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Freshwater contamination by heavy metals and synthetic dyes poses serious environmental and health risks,
driving the need for efficient, cost-effective, and recoverable remediation technologies. Magnetic
nanoparticles (MNPs) have emerged as a promising platform due to their high surface area and easy
magnetic recovery. However, tailoring their surface chemistry is essential to maximize pollutant uptake
and reusability. In this work, functionalized FezO4, MNPs were developed via chemical co-precipitation
followed by surface functionalization with 3-aminopropyl trimethoxysilane (APTES), glutaraldehyde (GA),
and citric acid (CA), yielding MNP-APTES, MNP-APTES-GA, and MNP-CA, respectively, for the efficient
removal of heavy metal ions and organic pollutants from aqueous solutions. Physicochemical
characterization—including FTIR spectroscopy, dynamic light scattering and zeta potential, electron
microscopy, and thermogravimetric analysis—confirmed successful surface modification without
compromising magnetic properties of the FesO, core. Adsorption performance was assessed for
copper(i) ions (Cu?*) in the presence of various competing heavy metal ions as well as for methyl orange
(MO) dye. MNP-APTES-GA outperformed bare MNPs, MNP-CA, and MNP-APTES, achieving 69% Cu®*
removal at pH 6 and 83% MO decolorization at pH 3. Kinetic analysis demonstrated that Cu®" uptake
followed pseudo-first-order kinetics, whereas MO dye removal followed pseudo-second-order kinetics.
The maximum Cu?* adsorption capacity from the Langmuir model was 14.39 mg g%, and both
Langmuir and Freundlich isotherms fit the experimental data well, suggesting heterogeneous, multilayer
and competitive adsorption behavior. In multicomponent systems containing Co®*, Ni?*, Zn®*, and A",
Cu?* removal remained 22-37%, confirming preferential Cu®* uptake under competitive conditions.
MNP regeneration experiments demonstrated robust reusability and good retention of adsorption
capacity after five cycles using suitable eluents. Regeneration studies revealed strong reusability, with
MO desorption remaining above 80% after five cycles, while Cu?* desorption decreased from ~76% to
~30%. The enhanced dual-removal performance of MNP-APTES-GA is attributed to synergistic
interactions from amine and aldehyde functionalities, enabling combined electrostatic attraction,
coordination, and supramolecular interactions. These findings establish MNP-APTES-GA as a versatile,
magnetically recoverable adsorbent with significant potential for scalable, multi-contaminant water
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dyes, heavy metals, and other hazardous pollutants into aquatic
systems. These toxic contaminants cause severe ecological

1. Introduction

Ensuring access to clean water is essential for human health
and sustainable development. However, water pollution
continues to rise due to rapid industrialization, population
growth, and intensified domestic and agricultural activities,
which when unabated contribute to the prevalence of life-
threatening diseases."” Industrial effluents originating from
textile,> chemical, mining,” and metallurgical® sectors
discharge large quantities of hazardous substances such as
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damage and present carcinogenic and mutagenic risks to
human populations.” Therefore, increasing attention has been
directed toward the development of efficient and sustainable
strategies for removing hazardous dyes and toxic heavy metals
from wastewater discharged by manufacturing industries.*®
Various conventional remediation methods such as chem-
ical precipitation, ion exchange, membrane filtration, coagula-
tion, and flocculation®***> have been utilized for the removal of
heavy metal ions and synthetic dyes from contaminated water.
Although effective under certain conditions, these methods are
often constrained by drawbacks, including high operational

RSC Adv, 2026, 16, 24719-24738 | 24719


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00956e&domain=pdf&date_stamp=2026-05-11
http://orcid.org/0000-0003-1404-2204
http://orcid.org/0000-0003-2484-1683
http://orcid.org/0000-0003-4316-6011
http://orcid.org/0000-0002-0875-2659
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00956e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016027

Open Access Article. Published on 11 May 2026. Downloaded on 5/15/2026 4:22:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

costs, secondary sludge production, membrane fouling, and
limited efficiency at low pollutant concentrations.*** In addi-
tion, dye removal presents further challenges due to the struc-
tural stability, high solubility, and resistance to biodegradation
of many azo and aromatic compounds. By comparison,
adsorption stands out as one of the most attractive alternatives
due to its high removal efficiency, cost-effectiveness, ease of use,
potential for reuse, and suitability for large-scale water
purification.'****  Among adsorbent materials,
magnetic nanoparticles (MNPs)—particularly iron oxides—have
gained significant attention owing to their high specific surface
area, chemical tunability, environmental compatibility, and
excellent magnetic responsiveness, which enable efficient
adsorption and facile separation from aqueous systems without
filtration or centrifugation.’**® Iron oxide based nano-
adsorbents such as hematite (a-Fe,O3), maghemite (y-Fe,03),
and magnetite (Fe;04) have been widely explored for the
remediation of toxic metal ions including arsenic (As®*/
As®"),2*?' chromium (Cr’*/Cr*"/Cr®"),*?* manganese (Mn>"),?®
copper (Cu*"),?*® lead (Pb*"),>*® and mercury (Hg>")*** from
both environmental and industrial waste streams.?~*> Magnetic
recoverability of Fe;O, makes it particularly attractive for
sustainable wastewater treatment applications. In addition to
metal ion removal, bare iron oxide nanoparticles have also
demonstrated intrinsic adsorption capability toward various
dye molecules such as methylene blue (MB),** methyl orange
(MO),* Congo red (CR),*® and rhodamine dyes.*® However,
unmodified Fe;O, often suffer from aggregation due to
magnetic dipole interactions and possess limited selectivity,*
which reduces their adsorption efficiency in practical applica-
tions. To overcome these challenges, tailoring the surface
chemistry of iron oxide-based MNPs has emerged as an effective
strategy to improve their colloidal stability, target selectivity,
and overall adsorption performance.***

Surface functionalization of iron oxide nanoparticles
(IONPs) have been achieved using a variety of moieties such as
silane coupling agents, organic vapor deposition, physiosorbed
and chemisorbed polymers, and surfactants.**** These modifi-
cations introduce functional groups capable of forming specific
interactions with pollutant species while simultaneously pre-
venting nanoparticle aggregation.*> Among the different silane
coupling agents, (3-aminopropyl)triethoxysilane (APTES) has
been widely used due to its ability to form stable Fe-O-Si bonds
with surface hydroxyl groups of Fe;O, while exposing terminal
amine (-NH,) groups that serve as active sites for pollutant
binding.** According to Campaia et al., APTES-modified Fe;0,
NPs exhibited effective adsorption of Cd*" ions from aqueous
solution, achieving removal efficiencies up to 94% and a reten-
tion capacity of approximately 0.49 mg ¢ *. Adsorption followed
Langmuir/Freundlich isotherms and pseudo-first-order and
pseudo-second-order kinetic models, which indicated APTES-
modified Fe;O, NPs as promising low-cost platforms for
aqueous heavy metal remediation.”” Besides silane-based
functionalization, organic ligands such as citric acid (CA) have
also been used to stabilize Fe;0, nanoparticles through surface
carboxylate groups.*®*** CA-coated magnetite nanoparticles
(Fe304-CA) were synthesized specifically as effective adsorbents
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for cadmium (Cd>*) removal from aqueous solutions.® The
adsorption performance of Cd>" was systematically evaluated
with different pH, temperature, and contact time. Equilibrium
in Cd** adsorption onto Fe;0,-CA was achieved within 35 min
at an optimized pH of 5, confirming the rapid adsorption
kinetics. Similarly, Tziro and Baseri®* investigated magnetite
nano-adsorbents synthesized via chemical co-precipitation and
subsequently coated with different organic and inorganic
materials, including CA, for the adsorption of Cu**and Pb*".
While bare Fe;O, exhibited removal efficiencies of approxi-
mately 75% for Pb>" and 78% for Cu**, CA-coated Fe;O, NPs
achieved removal efficiencies above 90%, confirming the pivotal
role of surface charge and ligand coordination in metal binding.

Beyond heavy metals, functionalized iron-based nano-
materials have demonstrated high efficiency in dye removal and
multifunctional applications. Yan and Wang synthesized
amino-functionalized Fe;O, nanoparticles via APTES modifica-
tion and demonstrated effective adsorption of anionic dyes,
achieving maximum capacities of 51.4 mg g~ " for Reactive Red
228 and 118.8 mg g ' for CR.*® Keshta and Gemeay® synthe-
sized Fe;O, nanoparticles using different methods (co-
precipitation, hydrothermal, and sonochemical) and subse-
quently modified with APTES to introduce surface amine (-NH,)
groups, resulting in enhanced adsorption of the anionic dye
Eosin-Y with a maximum adsorption capacity of 38.32 mg g~ .
In another study, amino-functionalized silica-coated Fe;O,
nanoparticles were synthesized and found effective for dye
adsorption such as CR and MB, which indicated the versatility
of amine-modified magnetic cores in treating different organic
pollutants.® Alqadami et al prepared trisodium-citrate-
functionalized Fe;0, (Fe;0,@TSC) which showed a maximum
adsorption capacity of 435 mg g ' for malachite green,
demonstrating the strong adsorption capability imparted by
citrate-derived surface carboxylate groups.> The same citrate-
modified Fe;O,-TSC NPs also showed rapid and efficient
adsorption of Cr’* and Co®', with equilibrium adsorption
capacities of 50 mg g~ for Cr** and 47.4 mg g~ for Co*". The
importance of carboxyl groups in adsorption processes is
further illustrated by Qu et al, who modified water hyacinth
biomass with CA to introduce dense carboxyl functionalities.
The systematic investigation of adsorption parameters (solution
pH, contact time, initial adsorbate concentration, adsorbent
dosage, and temperature) showed optimized conditions of pH
7.5 for Ni**, 6.0 for Cu?", and 5.0 for Cr**, with contact times of
300, 180, and 120 min, respectively.>” These findings reinforce
that carboxyl groups play a critical role in mediating selective
ion binding, a principle directly translatable to iron oxide
surfaces where carboxyl, amine, or hydroxyl groups can be
tailored to maximize adsorption efficiency. Importantly, these
parameter-specific optimizations provide a practical guideline
for scaling up the adsorption process.”” A comprehensive
comparison of these studies, including adsorbent type, target
pollutants, optimal pH conditions, adsorption capacities, and
kinetic models, is summarized in Table 1, which provides
a broader context for evaluating the performance of surface-
functionalized Fe;O4-based adsorbents reported in the
literature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparative adsorption performance of surface-functionalized FesO4 NPs for the removal of heavy metal ions and dye pollutants

reported in the literature®

Adsorbent Removal Adsorption capacity
(with functional groups)  Pollutant Optimal pH efficiency (%) (mg g™ ") Kinetics/isotherm Reference
Amine-functionalized cr*t 3 95.25-97.94 232.51 Pseudo-second-order; Baghani et al.”®
Fe;04 Ni** 6 96.42-98.56  222.12 Langmuir
Carboxyl functionalized ~ Pb*" ~5-5.5 — 74.63 Pseudo-second-order; Shi et al.>®
Fe;0, cd* 45.66 Langmuir
cu® 44.84
EDTA-Fe;0, cu** ~5-6 ~98.46 + ~46.27 Pseudo-second-order; Liu et al.®®
0.08 Langmuir
Fe;0,@Si0, cd** 6 55 81.62 Langmuir and Freundlich ~ Ghafoor et al.®!
Ni** 44 63.995
APTES-GA-Fe;0, cu** 6 86 19.26 Pseudo-first-order; Ozmen et al.®*
Langmuir isotherm
Fe;0,-APTES cu** 4.0-5.3 78.2-79.6 61.07 Langmuir/Freundlich Kothavale et al.®®
analyzed;
fast equilibrium (~15 min)
Citric acid-coated Fe;0, Crystal violet ~6-8 94.5% ~50-120 Pseudo-second-order; Jangra et al.®*
Langmuir
Fe;0,~NH,-COOH pb* ~5-6 96.8% 125.3 Synergistic binding (dual ~ Yang et al.®®
cd* 89.4% 98.7 sites)
Fe;0,-SDS Tolonium 6 98 111.11 Pseudo-second-order, Abedi et al.®®
chloride Langmuir
Fe;0,-APTES Reactive red 228 ~3-5 95.26 51.4 Pseudo-second-order Yan and Wang™”
(amine-functionalized) Congo red 4-10 94.2 118.8 Langmuir, Freundlich
Fe;0,-APTES Eosin Y (EY) ~4-6 (best ~94-100 38.32 Pseudo-second-order Keshta &
(amine-functionalized) acidic) Langmuir Gemeay™
Fe;0,-APTES-GA cu** 3 69% 21.39 Pseudo-first-order; This work
Langmuir and Freundlich
Methyl orange 6 83% 17.95 Pseudo-second-order

% SDS: sodium dodecyl sulfate; EDTA: ethylenediaminetetraacetic acid; GA: glutaraldehyde.

To further improve adsorption efficiency, dual-functional
surface modification strategies combining different functional
groups have also been explored. In many cases, APTES is used as
an intermediate functionalization layer that introduces reactive
amine groups and subsequently can react with aldehydes,
carboxylic acids, or other functional molecules.” Karimi et al.
synthesized Fe;O, NPs sequentially modified with APTES and
glutaraldehyde (GA), which introduced surface amine and alde-
hyde functional groups to provide abundant coordination sites
for metal binding. The resulting Fe;O,/APTES/GA NPs exhibited
superior adsorption of thorium ions (Th*") under optimized
conditions of pH 4.5, 250 mg L ™" initial thorium concentration,
1 g L' adsorbent dosage, and 90 min contact time. The
enhanced performance was attributed to the synergistic coordi-
nation of amine and aldehyde functionalities on the particle

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

surface.®® Similarly, Yang et al® synthesized dual-functional
amino-carboxyl co-modified Fe;O, nanoparticles using APTES
followed by succinic anhydride, which exhibited maximum
adsorption capacities of 125.3 mg g~* for Pb®" and 98.7 mg g~*
for Cd*". It was attributed to the combined presence of amine
and carboxyl functional groups that significantly enhances metal
ion binding through cooperative coordination and electrostatic
interactions. Ozmen et al.®* and Kothavale et al.®® both developed
APTES-glutaraldehyde (GA) functionalized Fe;O, NPs for Cu**
removal from aqueous solutions, where surface amine and imine
groups introduced by APTES and GA provided active coordina-
tion sites. Ozmen et al.® reported rapid adsorption kinetics with
equilibrium reached within ~15 min and a high Langmuir
adsorption capacity of 0.961 mmol g~ ' (=61.07 mg g~ '), whereas
Kothavale et al.®* observed ~86% Cu®" removal at pH 6 with an
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adsorption capacity of 19.26 mg g ' and equilibrium reached
within ~120 min, with the adsorption behavior fitting the
Langmuir isotherm and pseudo-first-order kinetics. Despite
these promising results, both studies are primarily limited to
a single-component removal system, and their adsorption
performance is strongly influenced by solution pH and
competing ions, resulting in reduced efficiency under more
complex conditions. In contrast, the present work extends
beyond these limitations by demonstrating the simultaneous
removal of Cu*>" ions and MO dye, thereby establishing a multi-
functional adsorption platform. Furthermore, the inclusion of
competitive multi-ion systems provides a more realistic evalua-
tion of adsorbent performance, while the comparative analysis of
different surface functionalization strategies offers deeper
insight into the relationship between surface chemistry and
adsorption behavior. These features highlight the enhanced
versatility and practical applicability of the present system for
wastewater treatment involving mixed contaminants.

In this study, Fe;0, MNPs were synthesized via a one-pot co-
precipitation and crosslinking strategy using 3-aminopropyl tri-
ethoxysilane (APTES), glutaraldehyde (GA), and citric acid (CA) to
produce three functionalized materials-MNP-APTES, MNP-
APTES-GA, and MNP-CA, respectively. The main objective of
this work is to comparatively evaluate amine-, aldehyde/imine-,
and carboxyl-functionalized IONPs to understand how different
surface functionalization influence its adsorption behavior. The
combination of surface functionalities is designed to synergisti-
cally enhance adsorption affinity, accelerate binding kinetics,
and improve recyclability, thereby overcoming limitations of
conventional single-ligand systems. The novelty of this work lies
in the integration of multiple functional groups onto Fe;O, MNPs
to prepare MNP-APTES-GA and achieve remediation of both
heavy metal (Cu**) and dye (MO) within a single platform—an
advancement rarely reported in the literature.®** In this study,
Cu®* was selected as a representative heavy metal due to its
ubiquity in industrial effluents and high toxicity even at trace
levels, while MO, a persistent azo dye, was chosen as a model
organic contaminant owing to its persistence and resistance to
biodegradation. Together, these pollutants reflect the realistic
complexity of wastewater, where metals and dyes often coexist
and require concurrent removal. Comprehensive characteriza-
tion by Fourier transform infrared (FTIR) spectroscopy, zeta
potential, thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
dynamic light scattering (DLS), X-ray diffraction (XRD), and
ultraviolet-visible spectroscopy (UV-vis) confirms robust surface
grafting without compromising magnetic responsiveness. These
analyses provide structural, morphological, and functional veri-
fication of successful ligand immobilization. Furthermore,
systematic evaluation of adsorption parameters, including
contact time, pH, adsorbent dose, initial concentration, and
coexisting ions, elucidated the adsorption pathways and maxi-
mized removal efficiencies. To elucidate the adsorption mecha-
nisms, pseudo-first-order and pseudo-second-order kinetic
models were applied to evaluate adsorption rates, while Lang-
muir and Freundlich isotherm models were used to analyze
equilibrium adsorption behavior and surface interactions. To
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understand the adsorption mechanisms, pseudo-first-order and
pseudo-second-order kinetic models were applied to evaluate the
adsorption rates of Cu** and MO removal, while Langmuir and
Freundlich isotherm models were used to analyze equilibrium
adsorption behavior and surface interactions. Overall, by
comparing APTES, APTES-GA, and CA functionalized Fe;O,
nanoparticles, this study provides a systematic understanding of
how surface functionalization influences adsorption perfor-
mance and recyclability in magnetic nanoadsorbents. Such
scalable and reusable magnetic nanoparticles offer a promising
and sustainable approach for the simultaneous removal of heavy
metals and dyes from complex wastewater streams.

2 Materials and methods
2.1 Materials

Iron(m) chloride hexahydrate (FeCl; - 6H,0, CAS 7789-21-1, =99%
ACS) and iron(u) chloride tetrahydrate (FeCl,-4H,0, CAS 13478-
10-9, =98%) were procured from Beantown Chemicals. Glutar-
aldehyde (GA, CAS 111-30-8, 25 wt% aqueous solution) and
ethanol (anhydrous, CAS 64-17-5, =99.5%) were obtained from
VWR Chemicals. 3-Aminopropyl triethoxysilane (APTES, CAS 919-
30-2, =98%), ammonium hydroxide (NH,OH, CAS 1336-21-6, 28-
30 wt% NH; in H,0), ethylenediaminetetraacetic acid (EDTA,
CAS 6381-92-6, =99.5%, disodium salt), and citric acid mono-
hydrate (CA, CAS 77-92-9, =99.5%) were purchased from Thermo
Fisher Scientific. Copper(u) sulfate pentahydrate (CuSO,-5H,0,
CAS 7758-98-7, =99%), aluminum sulfate (Al,(SO,)s, CAS 10043-
01-3, =97%), nickel(u) sulfate hexahydrate (NiSO,-6H,0, CAS
10101-97-0, =98%), cobalt(u) sulfate heptahydrate (CoSO,- 7H,0,
CAS 10026-24-1, =98%), and zinc sulfate heptahydrate (ZnSO,-
-7H,0, CAS 7446-20-0, =98%) were obtained from Sigma-
Aldrich, and methyl orange dye (MO, CAS 547-58-0, =85% dye
content) was purchased from LabChem, Inc. Deionized (DI)
water was obtained from a MilliporeSigma water system. Branson
SFX 150 ultrasonifier from Marshall Scientific was used to
prevent aggregation during nanoparticle synthesis. All materials
were used as received unless otherwise specified.

2.2 Synthesis of magnetic nanoparticles (MNP)

The reaction mechanism for the synthesis and surface func-
tionalization of Fe;0, magnetic nanoparticles is shown in Fig. 1.
MNPs were prepared using an improved co-precipitation method
with iron(m) chloride hexahydrate (6.5 g) and iron(u) chloride
tetrahydrate (3.5 g) mixed in 100 mL of distilled water at 80 °C.
NH,OH (40 mL) was added dropwise and vigorously stirred into
the solution under an inert atmosphere, with a rapid change in
the solution colour from orange to black observed, indicating the
formation of MNPs. The solution mixture was continuously
stirred for an additional 30 min before proceeding to the
washing step. The resulting black MNP particles were separated
from the solution with a magnet and washed several times with
deionized water and ethanol. Finally, a portion of the MNPs was
redispersed into water while another portion was dispersed into
ethanol for further characterization. The remainder was dried in
an oven overnight at 40 °C™ to produce Fe;O, MNPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthesis and surface functionalization of MNPs by 3-aminopropyl triethoxysilane (APTES), glutaraldehyde

(GA), and citric acid (CA).

2.3 Surface modification of MNPs with 3-aminopropyl
triethoxysilane (MNP-APTES)

Amino-functionalized MNPs were produced according to Ozmen
et al.®® Fe;0, NPs (2 g) were dispersed in 100 mL of an ethanol/
water solution (1:1 v/v ratio); afterward, 7.65 g of 3-amino-
propyl triethoxysilane (APTES) was added to the solution with
sonication under a nitrogen atmosphere at 40 °C for 2 h. The
solution was then allowed to cool to room temperature, and the
resulting MNP-APTES particles were separated from the solution
using a permanent neodymium magnet. Aliquots of the particles
were dispersed in ethanol for further characterization, while the
remainder was dried in a vacuum oven overnight at 40 °C.

2.4 Surface modification of MNP-APTES with glutaraldehyde
(MNP-APTES-GA)

MNP-APTES particles were further functionalized with glutar-
aldehyde (GA) based on the method described,***® where APTES
modified MNPs (2 g) were dispersed in a 75 mL solution con-
taining 12.5 wt% GA and stirred for 12 h at room temperature.
Subsequently, the resulting suspension was washed three times

(@)

Metal or dye Solution

XX D
. Adsorption

Functionalized
Fe;O,

& e >

Fig. 2
sulfate pentahydrate and (c) MO dye.
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(a) Schematic illustration of the adsorption and decantation process (adapted from Panda et al.”?). Chemical structures of (b) copper(i)

with ethanol, then the particles were separated and washed 3 x
with DI water and finally dried in a vacuum oven at 40 °C
overnight to yield MNP-APTES-GA.

2.5 Surface modification of MNPs with citric acid (MNP-CA)

Fe;0, MNPs were separately also surface modified with citric
acid (CA) following a method by Dheyab et al.,” where 100 mL of
CA was added to a mixture of 2 g of bare MNP in 25 mL of
ethanol. This solution was stirred for 30 min at 65 °C. The
resulting MNP-CA particles were then collected through
a permanent magnet and thoroughly rinsed four times with DI
water to remove unreactive or inert impurities. Finally, the
MNP-CA was redispersed in the DI water for 10 min and
magnetically decanted after sonication. The resultant particles
were dried in the oven overnight at 40 °C.

2.6 Adsorption and desorption experiment

Adsorption studies were conducted to evaluate the removal of
copper(u) sulfate pentahydrate and methyl orange (MO) using
surface functionalized magnetic nanoparticles as adsorbents.

RSC Adv, 2026, 16, 24719-24738 | 24723
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The residual concentration of Cu®** ions was determined spec-
trophotometrically at 744 nm using ethylenediaminetetraacetic
acid (EDTA) as a complexing agent, and the corresponding
removal efficiency was calculated. For copper adsorption
experiments, MNPs at a dosage of 5 g L' were placed in
500 mg L™ (2 mM) Cu®" ion solution and agitated in a shaker at
250 rpm and 25 °C for a specified time to attain adsorption
equilibrium. For MO adsorption, an initial dye concentration of
45.8 mg L' (0.14 mM) was used.

To investigate the effect of key experimental factors, the rate of
adsorption for the Cu®" ions using MNPs was determined by
varying contact time (30-210 min), adsorbent dose (2.5-15 g L ™"
of MNPs), initial concentration (100-500 mg L"), and pH (3-7).
For MO adsorption, the parameters of contact time (15-120 min),
2 g L' adsorbent dose, and pH (3, 5, 10) were studied. At the end
of each batch experiment, MNPs were decanted using a perma-
nent magnet. The adsorption experiments were repeated three
times, and the average values were reported. Fig. 2 depicts the
adsorption and desorption process using MNPs as the adsorbent
along with the chemical structures of adsorbates.

The percentage adsorption conducted for Cu®*" and MO was
deduced based on the following equations:

C, — C.

o

% Removal = x 100 (1)
where C, (mg L") is the initial adsorbate concentration, and C,
(mg L") is the equilibrium adsorbate concentration. The
adsorption capacity of the functionalized MNPs is expressed as
follows:

C, — Ce
m

At equilibrium condition, ¢, = xV (2)
C, -G

At any time(?), ¢, =
m

x V (3)
where g. (mg g ") is the adsorption capacity at equilibrium, g,
(mg g~ ") is the adsorption capacity at time ¢ (min), C, (mg g~ ) is
the initial concentration of the adsorbates, C. (mg g~ ') is the
adsorbate equilibrium concentration, C; (mg L) is the adsor-
bate concentration at time ¢ (min), V (L) is the adsorbate
volume, and m (g) is the weight of the adsorbents. The amount
of Cu®" adsorbed at time ¢ was determined from the difference
between the initial Cu®>" concentration and the concentration
remaining in solution after adsorption.

Desorption and reusability studies were carried out after Cu>*
and MO adsorption using MNP-APTES-GA nanoparticles. For MO
desorption, 2.5 g L™ ' of MNP-APTES-GA was treated at pH 3, with
a contact time of 60 min and an initial MO concentration of
45.8 mg L' In accordance with Shariati-Rad et al,” and
Afkhami et al.,”* 10 mL of 0.1 M NaOH was used as the eluent,
followed by washing with distilled water before reuse. For Cu**
desorption, MNP-APTES-GA (15 g L") was applied at pH 6 with
a contact time of 90 min and an initial Cu®* concentration of
100 mg L. Following literature reports,”>”” 10 mL of 0.1 M HCI
was used as the eluent, and the adsorbent was washed with
distilled water before subsequent use. Dye concentration in the
desorbed solution was measured spectrophotometrically.
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The expression utilized for the desorption percentage was
deduced from Zhai et al.”® as follows,

C
% Desorption = Fd x 100% (4)

where Cq is the concentration of MO desorbed (mg L™ "), and C,
is the concentration of MO adsorbed (mg L™"). The adsorption
kinetics of Cu®>" and MO on MNP-APTES-GA were studied using
pseudo-first-order and pseudo-second-order models to evaluate
the adsorption rate and mechanism. Batch experiments were
conducted by mixing a fixed mass of adsorbent in solution
under optimized conditions, and residual solution concentra-
tions were measured at discrete time intervals to calculate
adsorption capacity (g,). The pseudo-first-order kinetic model™
is expressed as

dg _

s ki(qe — q,) (differential expression) (5)

In(g. — ¢;) = Ing. — kqt (integral expression) (6)

where g, (mg g~ ") is the equilibrium adsorption capacity, ¢, (mg
¢~ ") is the adsorption capacity at ¢ time, ¢ is the adsorption time,
and k; (min~") is the pseudo-first order kinetic adsorption rate
constant. The pseudo-second-order model assumes that
adsorption involves surface diffusion, surface adsorption, and
particle diffusion, providing a more realistic description of the
mechanism. The second-order equations are as follows:

d . . .

d_(zl =ky(ge —q.)° (differential equation) (7)
r_ L + ks (integral expression) (8)
q: kg qe £ P

where k, is the pseudo-second-order kinetic adsorption rate
constant.

2.7 Adsorption isotherms

Adsorption isotherms are essential for evaluating the adsorp-
tion capacity of materials and understanding adsorbate-
adsorbent interactions at equilibrium.**** Among the most
widely used models are the Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich isotherms.” The Langmuir model
assumes that adsorption occurs as a monolayer on a homoge-
neous surface with a finite number of identical binding sites,*
and its linear form™ is expressed as

C. G 1
KLQm L

= )

qe dmL
where C. (mg L") is the equilibrium concentration, g. (mg g ")
is the equilibrium adsorption capacity, ¢, 1 (mg g~ ') is the
maximum saturated adsorption capacity, and K (L mg™") is the
Langmuir adsorption constant related to the adsorption
energy.

The Freundlich isotherm, in contrast, is an empirical model
that assumes a heterogeneous surface with multilayer adsorp-
tion,” where adsorbate interactions occur and adsorption
capacity increases with concentration; its linear form is given as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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1
Ing. =In K¢ + - In C, (10)
where Ky (L g ') is the Freundlich adsorption constant related
to adsorption capacity and # is the Freundlich constant related

to the degree of surface inhomogeneity.

2.8 Characterization methods

Fourier transform infrared spectroscopy (FTIR) was performed
to characterize the surface functional groups of the MNPs using
a ThermoFisher Scientific Nicolet iS50R FTIR spectrometer. To
reduce water peak interference in the spectra, each sample was
dried in a vacuum oven at 50 °C for 24 h before conducting the
FTIR scans. FTIR spectra were collected over the 4000-400 cm ™"
wavenumber range with an average of 64 scans at 4 cm™~
resolution and processed using OMNIC (Thermo Scientific™)
software. The net surface charge of the nanoparticles was
measured using an Anton Paar Litesizer 500 at room tempera-
ture, with each sample dispersed in an aqueous solution at 1 mg
mL~" concentrations.

Thermogravimetric analysis (TGA) of the MNPs was con-
ducted with a Discovery TGA 5500 instrument (TA Instruments).
Approximately 15 mg of each sample was heated from 25 to
800 °C at a rate of 10 °C min~" under a nitrogen flow rate of 20
mL min . The surface morphology of the samples was exam-
ined using scanning electron microscopy (SEM) on a Zeiss
NEON high vacuum field-emission operated at an accelerating
voltage of 15.00 kV.

Transmission electron microscopy (TEM) analysis was per-
formed with a FEI Titan transmission electron microscope
equipped with a field emission gun operating at 80 to 300 kv and
an energy dispersive X-ray detector for elemental analysis. About
5 mg of each sample was ultrasonically dispersed in ethanol, and
a drop of the suspension was deposited onto a carbon-coated
copper grid and dried prior to imaging. A Shimadzu 1601 UV-
Vis spectrophotometer was used to determine the concentra-
tion of anionic dye and Cu®" in aqueous solution before, during,
and after the adsorption process. Spectra were collected over the
1100-200 nm wavelength range at a spectral resolution of 1 nm.
Calibration curves were produced by measuring the absorbance
of a series of standard solutions with known concentrations of
dye and Cu®'. The equipment was baseline corrected with DI
water at the respective corresponding analytical wavelengths to
ensure accuracy before analyzing the adsorbate solutions.

X-ray diffraction (XRD) patterns were recorded using a Phi-
lips X'Pert MPD diffractometer equipped with a 1.8 kW Cu Ko X-
ray tube (A = 0.15406 nm), a 1/2° divergence slit, a 0.2 mm
receiving slit, and a flat monochromator positioned in front of
the standard proportional detector. The average crystallite size
(D) of the nanoparticles was estimated using the Debye-Scher-
rer equation.®*

1

kA
D=
B cos 6

(11)
where k is a shape factor (0.9), 4 is the Cu Ko radiation wave-

length (1.54060 A), 8 is the peak width at half maximum (in
radians), and 6 is the Bragg diffraction angle.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of magnetic nanoparticle samples: (a) bare MNP;
(b) MNP-APTES; (c) MNP-APTES-GA; and (d) MNP-CA.

3 Results and discussion
3.1 Characterization of MNPs

To evaluate the chemical composition of the as-synthesized
(bare) MNPs and examine the success of the surface function-
alization using APTES, GA, and CA, FTIR spectroscopy was used
to identify the characteristic vibrational bands for the func-
tional groups present in each sample. Fig. 3a-d displays the
FTIR spectra of bare and functionalized Fe;O, nanoparticles.
The FTIR spectra for bare MNPs do not show the presence of any
functional groups at absorbances above 800 cm™', while an
intense peak was observed at 537 cm ™' with this feature
attributed to the Fe-O bond of bulk magnetite, as reported.*
The lack of other functional groups and the strong Fe-O band
indicated the formation of bare magnetite
nanoparticles.

The surface modification of the MNPs with APTES was
confirmed by the presence of the peaks at 1093 and 1031 cm ™"
associated with Si-O groups, as well as two broad peaks at 1625
and 2927 cm™*, which were assigned to N-H stretching and the
C-H stretch of the anchored propyl group, respectively. Similar
peaks have been previously reported for APTES coatings by
Ozmen et al.®® After the reaction of MNP-APTES with GA to obtain
MNP-APTES-GA, a peak at 1709 cm ™' emerged, indicating the
presence of the carbonyl group. Strong absorption bands at 937
and 1093 cm ™" were attributed to Si-O-Si groups, while peaks at
1625 and 1709 cm™ ' were assigned to N-H stretching and C=0
carbonyl vibrations, respectively. Additional bands at 2927 and
2848 cm ' indicated the presence of the propyl group® for the
MNP-APTES-GA, confirming that the APTES shell remained
intact after the reaction with GA. In the FTIR spectra for MNP-CA,
as shown in Fig. 3d, two strong bands at 1584 and 1387 cm ™"
arise from vibrations of the citric-acid-derived carboxylate groups
on the nanoparticle surface. Specifically, the 1584 cm™" band
corresponds to the asymmetric stretch of the -COO™ moiety,
while the 1387 cm™* band is due to its symmetric stretch. All

successful
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MNP samples exhibited a broad absorption band between 3200
and 3400 cm ™, characteristic of O-H stretching vibrations from
surface hydroxyl groups.** These hydroxyls are attributed to
hydrogen bonding between oxygen atoms on the Fe;O, nano-
particles and adsorbed water molecules or hydrogen species.
Additionally, the intense absorption at ~537 cm™* is assignable
to the Fe-O stretching vibration of the magnetite core. These
spectral features confirm that citric acid was successfully grafted
onto the MNP surface via its carboxylate functionalities, consis-
tent with our group's previous observations and consistent with
the work of Dheyab et al.”

In general, colloidal solutions with |{| > 30 mV are consid-
ered stable, while those with |{| > 60 mV demonstrate excep-
tional stability.*® A high absolute zeta potential indicates that
particles have a high net surface charge, which prevents particle
aggregation due to charge repulsion. Conversely, colloidal
solutions with || <20 mV indicate poor stability, and those with
a zeta potential between zero and +5 mV tend to experience
significant aggregation. Thus, the functionalized MNPs in this
study exhibit superior suspension stability® compared to bare
MNPs. At near-neutral zeta potential, attraction forces overcome
repulsion, leading to agglomeration; however, when two adja-
cent particles have sufficiently high zeta potential of the same
sign, they do not agglomerate due to electrostatic repulsions.
The results of this study clearly indicate that surface modifica-
tion and functionalization significantly increase zeta potential,
thereby enhancing colloidal stability, with the notable excep-
tion of MNP-CA, which achieves stabilization through nega-
tively charged carboxylate groups.

To ascertain how the surface functional groups influence
colloidal stability, zeta potential ({) measurements were
measured for the various MNP samples just after synthesis and
as a function of solution pH (Fig. 4). At the synthesis pH (=6),
bare MNPs exhibit a relatively low zeta potential of 10.6 +
2.00 mV and so they are likely to have limited stability and
a tendency toward aggregation, while MNP-APTES and MNP-
APTES-GA have zeta potentials of 28.3 £ 1.06 mV and 39.4 +
1.84 mV, respectively, as shown in Fig. 4a. These results suggest

= MNP Bare
——— MNP-APTES
= MNP-APTES-GA|

-
1

~——MNP-CA

~ w
1 1

Relative frequency [%]

<
L

-100 100

=50 0 50
Zeta potential (mV)
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moderate stability for MNP-APTES and strong stability for MNP-
APTES-GA, with improved dispersion relative to bare MNPs. As
expected, the only MNP sample exhibiting a negative surface
charge is MNP-CA, which had a measured zeta potential value of
—36.0 £ 1.63 mV. This strong negative zeta potential is
consistent with the presence of deprotonated carboxylate
functional group,®® as confirmed by the FTIR analysis, and
indicates MNP-CA should exhibit strong stability and effective
dispersion in solution.

Understanding this pH-dependent surface charge behavior
is critical for identifying conditions under which electrostatic
attractions can maximize adsorption performance. The { vs. pH
profiles (Fig. 4b) reveal how the protonation and deprotonation
of fixed surface functional groups alter the nanoparticles’ net
charge across the pH range, shifting their isoelectric points
accordingly. The isoelectric point (IEP), defined as the pH at
which the particle's net surface charge is zero, corresponding to
a zeta potential of 0 mV, provides a critical parameter for
understanding colloidal stability. At this point, electrostatic
repulsion is minimized, and particles are most prone to
agglomeration due to attractive van der Waals forces. For the
bare MNPs, the IEP was observed at pH 7.4, consistent with the
presence of surface hydroxyl groups that undergo protonation
and deprotonation around neutral conditions. Upon modifica-
tion with APTES, the IEP shifted upward to pH 8.8, which
reflects the contribution of protonatable amine groups on the
surface; at lower pH, these groups are positively charged,
enhancing surface charge density and stability. In contrast, CA
functionalization shifted the IEP downward to pH 4.3 due to the
abundance of deprotonated carboxylate groups, which impart
a strong negative charge to the particle surface in neutral and
basic media. For MNP-APTES-GA, the IEP was measured at pH
6.7, an intermediate value that reflects the combined influence
of both amine (positively charged at acidic pH) and aldehyde-
modified groups with partial negative character. Overall, these
shifts do not imply any change in the chemical identity of the
grafted moieties but rather reflect how the balance of positively
and negatively charged sites evolves across the pH range,

40 —u— MNP Bare
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> —a— MNP-APTES-GA|
g —v— MNP-CA
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Fig. 4 Zeta potential of MNP samples measured (a) just after synthesis (pH = 6) and (b) at different solution pH values.
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Fig. 5 TGA analysis for the bare MNP and the surface functionalized
MNP samples: MNP-APTES; MNP-APTES-GA; and MNP-CA.

enabling precise control over colloidal stability and adsorption
interactions in aqueous environments.

To corroborate the formation of coatings on the surface re-
flected by the deposition of organic and inorganic layers, the
thermal stability of bare MNP, MNP-APTES, MNP-APTES-GA,
and MNP-CA was studied using thermogravimetric analysis
(TGA), as shown in Fig. 5. Upon heating from 0 to 800 °C, bare
MNPs exhibited an initial drop of 1.8% between 25 °C and
~150 °C which is attributable to the removal of physiosorbed
water. Even up to 800 °C, the weight loss for the bare MNPs was
minimal at 5.2%, indicating the inherent thermal stability of
unmodified magnetite. In comparison, the functionalized
nanoparticles displayed noticeably higher weight losses,
consistent with the presence of grafted surface modifiers. A
consistent weight decrease was observed between 120 and 150 °
C across all samples, due to the removal of adsorbed water and
trapped solvents on the surfaces of particles. For MNP-CA, the
additional weight loss between 200 and 350 °C is attributed to
loss of citric acid.*”** MNP-APTES showed additional weight
loss between 200-600 °C as the surface-grafted APTES layer
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decomposed into volatile fragments.”*® In the case of MNP-
APTES-GA, a more pronounced weight loss above 550 °C was
observed, attributable to the combined decomposition of the
silane and crosslinked glutaraldehyde networks.* The relatively
high weight loss recorded for MNP-APTES and MNP-APTES-GA
can be attributed to solvent release from the porous, function-
alized surfaces and the decomposition of the organic grafted
ligands. A similar observation was reported by Ozmen et al.,*
further supporting this interpretation. The grafting ratio can be
calculated through the equation:*

G:(lfw—l) % 100%

" (12)

where G is the grafting ratio (wt%), W; is the weight percentage
of the Fe;0,-ligand, and W, is the weight percentage of the as-
synthesized Fe;0,.

Based on the measured weight losses from TGA, the grafting
ratio is calculated as 4.6 wt% for CA, 9.1 wt% for APTES, and
7.4 wt% for GA, confirming the successful immobilization of
each surface modifier. In the case of the CA-functionalized
nanoparticles, the grafting ratio (wt%) was determined from
the difference in weight loss between MNP-bare and MNP-CA at
350 °C, the temperature of a distinct mass-loss event observed
for MNP-CA, which is attributed to the thermal decomposition
of surface-bound citrate moieties.*”** The weight loss for MNP-
APTES and MNP-APTES-GA was calculated from the overall
weight loss difference between these samples and MNP-Bare at
800 °C. Overall, TGA analyses confirm the presence of organic
and inorganic ligands on the surface of bare MNP, providing
complementary evidence to FTIR and zeta potential analyses.
Moreover, while surface functionalization slightly reduces
thermal stability due to the introduction of organic coatings,
this trade-off is offset by the enhanced surface chemistry,
improved colloidal stability, and higher adsorption potential of
the functionalized nanoparticles.

SEM analysis was performed to further examine the nano-
particles’ morphology, as shown in Fig. 6. While both the bare
MNP and MNP-APTES-GA samples showed a strong tendency to
agglomerate when dried, this is expected for nanoparticles. SEM
images (Fig. 6b) show that MNPs surface-functionalized with
APTES and GA largely retain their spherical primary

Fig. 6 SEM images of (a) bare MNPs and (b) MNP-APTES-GA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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morphology, but compared to bare MNPs, the functionalized
nanoparticles appear slightly larger and form more diffuse
aggregates rather than packing tightly into compact clumps.
The bare MNPs exhibited an average particle size of 21.25 +
8.93 nm, while the APTES-GA functionalized MNPs showed an
increased average size of 26.09 + 5.34 nm, consistent with the
presence of the surface modification layer. The surface-
functionalized MNPs also appeared well-separated, indicating
the formation of a consistent shell around each magnetic core.
These changes highlight the effectiveness of the functionaliza-
tion in stabilizing these nanoparticles, making them more
suitable for use in broad applications, including wastewater
treatment. Reduced agglomeration for the MNP-APTES-GA
sample aligns well with the zeta potential results, which
demonstrated enhanced colloidal stability due to the intro-
duction of charged surface groups, and with the TGA data,
which confirmed the presence of a significant organic surface
modification layers through characteristic weight losses. These
results are consistent with previous studies by Predescu et al.*®
and Mohamed et al.**

The particle size distribution was examined by TEM, and
Fig. 7 presents the data for bare MNPs (as-synthesized) prior to
surface modification. TEM analysis reveals that the nano-
particles possess a spherical structure and exhibit a porous

Fig. 7

View Article Online

Paper

texture with a broad distribution. These impurity-free magnetic
nanoparticles, characterized by their spherical, porous surfaces,
are suitable additives for various applications and can be
further functionalized to enhance superparamagnetic proper-
ties and mechanical robustness. However, it is important to
note that TEM reflects the particles’ dry-state morphology. In
contrast, DLS had limitations in accurately measuring particles
in suspension, often resulting in larger hydrodynamic sizes due
to solvation layers, Brownian motion effects, and surface
interactions, which can limit the accuracy of size determination
in colloidal systems.*?

DLS confirmed that the optimized co-precipitation method
yielded well-dispersed nanoparticle suspensions with relatively
narrow size distributions, as shown in Fig. 8a. The average
hydrodynamic diameters were 137.33 £ 3.96 nm, 186.23 £
3.63 nm, 190.90 + 2.78 nm, and 169.97 + 2.82 nm for bare
MNPs, MNP-APTES, MNP-APTES-GA, and MNP-CA, respectively.
The hydrodynamic sizes of the MNPs increased upon surface
functionalization due to the presence of grafted organic layers
and associated solvation shells. Notably, the value for MNP-CA
was 169.97 + 2.82 nm, a slightly smaller hydrodynamic size
than that of the other functionalized MNPs, likely due to the
stabilizing influence of CA under optimized synthesis condi-
tions, resulting in a narrow size distribution and reduced

2 l:i 1.6 18 22
Particle size (nm)

(@) TEM micrograph of bare magnetic nanoparticles (MNP) and (b) the corresponding particle size distribution.
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(a) DLS particle size distribution and (b) X-ray diffractograms of bare MNPs, MNP-APTES, MNP-APTES-GA, and MNP-CA.
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aggregation. Similar observations were reported by Sehlleier
et al.,” where surface modification led to a larger hydrodynamic
diameter of 237 nm, attributed to the effect of the surface
modification of the MNPs.

To verify the crystalline phase and assess the structural
stability of the nanoparticles after surface functionalization, X-
ray diffraction (XRD) analysis was also performed. Fig. 8b
presents the XRD patterns of bare MNPs, MNP-APTES, MNP-
APTES-GA, and MNP-CA. All samples exhibit the characteristic
diffraction peaks of magnetite (Fe;O,4) at 26 values of approxi-
mately 30.2° (220), 35.6° (311), 43.3° (400), 53.5° (422), 57.2°
(511), and 62.8° (440), confirming the formation of a crystalline
cubic spinel structure consistent with the JCPDS card no. 19-
0629. The most intense peak was observed at 35.6° (311 plane),
which is typical of magnetite and further validates the nano-
particles’ crystalline nature. Importantly, no additional diffrac-
tion peaks corresponding to other iron oxide phases, such as
maghemite (y-Fe,O3) or hematite (a-Fe,O3), were detected,
indicating that the crystalline structure of magnetite remained
intact during surface modification. Using the Scherrer equa-
tion, the average size of MNP crystallites was estimated to be
7.67 nm. This crystal size matches other literature where the
average MNP crystallite sizes obtained were 7.80 nm,*
7.66 nm,** 8.31 nm,” and 12.0 nm.* Moreover, the XRD analysis
indicated that the functionalized samples (MNP-APTES, MNP-
APTES-GA, and MNP-CA) show no discernible shift in peak
positions, though a slight reduction in peak intensity and
broadening is noticeable. These effects can be attributed to the
presence of organic ligands on the MNP surface for the func-
tionalized samples, which can slightly attenuate the diffraction
signal and marginally reduce the apparent crystallinity signal
without altering the core spinel phase.

3.2 Adsorption experiments

3.2.1 Effect of contact time. The effect of contact time on
Cu”* and MO adsorption by each nano-adsorbent is presented
in Fig. 9. In both cases, a rapid initial adsorption was observed
due to the abundance of available active sites on the nano-
particle surfaces. With increasing contact time, the adsorption
rates gradually slowed and eventually approached equilibrium
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as the adsorptive sites became progressively occupied and the
concentration of adsorbates in solutions decreased.®**®

For Cu®" adsorption (Fig. 9a), MNP-APTES-GA exhibited the
highest removal efficiency (~18%), followed by MNP-APTES
(~13%) and MNP-CA (~11%), while bare MNPs achieved the
lowest removal efficiency (~8%). The removal efficiency of Cu**
by bare MNPs, MNP-APTES, and MNP-APTES-GA increased
gradually and reached equilibrium at 180 min, indicating
saturation of the available active sites, On the other hand, MNP-
CA showed a steady increase in Cu®" removal until 150 min,
after which equilibrium was attained. This clearly showed that
the active sites were exhausted, causing no further adsorption of
the Cu®* ions.

In contrast, MO adsorption (Fig. 9b) showed a different
performance order, with MNP-APTES-GA again demonstrating
the highest efficiency (~74%), followed by MNP-APTES (~62%)
and bare MNPs (~47%), whereas MNP-CA displayed only
negligible adsorption (~3%). The adsorption of MO by bare
MNPs, MNP-APTES, and MNP-APTES-GA increased steadily
from 15 to 60 min and reached equilibrium at 90 min. These
differences can be attributed to the distinct chemical func-
tionalities introduced during surface modification, which alter
the affinity of the nanoparticles toward different classes of
pollutants. The superior uptake of Cu®* by amine-
functionalized nanoparticles is primarily due to the strong
coordination ability of amine groups with metal ions, while the
enhanced adsorption of MO is driven by electrostatic interac-
tions between the negatively charged dye molecules and the
functional groups present on the nanoparticle surface.
Recently, Tziro and Baseri®® synthesized MNPs by co-
precipitation and surface coated them with citric acid, ascor-
bic acid, salicylic acid, starch, and saccharose. The removal
efficiency for Pb** increased steadily until it reached the equi-
librium stage state of dynamic equilibrium,”” defined as the
needed contact time required for adsorption and desorption
rates to balance. Similarly, Jayalakshmi et al. reported that the
adsorption of heavy metals (Pb®>" and Zn*) and dyes (Congo red
and methylene green) followed a similar pattern, characterized
by rapid uptake at the beginning and a steady increase to
equilibrium.”® In this study, optimization of factors such as
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Fig. 9 Effect of contact time on the adsorption efficiency of (a) Cu?* removal at an adsorbent dose of 5 g L%, initial Cu?* concentration of
500 mg L™ at 25 °C and (b) methyl orange removal at an adsorbent dose of 2 g L™, initial dye concentration of 45.8 mg L™ at 25 °C.
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initial concentration, pH, and adsorbent dose further
confirmed that both equilibrium time and adsorption capacity
depend strongly on the type of surface modification and the
pollutant class being targeted.

3.2.2 Influence of adsorbent dose and initial concentration
of Cu**. The amount of adsorbent and its concentration are
crucial factors that govern the overall adsorption capacity.
Dosage response experiments were conducted exclusively on
the MNP-APTES-GA sorbent because preliminary screening of
the synthesized adsorbents had already identified it as the top
performer in both adsorption capacity and reproducible dose-
dependent responsiveness across contact times. As shown in
Fig. 10a, the Cu®" removal efficiency increased from 16.7% to
24% as the MNP-APTES-GA dose was increased. This result is
due to the increased number of available adsorption sites at
higher MNP-APTES-GA dosages, which facilitates more effective
binding of metal ions. The dual APTES-GA functionalization
produced a substantially higher density of surface binding sites
and markedly improved colloidal stability; together these
properties yielded the clearest and most practically relevant
dose-efficiency relationship. This adsorbent was selected for
a more intensive dosage study with a more detailed evaluation
under multiple operating conditions. Mechanistically, the
enhanced Cu”" uptake by MNP-APTES-GA likely arises from
improved dispersion and surface exposure combined with an
increased abundance of functional groups introduced during
the modification, which can coordinate with Cu". In particular,
surface amine groups from APTES and oxygen-containing
functionalities from glutaraldehyde are expected to act as
coordination sites for Cu®" through lone-pair donation. Such
behavior is in good agreement with previous research on
nanoparticle-based adsorbents.***'* The removal efficiency
was constant, and Cu®" removal steadily increased slightly at
12.5 g L™" compared to other doses. However, beyond an
adsorbent dosage of 15 g L™", the removal efficiency reached
a plateau, which can be attributed to particle agglomeration at
higher dosages, reduced dispersion, and possible overlap of
active sites. These factors lower the effective surface area
available for adsorption. Considering both efficiency and
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material economy, an optimal adsorbent dose of 12.5 g L™ ' was
selected for subsequent experiments.

There was a noticeable decrease in the removal efficiency of
Cu®' as the initial concentration of metal ions increased, as
shown in Fig. 10b. This is because the adsorption sites are
limited for a given adsorbent dose. For instance, the removal
efficiency increased from 22% to 38% when the initial Cu®*
concentration decreased from 500 to 100 mg L™ ". This was also
confirmed in the study by Azzam et al., who reported similar
behavior for Ni**, cu®', cd*', and Pb*' ions.®*'2 The
percentage of Cu®>" removal increases from 22 to 38% with
a decrease in initial Cu®>" concentration from 500-100 mg L.
The higher removal efficiencies at lower initial concentrations
can be explained by the increasing driving force of the Cu>* ions
towards the adsorptive or active sites on the MNP-APTES-GA
surface coupled with a higher adsorbate-to-site accessibility
ratio. At elevated concentrations, the limited number of
adsorption sites becomes saturated, leading to reduced
percentage removal, even though the absolute amount of
adsorbed metal increases. To ensure both practical relevance
and analytical reliability, the range of 100-500 mg L™ " initial
Cu** concentrations was restricted. This interval mirrors the
typical pollutant load encountered in industrial effluents such
as metal plating wastewater, while also aligning with the linear
calibration range of the UV-vis assay. By doing so, the selected
concentration window not only represents realistic environ-
mental conditions but also guarantees sensitivity and accuracy
in the measurement of Cu** removal.

3.2.3. Effect of pH. During adsorption studies, solution pH
is another crucial factor that influences the removal efficiency
by altering the surface charge of the adsorbent.'”® MNP-APTES-
GA was selected as the adsorbent due to its multifunctional
surface, featuring both amine and imine groups, which provide
strong binding for Cu®" ions and electrostatic interactions with
anionic dyes, enabling efficient removal of coexisting pollut-
ants. Additionally, the Fe;O, magnetic core offers high surface
area, easy magnetic separation, and reusability, making it
suitable for practical wastewater treatment.
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Fig. 10 (a) Removal efficiency of Cu?* with different adsorbent doses of MNP-APTES-GA using an initial Cu®* concentration of 100 mg L™ (b)
With increasing initial Cu?* concentrations, removal efficiencies decreased for the MNP-APTES-GA adsorbent (12.5 g L™ dose). Adsorption

studies were conducted at 25 °C with a 180 min contact time.
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Fig. 11 Effect of solution pH on the adsorption efficiency of MNP-APTES-GA on (a) Cu?* removal at an adsorbent dose of 12.5 g L=t and initial
Cu?* concentration of 100 mg L™ (25 °C and 180 min contact time) and (b) MO removal at an initial dye concentration of 45.8 mg L™ and

adsorbent dose of 2 g L™ (25 °C and 90 min contact time).

The pH sensitivity of MNP-APTES-GA was evaluated for the
adsorption of Cu** ion and MO. As shown in Fig. 11a, Cu>*
removal efficiency increased with rising pH, reaching
a maximum of 69% at pH 6 for an initial concentration of
100 mg L, after which it declined. In contrast, MO adsorption
exhibited its maximum removal efficiency of 83% at pH 3, as
illustrated in Fig. 11b. This pH is considered as the operating
pH for further experiments. Interestingly, post-adsorption
measurements revealed slight shifts in solution pH toward
neutrality, indicating buffering tendencies during MO adsorp-
tion. These opposite trends can be explained by changes in
surface protonation of the MNP-APTES-GA. At low pH, nitrogen-
containing groups introduced during APTES-GA functionaliza-
tion, including imine (-CH=N-) linkages, are expected to
undergo protonation to form -CH=NH' species, thereby
imparting a net positively charged surface.®® This protonation
causes electrostatic repulsion toward Cu®* ions, reducing metal
adsorption, while simultaneously enhancing electrostatic
attraction toward the negatively charged sulfonate group (-
SO;7) of MO, resulting in higher dye uptake. Conversely, at
higher pH values, decreased protonation favors the neutral
imine groups for Cu®" adsorption, enhancing metal adsorption
but weakening interactions with MO. These complementary
adsorption trends underscore the importance of pH in tuning
the selectivity of MNP-APTES-GA for coexisting pollutants.

Although iron oxide nanoparticles are susceptible to partial
dissolution under strongly acidic conditions due to proton-
assisted Fe-O bond cleavage,'®* the APTES-GA surface modifi-
cation provides a protective organic layer that improves resis-
tance to acid-induced aggregation and surface degradation.
Within the operational pH range (~3-10) of this study, no
observable loss of magnetic responsiveness, structural integrity,
or adsorption performance was detected unlike prior studies.*®
Furthermore, regeneration experiments demonstrated accept-
able stability over multiple adsorption-desorption cycles. While
very strong acidic conditions (pH < 3) may potentially lead to
gradual iron leaching, such conditions are generally outside the
typical operational range for wastewater treatment processes.

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

Overall, the functionalized MNP-APTES-GA adsorbent demon-
strates adequate chemical stability under the relevant experi-
mental conditions.

3.2.4. Influence of co-existing heavy metals. Wastewater
often contains multiple cations, which can potentially affect the
adsorption performance of Cu®" ions by competing for active
sites on the adsorbent surface. To evaluate the selectivity of the
adsorbent towards Cu®*, competitive adsorption experiments
were conducted in the presence of additional heavy metals
cobalt (Co*"), nickel (Ni**), zinc (Zn®"), and aluminium (AI**).
These cations can interact with the functional imine and amine
groups on the nanoparticle surface, potentially reducing the
number of sites available for Cu®>* binding. As shown in Fig. 12,
Cu** adsorption decreased in the presence of competing cations
compared to the single-metal system, indicating that some
competition for active sites occurred. At initial cation concen-
trations of 125 mg L ™", contact time of 180 min, and adsorbent
dose of 10 g L™", the adsorption of Cu®" in the presence of co-
existing heavy metals using MNP-APTES-GA ranged from 22%
to 37% in multicomponent solutions, lower than the 53%
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Fig. 12 Effect of co-existing metal ions (Co?*, Ni2*, Zn?*, and Al**) on
the selective adsorption of Cu®" by MNP-APTES-GA particles.
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recorded in solutions containing only Cu**. Among the tested
ions, Co”>" exhibited the strongest competitive effect, whereas
Ni*" and Zn** caused comparatively smaller reductions in Cu>*
adsorption. This decrease in removal efficiency can be attrib-
uted to the partial occupation of active imine binding sites by
coexisting metal ions. Nevertheless, MNP-APTES-GA exhibited
preferential uptake of Cu®>* under multicomponent conditions,
indicating a relatively higher affinity of the functionalized
surface for Cu®>" even in the presence of competing cations.
While some ions, such as Zn**, showed partial adsorption onto
the nano-adsorbents, the competition for active sites varied
depending on ionic charge, molecular mass, hydrated radius,
and hydration energy.'” These results suggest a multi-surface
adsorption mechanism, where several functional groups
contribute to metal binding and co-existing cations partially
interact with the adsorbent without fully displacing Cu**
ions.'®

The selective adsorption of Cu®" can be explained by the
coordination interactions between Cu®" ions and the nitrogen-
containing functional groups introduced during APTES-GA
modification. The imine (-C=N-) and residual amine (-NH,)
functionalities introduced through APTES-GA modification act
as electron-donating ligands capable of forming surface coor-
dination complexes with Cu®" via lone-pair donation.
Compared with competing divalent cations, Cu®** exhibits
stronger complexation affinity toward nitrogen-containing
ligands due to its favorable distortion and higher ligand-field
stabilization energy. These factors promote preferential
surface complexation, consistent with recent reports high-
lighting the importance of specific coordination environments
in driving selective heavy-metal adsorption in mixed-ion
systems.'*”'*® In addition to metal-ion adsorption, the adsor-
bent also demonstrated effective removal of MO through
a different adsorption mechanism. Selective adsorption under
acidic conditions is primarily governed by electrostatic attrac-
tion and supramolecular interactions. At low pH, protonation of
imine groups generates positively charged surface sites (-CH=
NH'), enhancing electrostatic interaction with the anionic
sulfonate (-SO;”) groups of MO. Furthermore, hydrogen
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bonding and other interactions between aromatic moieties of
MO and surface functionalities contribute to chemisorption
behavior, as confirmed by FTIR spectral shifts after adsorption.
Unlike Cu®", which possibly relies on coordination interactions,
MO adsorption proceeds through multimodal interactions
involving electrostatic attraction, hydrogen bonding, and van
der Waals forces, leading to heterogeneous multilayer adsorp-
tion.* Overall, the high selectivity observed in complex systems
is not governed by a single interaction mechanism but rather by
the synergistic interplay of surface complexation, electrostatic
forces, and supramolecular interactions. Although, Cu** and
MO adsorption were evaluated independently under their
respective optimized conditions, the multifunctional surface
chemistry of MNP-APTES-GA enables effective removal of both
heavy metal ions and anionic dyes, highlighting its strong
potential for application in multi-contaminant wastewater
systems.

3.2.5 Desorption and reusability of the adsorbent. The
reusability of an adsorbent is critical in its practical application
for wastewater treatment, as it determines both cost-
effectiveness and long-term stability. In this work, the regen-
eration of MNP-APTES-GA was assessed over five adsorption-
desorption cycles using NaOH for MO and HCI for Cu**. Fig. 13a
and b illustrates the desorption efficiency of MO and Cu®" ions
from MNP-APTES-GA over five consecutive adsorption-desorp-
tion cycles. In the first cycle, MO desorption efficiency was
about ~91%, which confirms the effectiveness of NaOH as an
eluent in releasing MO molecules from the adsorbent surface.
In the second and third cycles, the efficiency decreased only
slightly to ~89% and ~87%, respectively, indicating that the
adsorbent maintained most of its regeneration capacity during
repeated use. A more pronounced decline was observed in the
fourth (~85%) and fifth (~80%) cycles, which could be associ-
ated with the gradual deactivation of active sites or minor
structural changes to the surface functional groups after
repeated exposure to alkaline conditions. Despite a gradual
decline in performance, the desorption efficiency remained
above 80% after five cycles, suggesting that MNP-APTES-GA
retains a high level of stability and can be reused multiple
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Fig. 13 Contrasting desorption and reusability behavior of MNP-APTES-GA showing effective regeneration for (a) MO and limited regeneration

for (b) Cu?*.
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times with minimal performance loss. The gradual decline is
likely due to partial occupation or blockage of imine functional
groups, irreversible binding of dye molecules, or a combination
of electrostatic interaction, complexation, and physical
adsorption mechanisms that prevent complete desorption in
successive cycles.””

In contrast, Cu>* desorption (Fig. 13b) began at ~76% when
HCI was used as the eluent, indicating that acid effectively
disrupts Cu**~imine coordination bonds. However, unlike MO
desorption, a sharper decline in efficiency was observed over
successive cycles. After the second and third cycles, the
desorption efficiency decreased to ~62% and ~52%, respec-
tively, while a substantial reduction to ~30% was recorded in
the fifth cycle. The stronger decline can be attributed to the
formation of stable coordination complexes with imine groups
and potential adsorbent degradation under acidic conditions,
as supported by the observed ~15% material loss after repeated
acid exposure. Although the adsorbent retained some reus-
ability for Cu®*, these results suggest that its long-term regen-
eration efficiency is limited under acidic conditions and
optimization of desorption conditions would be necessary for
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improved recovery. The findings of this reusability study high-
light that while MNP-APTES-GA demonstrates excellent dura-
bility and regeneration efficiency for MO dye removal, its
performance in repeated Cu®>" desorption cycles could stand to
be improved through the development of more suitable eluents
or milder regeneration conditions.

3.3 Adsorption kinetics

Adsorption kinetic studies were performed to examine the
relationship between adsorption capacity and time, providing
insights into adsorption rates and equilibrium mechanisms.”
The pseudo-first-order model generally describes physisorption,
while the pseudo-second-order model often represents chemi-
sorption processes. In this study, the kinetic modelling results
revealed distinct behaviors for Cu®** and MO adsorption on
MNP-APTES-GA as shown in Fig. 14 and 15 and Table 2. For
Cu”" adsorption, the correlation coefficient (R* = 0.8885) was
higher for the pseudo-first-order model compared to the
pseudo-second-order model (R* = 0.8091), indicating that the
adsorption process is better described by the pseudo-first-order

= [nvestigation data points (a) = Investigation data point )
34 Linear fit of pseudo first order kinetics 30 Linear fit of pseudo second order kinetics
n
—
.
%ﬂ 254
=-0.0147x + 3.0632 .
=2 - i{’= 0 ssss\ e
= 8885 )
) 2 20
. J
) g
= -
-1 T 15 y=0.0732x + 12.8610
= B R? = 0.8091
|
n
04 r r - 10 T T T T
150 50 100 150 200

50 . 100
Time (min)

Time (min)

Fig. 14 Kinetic modelling of Cu?* adsorption onto MNP-APTES-GA: (a) pseudo-first-order kinetics and (b) pseudo-second-order kinetics.
Experimental data were fitted to assess the adsorption mechanism and rate-limiting steps.
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Fig. 15 Kinetic modelling of methyl orange adsorption onto MNP-APTES-GA: (a) pseudo-first-order kinetics and (b) pseudo-second-order
kinetics. Experimental data were fitted to assess the adsorption mechanism and rate-limiting steps.
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Table 2 Estimated kinetic constants of pseudo-first-order and pseudo-second-order for Cu?* and methyl orange adsorption by MNP-APTES-

GA
Pseudo-first-order model Pseudo-second-order model
Adsorbate R? K; (min™") ge (mgg™) R K, (g mg " min™") ge (mgg™)
cu* 0.8885 0.0147 21.390 0.8091 1.6 x 107* 34.132
MO 0.9660 0.0571 10.891 0.9992 0.0151 17.951
504 ™ Investigation data point ® Investigation data point
Langmuir model isotherm (@] 104 Freundlich model isotherm (b)
L ]
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Fig. 16 Isotherm modeling of Cu?* adsorption onto the MNP-APTES-GA: (a) Langmuir isotherm model and (b) Freundlich isotherm model. The
models were applied to evaluate adsorption capacity and surface interaction behavior.

kinetics. This suggests that Cu®>" adsorption is dominated by
physisorption mechanisms rather than strong chemical
bonding. Moreover, the theoretical adsorption capacity (g., cal)
of 18.23 mg g~ closely matched the experimental value (g, exp)
of 21.39 mg g ' for the pseudo-first-order model, further sup-
porting the applicability of this kinetic model for the Cu**
adsorption process.

In contrast, MO adsorption was better fitted by the pseudo-
second-order model, with a correlation coefficient (R*> =
0.9992) that was higher than that of the pseudo-first-order
model (R* = 0.9660). The good agreement between the calcu-
lated and experimental g. values in the pseudo-second-order
model indicates that MO adsorption tends toward chemisorp-
tion. The correlation coefficient is closer to unity for the pseudo-
second order than the first-order model, which also indicates
that their adsorption tends to be chemisorption held on by
chemical bonds. This process is likely governed by electrostatic
attraction between the positively charged surface functional
groups of MNP-APTES-GA and the negatively charged dye
molecules, as also reported in a similar study by Muthuku-
maran et al.®® Overall, these results demonstrate that Cu®'
adsorption on MNP-APTES-GA primarily follows physisorption,
whereas MO adsorption is dominated by chemisorption, high-
lighting the dual adsorption mechanisms enabled by the
multifunctional surface chemistry of the adsorbent.

3.4 Adsorption isotherms

From the adsorption isotherm models, it is evident that there is
a direct relationship between the initial Cu>* concentration and

24734 | RSC Adv, 2026, 16, 24719-24738

adsorption capacity. Fig. 16 illustrates the impact of the initial
concentration on Cu®, the uptake, and the corresponding
Langmuir and Freundlich isotherms, while the estimated
parameters for the isotherm are summarized in Table 3.

The correlation coefficients (R?) for the Langmuir and
Freundlich models are 0.9944 and 0.9950, respectively, indi-
cating that both models provide an excellent fit to the experi-
mental data, with the Freundlich model showing slightly better
linearity (Fig. 16). This suggests that Cu®>* adsorption onto MNP-
APTES-GA can occur through both monolayer adsorption on
a homogeneous surface (Langmuir) and multilayer adsorption
on a heterogeneous surface (Freundlich). Additionally, the
dimensionless separation factor Ry, which characterizes the
favorability of Langmuir-type adsorption, was calculated to
range from 0.71 to 0.33 for initial Cu®" concentrations between
100 and 500 mg L~". In general, R, > 1 denotes unfavorable
adsorption, R;, = 1 suggests linear adsorption, 0 < Ry, < 1 indi-
cates favorable adsorption, and R, = 0 signifies irreversible
adsorption. Since all calculated values fall between 0 and 1, the
adsorption of Cu®" onto MNP-APTES-GA is confirmed to be

Table 3 Estimated adsorption isotherm parameters for the Langmuir
and Freundlich isotherm models for Cu?* adsorption by MNP-APTES-
GA

Langmuir isotherm Freundlich isotherm

Metal R* K, (Lmg") Qm(mgg™) R? Ke(Lmg™) n

Cu*  0.9944 0.0041 14.390 0.9950 0.2587 1.6710

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 FTIR spectra of MNP-APTES-GA before and after methyl
orange adsorption.

favorable. The adsorption mechanism of MO was further
elucidated through FTIR analysis, as shown in Fig. 17 and
Table 4. After adsorption, a decrease in the O-H band suggested
hydrogen bonding between surface hydroxyl groups and dye
molecules. A decrease in intensity and shift in stretching
vibration of -C=0 from 1709 to 1695 cm " and changes in Si-
O-Si bands attest to their participation in the adsorption
process. Additionally, the appearance of new sharp peaks at
1595 cm ™' (-N=N- stretching), 1275 cm " (C-N stretching),
and 1144 cm ™" (S=O stretching of sulfonic groups), indicates
the successful anchoring of the azo dye on the sorbent
surface. '

After five adsorption-desorption cycles, TGA was again per-
formed to evaluate the structural stability of the adsorbent.
After adsorption of MO and Cu®", the overall thermal decom-
position profiles remained largely comparable to that of the
material, indicating that the functionalized coating remained
structurally intact during the adsorption process after 5 cycles,
as shown in Fig. 18. The residual weights at 800 °C were 79.8%
for the initial adsorbent used, 79.9% after MO adsorption, and
79.1% after Cu>" adsorption, suggesting only minor variation in
the organic content of the material. These results confirm that
the grafted organic layer remains stable after adsorption and
that no significant degradation of the functionalized surface
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Fig. 18 TGA of MNP-APTES-GA before and after MO and Cu?*
adsorption.

further examine changes in surface charge following adsorp-
tion, zeta potential measurements were performed. The pristine
MNP-APTES-GA exhibited a zeta potential value of 39.4 +
1.84 mV, indicating a highly charged surface resulting from the
protonated groups. After adsorption, the zeta potential
decreased to 20.1 & 2.60 mV for Cu®* and 1.40 & 1.21 mV for MO
adsorption respectively, reflecting the interaction of the adsor-
bates with the active surface sites. The decrease in surface
charge suggests partial occupation or neutralization of surface
functional groups during adsorption while still maintaining
surface stability.’*® These observations support the proposed
adsorption mechanism and confirm the structural stability of
the adsorbent during the adsorption process.

It is important to note that the adsorption behavior differs
between Cu®" and MO due to the distinct nature of the adsor-
bates. Cu”* ions are small, hydrated cations that predominantly
undergo electrostatic attraction and surface complexation with
negatively charged or electron-donating groups, resulting in
monolayer adsorption consistent with the Langmuir model. In
contrast, MO is a larger aromatic azo dye bearing sulfonic and
azo functional groups, which interact via multiple mechanisms,
including electrostatic attraction, hydrogen bonding, van der
Waals forces, and -7 interactions. FTIR evidence confirms the
active participation of these groups, leading to a more complex

C-N

1278 cm ™

1 1112

Extremera et a

. . and heterogeneous adsorption process. Despite these

occurs during the adsorption process to the adsorbent. To
Table 4 Functional groups reported in the literature for methyl orange, including key absorbances
Dye structure Key functional groups Wavenumbers (em™") References

o lf — -1 Z 112 l 113 1114

” Sulfonate group (-SO3") 1000-1200 cm Extremera et al., "~ Imene et al.,”~ Wang et al.

o4g N Azo linkage (-N=N-) 1594, 1605 cm ™" Bozbay et al.,'"® Wang et al.'™*

[l \ O / Aromatic rings 700-1500 cm Extremera et al.,"*” Imene et al.,'"® Bozbay et al.'™®

Na* 5 N N\
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differences in adsorption mechanisms and kinetics—Cu**
following pseudo-first-order and MO following pseudo-second-
order kinetics—the multifunctional surface chemistry of
MNP-APTES-GA enables effective removal of both contami-
nants. Furthermore, the minimal changes observed in TGA
profiles and zeta potential after adsorption confirm the struc-
tural stability and sustained activity of the adsorbent. Even
though the adsorption kinetics differ among pollutants, this
combination of dual functionality, stability, and reusability
underscores the advantages of the present system over
conventional single-pollutant adsorbents and highlights its
potential for practical wastewater treatment applications.

4 Conclusions

This study demonstrates that magnetic nanoparticles can be
efficiently synthesized via a simple chemical co-precipitation
route and subsequently functionalized with 3-aminopropyl-
triethoxysilane, glutaraldehyde, and citric acid. Comprehensive
characterization confirmed the successful attachment of each
ligand without compromising the intrinsic magnetic properties of
the nanoparticle core, while also revealing that dual silane-
crosslinker modification of MNP-APTES-GA significantly
enhances superior colloidal stability and dispersion compared to
single-ligand systems. When evaluated for pollutant uptake,
MNP-APTES-GA consistently outperformed bare MNP, MNP-CA,
and MNP-APTES, achieving up to ~69% Cu”* removal at pH 6
under optimized contact time, adsorbent dose, initial concen-
tration, and competing ions conditions, and ~83% methyl orange
removal at pH 3. These outcomes firmly establish its dual func-
tionality toward simultaneous remediation of heavy metals and
anionic organic dyes. Kinetic analyses demonstrated that Cu®"
adsorption follows a pseudo-first-order mechanism, whereas
methyl orange conforms to a pseudo-second-order model. Equi-
librium data for Cu®* adsorption fit both Langmuir and Freund-
lich isotherms, indicating a hybrid monolayer-heterogeneous
sorption processes. Importantly, in multicomponent wastewater
containing Co*", Ni**, Zn**, and AI**, MNP-APTES-GA adsorbent
exhibited a strong preferential affinity toward Cu®’, suggesting
a multi-surface adsorption phenomenon rather than simple
competitive inhibition. Furthermore, desorption and regenera-
tion studies confirmed that the functionalized nanoparticles
retain their moderate to high removal efficiency for both Cu**
(~76-30%) and methyl orange (~91-80%) over five consecutive
cycles. Overall, the results position MNP-APTES-GA as a robust,
scalable, dual-functional, and recyclable adsorbent with signifi-
cant promise for advanced water-purification applications.
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