and borderline Lewis acids—explaining the strong uptake of
Fe®" (hard acid) and Cr®*/Cu®*/Ni®*/Zn?* (borderline acids) via stable
coordination with oxygen donors (e.g., -COO~, —O) according to the
Hard and Soft Acids and Bases principle. In contrast, softer acids like
Cd?* and Mn?" exhibit weaker adsorption.

3.3.4. MB adsorption performance in complex mixtures
Fig. 6d shows the effect of effect of C+, HMIs, EDCs, DMix, SAAs on
the MB adsorption performance in a complex pollutant mixture,
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highlighting the synergistic interactions among all components. The
adsorption performance of mXG/PSPMA remained highly consistent
across various complex mixtures, with MB removal efficiencies of 99.14
% (24.51 mg/g) for MB alone, 87.28 % (19.01 mg/g) in the presence of
C+, 91.74 % (20.10 mg/g) with HMIs, 98.41 % (24.29 mg/g) with EDCs,
72.45 % (21.60 mg/g) with DMix, 58.98 % (14.50 mg/g) with SAAs, and
72.53 % (18.13 mg/g) in the presence of the complex mixture. The
competition between MB and other pollutants in a multi-system can be
evaluated by way of the ratio qmuiti/Qsingle, Where qmut is the adsorption
capacity for MB in the complex mixture system and Qsingle is the
adsorption capacity for MB alone. It is reported that if the gmulti/qgsingle
is equal to 1, indicates no competitive effects, while values below 1
signify a reduction in adsorption capacity due to the presence of other
molecules [55]. The calculated qmulti/Qsingle Values for MB were 0.591
SAAs, 0.775C+, 0.820 HMIs, 0.881 DMix, and 0.988 EDCs, and 0.739 in
the presence of all multi-pollutants combined, indicating that MB
adsorption by mXG/PSPMA is adversely affected by coexisting pollut-
ants. SAAs caused the largest reduction in MB adsorption, likely due to
their strong adsorption onto mXG/PSPMA surfaces, blocking active
sites, altering surface charge, and forming micelles that encapsulate MB.
In contrast, EDCs had almost no effect, probably because they interact
weakly with MB binding sites, occur at lower aqueous concentrations,
and adsorb via different mechanisms that do not significantly hinder MB
uptake. This trend demonstrates mXG/PSPMA'’s hierarchical adsorption
preference: (1) MB’s cationic charge dominates electrostatic binding to
-COO™ /-SOs™ groups, (2) its planar structure enables n-n stacking even
in the presence of competitors, and (3) porous nature of the magno-
sorbent provides abundant accessible sites. The retained high efficiency
(>72 %) in complex systems underscores its real-world applicability.

3.3.5. Structural and chemical characterization of mXG/PSPMA after
adsorption

The characterization of mXG/PSPMA after MB adsorption reveals
key interactions with co-pollutants demonstrated in Supplementary
Data (Fig. S7). SEM micrographs reveal how MB adsorption alters
morphology of mXG/PSPMA, showing surface deposition of pollutants
(EDCs as sparse aggregates, HMIs as dense particles) and pore-clogging
layered deposits in complex mixtures. These structural modifications,
combined with EDS elemental analysis, correlate with the retained
adsorption efficiency of magnosorbent. Additionally, FTIR spectra indi-
cate significant structural changes in mXG/PSPMA after MB adsorption
in different conditions (Supplementary Data, Fig. S8). The characteristic
band at 3276 cm ™2, attributed to O—H stretching, decreases in intensity,
suggesting interactions with MB and other pollutants. The bands at 538
em ™! (Fe—0), 877 cm ! (S—0), 1008 cm ™' (S=0), and 1313 em™*
(C—N) exhibit notable shifts and intensity variations, indicating chem-
ical interactions and possible bonding with MB, EDCs, and HMIs. The
C=0 band around 1700 cm™! also shows changes, implying modifica-
tions in functional groups.

XRD pattern of mXG-PSPMA several noticeable changes can be
observed after MB adsorption (Supplementary Data, Fig. S9). The main
crystalline signals of the composite (at 260 ~ 30.22°, 35.7°, 43.28°, 53.8°,
57.32°, and 62.82°) are still present, indicating that the crystal structure
of the inorganic phase remains largely intact. However, the baseline
intensity in the low-angle region (10-25°) shows a more pronounced
broad hump, particularly around 19.54° (highlighted in the red circle),
which suggests the presence of amorphous MB molecules adsorbed onto
the composite surface. This increased background and slight broadening
of signals indicate partial surface coverage or intercalation of MB, which
may reduce the overall crystallinity of the composite. Additionally, a
slight decrease in relative intensity of the main signals and minor shifts
in 26 positions can be attributed to molecular interactions between MB
and the functional groups of mXG-PSPMA, possibly through n—r stacking
and electrostatic interactions, leading to subtle lattice strain.

10

International Journal of Biological Macromolecules 328 (2025) 147640
3.4. Studies on adsorption rate and mechanism

3.4.1. Impact of time on adsorption and kinetic analysis

To understand the adsorption mechanism, the experimental data
were initially fitted to common kinetic models, including the pseudo-
first-order (PFO) and pseudo-second-order (PSO) models, provided in
Supplementary Data (Text S3) as Egs. 1 and 2, respectively. The fitting
curves and corresponding parameters for MB adsorption at a concen-
tration of 50 mg/L are summarized in Fig. 7a and Table S2 in Supple-
mentary Data. The correlation coefficient (R?) and the fit of the
experimental data obtained with the PSO kinetic model are higher than
those of the PFO model, suggesting that the adsorption mechanism of
MB onto mXG/PSPMA is primarily governed by electrostatic attractions,
hydrogen bonding, and van der Waals forces [59,69]. It can be derived
that MB adsorption onto mXG/PSPMA occurs in two distinct phases: an
initial rapid diffusion followed by equilibrium, with the process being
notably fast. During the first phase, MB molecules rapidly diffuse to the
nanoparticle surface due to intermolecular attraction forces, occupying
the abundant active sites and resulting in 86.25 % removal of a 50 mg/L
MB solution within the first 5 min. Equilibrium is reached within 30 min,
after which extending the contact time does not significantly enhance
the adsorption process. The rapid adsorption phase highlights the
abundance of available adsorptive sites, which gradually become satu-
rated over time, leading to equilibrium. Beyond this point, further in-
creases in contact time result in minimal improvement in MB removal
due to the saturation of sorption sites, as similarly reported by Li et al.
[70]. Moreover, prolonged contact time leads to the aggregation of MB
molecules, clogging the sorption sites and hindering further diffusion
into the material as noted by Chandarana et al. [71].

3.4.2. Influence of concentration on adsorption behavior and isotherms
The effect of initial MB concentration on its adsorption by mXG/
PSPMA was investigated. According to Fig. 7b, the equilibrium
adsorption capacity (qe) increased rapidly at lower concentrations but,
exhibited a slower growth rate as the adsorption sites on the mXG/
PSPMA surface became saturated. The maximum adsorption capacity of
mXG/PSPMA was determined to be 235 mg/g under the intended
experimental conditions, indicating the initial concentration serves as
the driving force for the MB-mXG/PSPMA adsorption process. To better
understand the functionality and affinity of mXG/PSPMA for MB, the
experimental data were analyzed using the Langmuir, Freundlich, and
Dubinin-Radushkevich (D-R) isotherm models. All the corresponding
equations and parameters were listed in Supplementary Data (Text S3,
Egs. 3-8). These models offer insights into the interactions between
adsorbates and adsorbents, as well as the distribution of adsorbates
between the liquid and solid phases until equilibrium is established
[72,73]. The parameters obtained from these models are presented in
Supplementary Data (Table S3) and the fitting curves are shown in
Fig. 7b. For MB adsorption on mXG/PSPMA, all isotherm models
showed a good fit with the experimental data at low MB concentrations,
as indicated by R? values. However, at higher MB concentrations, the
experimental data deviated from isotherm models, indicating that once
the adsorption sites are filled, no further binding can occur [74]. Among
the models, the Langmuir isotherm model demonstrated the best
compatibility, as evidence by its low RSME and high R? values sug-
gesting that MB follows a monolayer model, where each adsorption site
accommodates only one molecule. The theoretical maximum adsorption
capacity (qm) of 730 mg/g, calculated from the Langmuir isotherm,
exceeds the mass of the adsorbent used, highlighting the potential of
mXG/PSPMA as an excellent adsorbent for wastewater treatment. The
discrepancy between the theoretical and experimental adsorption ca-
pacities may arise from practical test conditions, which can be influ-
enced by factors such as limited accessibility of active sites, mass
transfer resistance, and surface heterogeneity. Additionally, the Ky, value
being less than 1 (Table S3 in Supplementary Data) suggests the
reversibility [75] of MB adsorption on mXG/PSPMA. As shown in
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Supplementary Data, Fig. S10, the Ry, values, which is another important
parameter, derived from the Langmuir model and being less than 1,
confirm that the adsorption process is favorable and occurs spontane-
ously [76].

The 1/n values, which classify adsorption as irreversible (1/n = 0),
favorable (0 < 1/n < 1), or unfavorable (1/n > 1) [75,77], indicate
favorable adsorption in this study (0.1 < 1/n < 1), suggesting the
preferential binding of MB and the non-uniformity of the adsorbent sites
[77-80]. Furthermore, the D-R model shows that the MB adsorption
process follows physical adsorption, with a calculated binding energy
was 4.08 kJ/mol, which is below the 8 kJ/mol typically associated with
physical adsorption and its low energy requirements [81,82].

A comparison of maximum adsorption capacities, optimal pH values,
saturation magnetization, and equilibrium times for various magnetic
composites used in MB removal were presented in Table 1. The orange
seed/Fe304 composite exhibited a moderate adsorption capacity of only
~22 mg/g (30-60 min, pH 8.0), which is significantly lower than that of
highly functionalized materials (hundreds of mg/g), yet it maintained a
relatively strong magnetic property (Ms ~ 43 emu/g) [83]. The highest
capacity reported in Table 1 is for the FegO4/chitosan-co-polymer sys-
tem (860 mg/g, 50 min, pH 8.0), however its magnetization is extremely
low (Ms ~ 0.18 emu/g), indicating that polymer functionalization can
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result in a reduction in magnetization [84]. Other high performing ad-
sorbents include carboxymethyl-cellulose/dextran sulfate (529 mg/g,
180 min, pH 7, Ms. ~ 37.3 emu/g) [85], tannic acid-crosslinked CMC
(560.9 mg/g, 120 min, pH 4.0, Ms. ~ 10.0 emu/g) [86], and CMC/
cysteine (370.4 mg/g, 60 min, pH 9.0, Ms. ~ 75.1 emu/g) [87]. Even
MOF-coated Fe304 (Fe304@SiO2@HKUST-1) has moderate magnetiza-
tion (Ms ~ 13.7 emu/g), while achieving a high capacity of ~434.8 mg/
g (90 min, pH 6-7) due to its high porosity [88]. By contrast, composites
with only modest functionalization or non-ionic binders (e.g. orange
seed [83], cellulose/GO [89], or Fe304/Polypyrrole/Carbon [90]) yield
much lower adsorption capacities (qmax~14.4 mg/g), even though
their magnetization can be relatively high (e.g., 45 emu/g for Fe3O4/
Polypyrrole/Carbon at 90.9 mg/g). Generally, materials bearing strong
anionic groups (e.g., sulfonate, carboxylate, or phenolate moieties)
—such as PMAA-grafted polymers [91], sulfated CMC [87], or tannic
acid [86] —exhibit significantly higher MB adsorption capacities due to
the availability of electrostatic binding sites. For instance, sulfonated
polymeric adsorbents such as Fe3Os@polypyrrole@sodium dodecyl
benzene sulfonate (124.9 mg/g, pH 10.0) [92] and poly(HEMA-co-IA)/
Fe304 (174 mg/g, pH 6.8) [93] outperform many non-modified coun-
terparts. Kinetically, many nanocomposites reach equilibrium very
quickly. GO/DETA/MnFe;04@SiO2 adsorbs ~243.9 mg/g in just 10 min
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Table 1

Comparison of maximum adsorption capacities, pH values, magnetic saturation values, and adsorption times of magnetic composites for MB.

Refs.

q(mg/
g

Saturation

time

Refs.  Adsorbents

q(mg/
g

Saturation magnetization
(Ms) Emu/g

pH

time

Adsorbents

magnetization
(Ms) Emu/g

(minute)

(minute)

[97]

5.04

10.0

30

PEGDE-EDTA-Fe304/chitosan

[83]
[84]

22.12
860

43.26
0.178

8.0
8.0

60
50

Orange seed/Fe30,4 composite
Fe304/chitosan-co-polymer

[98]

7.8 136.7

10.0

Fe304 /guava leaves powder/calcium

alginate

[99]

247.37
270

8.0
7.0

240

MGO@TETA@MACS
Magnetic-AL/HAP

[85]

[86]

529

37.33
10.0

7.0
4.0

180
120

Fe30,4/CMC/dextran

16.6 [100]

180

560.92

Magnetic-tannic acid cross-linked

carboxymethyl chitosan

Magnetic CMC/cysteine
Fe304@Si0,@HKUST-1

[101]
[102]
[103]

125.95

9.75

8.0
7.0
7.0

70

Poly(GMA)/Fe;0,4-GO

[87]

370.37

75.15

9.0
6-7

60
90
420

28.93

Sulfonated Magnetic Graphene

[88]
[89]

434.78

13.7
5.0

286.4

240

Aminonaphthalenesulfonic acid-

Fe304-GO

14.36

7.0

Magnetic cellulose-g-poly (AA-co-AM) / GO

composite
Fe304/Polypyrol/Carbon

[104]
[105]

[106]

375.93

19.07
13.302

7.0
7.0

140
10
60

Magnetic zinc-polymer

[90]

[91]

90.9
124.9

45.2

8.0
10.0

120
150
500

175.44
24.56

Nano-ferromagnetic green pea biochar
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GO/DETA/MnFe;0,@SiO2
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B-cyclodextrin-magnetic GO

mXG/PSPMA

61.51

PANI/Fe304 nanocomposite

Carrageenan/AC

7.0

635.93

6.0

study
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(pH 7.0, Ms. ~ 3.0 emu/g) [94] and PANI/Fe30,4 reaches ~61.5 mg/g in
30 min (pH 12, Ms. =~ 5.6 emu/g) [95]. In contrast, some high-capacity
biopolymer/AC composites require much longer contact times, for
example, carrageenan/hydrochar-AC needed 720 min (12h) to reach
635.9 mg/g (pH 6) [96], and Fe304@ polypyrrole@sodium dodecyl
benzene sulfonate took 500 min to adsorb 124.1 mg/g (pH 7) [92].
These differences matter for practical use, since shorter equilibrium
times (minutes) allow faster treatment cycles, whereas multi-hour ki-
netics can limit throughput. Similarly, the optimal solution pH varies,
with most magnetic nanocomposites performing best near neutral or
slightly alkaline conditions (pH ~ 6-8), where MB is stable and many
adsorbent surfaces are negatively charged. Notable exceptions are the
tannic-acid/CMC adsorbent (optimum at pH 4) [86] and PANI/Fe304
(pH 12) [95], indicating specific chemistry (e.g. protonated amines or
phenolic groups) can shift the pH response. Compared to all listed sys-
tems, our novel mXG/PSPMA composite (30 min, pH 7.0, Ms. ~ 38.1
emu/g) shows a high adsorption capacity of 235 mg/g. This qmax is
lower than the absolute record (860 mg/g in Fes0a/chitosan-co-poly-
mer) but exceeds that of many commercial or simple composites (for
instance, it is ~2.6x greater than Fe3O4/Polypyrrole-Carbon and ~ 4x
that of Fe3O4/Polystyrene sulfonate-chitosan). Importantly, mXG/
PSPMA combines relatively fast kinetics (30 min) with moderate-high
magnetization; its Ms. ~ 38.1 emu/g is well above most polymer-
coated adsorbents, ensuring easy magnetic recovery. In summary,
mXG/PSPMA offers a balanced performance, with its sulfonate-rich
matrix delivering strong MB uptake comparable to or better than
many literature adsorbents, while its rapid equilibrium and good mag-
netic response make it competitive for efficient dye removal.

3.4.3. Influence of temperature and thermodynamic feasibility of the
adsorbent

Fig. 7c shows the effect of temperature on the MB removal efficiency
of mXG/PSPMA. MB adsorption decreased with increasing temperature,
from 47.67 mg/g at 283 K to 40.96 mg/g at 328 K. This approximately
20 % decrease in ge values with increasing temperature suggests that
MB adsorption is more favorable at room temperature or lower. How-
ever, the decrease in adsorption is not significant enough to indicate a
major negative impact of higher temperatures.

Thermodynamic parameters (AG, AH, and AS) were also calculated
(Text S3, Egs. 9-10). Fig. 7c also illustrates the change in AG values,
where the negative AG values at all temperatures confirm the sponta-
neous nature of MB adsorption onto mXG/PSPMA. The continuous
decrease in AG values with increasing temperature suggests that higher
temperatures enhance the feasibility of the adsorption process. Addi-
tionally, the negative AH (—1651.7 J/mol) and positive AS (75.15 J/
mol K) values indicate that the adsorption of MB on the adsorbent is
exothermic and occurs with an increase in entropy [40,110].

3.5. Regeneration, recyclability, reproducibility, and cost analysis

Regeneration and recyclability are critical factors when assessing the
effectiveness of adsorbents for wastewater treatment [111]. The recov-
ery and reuse of dye-loaded adsorbents are especially important as they
help minimize secondary solid waste, lower sorption process costs, and
assist in selecting the most suitable adsorbent [112]. Among the
desorbing agents tested, efficiencies were 14.92 % for citric acid, 15.31
% for NaCl, 35.10 % for acetic acid, 19.02 % for the acetic acid—ethanol
mixture, and 75 % for NaOH. The superior performance of NaOH is
attributed to its strong alkalinity, which effectively disrupts dye-
—adsorbent interactions. Fig. 7d shows that the recovery performance
using NaOH over eight sorption-desorption cycles were 75 %, 77 %, 80
%, 88 %, 75 %, 82 %, 77 %, and 65 %, respectively. The observed minor
drop in performance over cycles is primarily attributed to several fac-
tors: (i) partial degradation of active functional groups under repeated
alkaline regeneration, (ii) leaching or chemical alteration of these
groups due to harsh pH conditions, (iii) incomplete desorption of MB
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molecules, and (iv) physical compaction or pore blockage of the
adsorbent, which can reduce surface area and hinder diffusion. These
mechanisms collectively contribute to the loss of adsorption efficiency
over time. These challenges, including partial loss of sorption capacity
and chemical integrity, underscore the need for improved regeneration
strategies. To improve reusability, optimizing regeneration conditions
using milder desorption agents (e.g., polyphenolic extracts) and rein-
forcing the composite structure through surface stabilization could help
preserve functional groups and prolong material lifespan.

Despite these limitations, the mXG/PSPMA demonstrates remark-
able reusability, proving to be a vital material for wastewater treatment.
One reason for the nanocomposite’s superior recovery and reusability is
its magnetization property, which allows the adsorbent to be easily
separated from the solution using an external magnetic field. This also
provides excellent chemical stability, making the material highly
effective for repeated pollutant removal. Similar observations have been
reported by Swagatika et al. [113] and Zhou et al. [114]. Additionally,
in one of our earlier studies, we demonstrated that PMAA-grafted
magnetic cellulose nanoparticles maintained effective MB removal
over 15 cycles, highlighting the potential of magnetic nanocomposites in
sustainable wastewater treatment [40].

Fig. 8 demonstrates the batch-to-batch reproducibility of MB
adsorption using mXG/PSPMA produced at different times. The UV
spectrum of the adsorption/desorption cycle for a random batch is
presented in Supplementary Data (Fig. S11), showing consistent per-
formance across five independent production cycles (1st cycle: ~25 mg/
g; 5th cycle: ~20 mg/g). The remarkably stable adsorption capacity
(<25 % variation between batches) highlights the robustness of the
synthesis protocol and material properties, confirming that key func-
tional groups (-COO™, -SOs™) and pore structures are reliably repro-
duced regardless of production time. The batch consistency (<5 %
deviation from mean capacity) surpasses most reported adsorbents and
is critical for industrial applications where material reproducibility is as
important as performance. This trend may be due to slight differences in
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grafting/crosslinking, surface charge, or surface properties between
batches.

The lab-scale production cost of mXG/PSPMA (~6 EUR/g, Table S4
in Supplementary Data) is offset by its high MB adsorption capacity
(235 mg/g), instant magnetic separation (saving ~0.5 EUR/L in filtra-
tion costs), and multi-pollutant targeting (C+, HMIs, DMix, EDCs, and
SAAs). Table S4 identifies iron source (42 % of cost) and ammonia so-
lution (23 %) as primary cost drivers, but substituting NHs with NaOH
reduces expenses by ~40 %. Industrial-scale production would further
lower expenses through bulk reagent procurement (e.g., FeCls at ~5x
cheaper rates) and process intensification (e.g., reduced reaction time,
solvent recycling). Critically, even at current pricing, reusability (>5
cycles) and selective adsorption of mXG/PSPMA make it a cost-
competitive solution for complex wastewater streams.

4. Conclusion

This study demonstrates the successful synthesis, characterization,
and application of Magnosorbent (mXG/PSPMA), a biopolymer-based
magnetic nanocomposite, as a high-performance adsorbent for MB
removal from complex aqueous systems. By synergistically combining
the structural integrity of XG with the sulfonic acid-rich, stimuli-
responsive nature of PSPMA, the nanocomposite achieves remarkable
chemical stability and adaptability. The incorporation of magnetic
nanoparticles further enhances its practicality, allowing for rapid and
energy-efficient separation from treated water.

Magnosorbent exhibited an amorphous structure with strong mag-
netic properties (Ms ~ 38 emu/g) and high surface accessibility (BET ~
46.7 m%/g), enabling rapid and efficient magnetic recovery. It achieved
a maximum adsorption capacity of 235 mg/g (Langmuir model) with
>80 % MB removal within 5 min and maintained high efficiency (>98
%) across a broad pH range (2-12). Its robustness was further evidenced
by sustained adsorption performance in complex multi-pollutant mix-
tures—including interfering cations, heavy metal ions, endocrine-
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Fig. 8. Batch-to-batch reproducibility of the MB adsorption capacity for mXG/PSPMA over 5 successive cycles. (Conditions: pH 7; MB concentration = 50 mg/L;
dosage = 50 mg; volume = 25 mL; incubation time = 30 min; temperature = 298 K).
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disrupting compounds, dye mixtures, and surface active agents, and real
water samples—retaining over 72 % removal efficiency, while hierar-
chical adsorption mechanisms (electrostatic attraction, n-n stacking, and
porous uptake) ensured selectivity and practical applicability through
ease of magnetic recovery.

Beyond its adsorption capabilities, Magnosorbent stands out for its
sustainability and cost-effectiveness. The material retains 65-88 %
removal efficiency over eight regeneration cycles, reducing operational
costs and waste generation. Its batch-to-batch reproducibility (<25 %
variation) and scalable synthesis further support its industrial applica-
bility. Importantly, the use of biocompatible, naturally derived polymers
aligns with green chemistry principles, offering an eco-friendly alter-
native to conventional adsorbents. These intrinsic advantages not only
lower the environmental footprint but also provide a favorable basis for
regulatory compliance and consumer acceptance.

Given these advantages, Magnosorbent represents a significant
advancement in wastewater treatment technology, with potential ap-
plications extending beyond MB removal to the remediation of other
organic pollutants, heavy metals, and emerging pollutants. Future
research could explore its performance in continuous-flow systems,
pilot-scale trials, and modifications for targeted pollutant removal. In
addition, systematic studies on potential leaching behavior and toxicity
will be essential to ensure regulatory compliance and reinforce con-
sumer confidence in real-world applications. Furthermore, in-
vestigations into scalable synthesis routes and process economics will be
critical to bridge the gap between laboratory development and indus-
trial implementation. As industries and municipalities seek sustainable,
efficient, and economically viable water treatment solutions, Magno-
sorbent emerges as a promising candidate to address the growing chal-
lenges of water pollution in an environmentally responsible manner.
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HMIs, morphological and structural changes in the mXG/PSPMA after
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mixtures, XRD pattern of mXG/PSPMA after MB adsorption, change of
Ry value of the mXG/PSPMA, representative UV spectrum of the
adsorption/desorption cycle, effect of pH on Ry, PDI, and zeta potential,
calculated kinetic and isotherm model constants, and cost estimation.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2025.147640.
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