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Magnetic nanocrystalline cellulose-
poly(methacrylic acid-co-acrylonitrile) composite:

a versatile material for analytical and biological

applications
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Developing new materials for advanced analytical and biological applications is always a key target in the
field of advanced materials. In the present study, a poly(methacrylic acid-co-acrylonitrile)-grafted-
magnetic nanocrystalline cellulose composite [P(MAA-co-AN)-g-MNCC] was synthesized through

a modified free-radical grafting co-polymerization method using cellulose recovered from waste paper.
The synthesized composite was characterized via FTIR spectroscopy, SEM, EDX, and TGA, and its Eg,
PZC, and surface area were determined. The as-synthesized P(MAA-co-AN)-g-MNCC was studied as an

adsorbent for the removal of gallic acid (GA) from aqueous environments and as an antimicrobial and

antioxidant agent. The

influence of various experimental factors,

including contact time, pH,

temperature, and GA concentration, was investigated to optimize the adsorption process. The adsorption

process follows pseudo-second-order kinetics and the Freundlich model with a spontaneous and

exothermic nature. Similarly, the synthesized adsorbent maintained its excellent adsorption capacity
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when it was recycled and reused for four successive cycles in real samples. The synthesized P(MAA-co-

AN)-g-MNCC also displayed good antioxidant and antibacterial activities against the tested pathogenic
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1. Introduction

In the field of material science, chemistry, medicine, and
biology, magnetic nanoparticles (MNPs) have significant
importance due to their notable properties such as biocom-
patibility, non-toxicity, and cost-effective synthesis.”> MNPs
(magnetite Fe;O, and maghemite vy-Fe,O;) show super-
paramagnetic properties and a high surface area-to-volume
ratio, which endow them with the ability to carry, bind, and
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bacteria. The results indicated that the as-synthesized P(MAA-co-AN)-g-MNCC has the potential to be
used as an effective advanced material for wastewater treatment and biomedical applications.

absorb various compounds like small drug molecules, proteins,
DNA, RNA, and probes with remarkable efficiency.*** Therefore,
MNPs have attracted global attention, especially in the field of
biomedical applications, such as cancer treatment, drug
delivery, magnetic hyperthermia, and MRIL."*"” However, their
hydrophobic nature and the presence of van der Waals/
electrostatic forces cause them to agglomerate, which restricts
their applications."®* Therefore, to avoid agglomeration, MNPs
are coated with suitable inorganic/organic materials such as
natural polysaccharides. To improve the chemical and thermal
stability, biocompatibility, and biodegradability of synthesized
MNPs, various polysaccharides, including chitosan, agar, car-
boxymethyl cellulose sodium, and carboxymethyl chitosan, are
employed as stabilizers during their synthesis.>**®>°
Polysaccharide-based materials, especially the cellulose-
based magnetic composites, are suitable for biomedical and
environmental applications. However, the poor mechanical
stability, high sensitivity to microbial attack, low sorption
capacity, and uncontrolled water uptake of cellulose limit its
application as a substrate for highly specific adsorbents.”*** In
this case, its amorphous part can be removed to overcome these
restrictions. For this purpose, nanocrystalline cellulose (NC) is
produced using concentrated H,SO,, which has a highly
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crystalline nature and excellent mechanical properties and
offers maximum stability in solutions by preventing agglomer-
ation. Graft copolymerization using vinyl monomers can further
improve the dispersibility of NC in various solvents; further-
more, the addition of ionizable and hydrophobic functional
groups to composite materials makes them pH-sensitive.*

Fe;0, nanoparticles are incorporated into composite mate-
rials to impart magnetic responsiveness, enabling the rapid
magnetic separation and efficient recovery of the adsorbent
after analyte adsorption, thereby enhancing its reusability and
practical applicability.>**® Cellulose acts as a hydroxyl-rich
support that improves the grafting efficiency and structural
stability while contributing to adsorption via hydrogen bonding
interactions with gallic acid (GA).>”*® Alternative hydroxyl-
containing substrates may provide similar active sites;
however, variations in functional group density and physico-
chemical properties could influence their adsorption perfor-
mance and recyclability.

GA is a phenolic bioactive compound with a molecular mass
of 170.12 mg L™ and low water solubility.>>** GA has a wide
range of applications, including anti-metastatic, antioxidant,
anti-allergic, and anti-mutagenic agents. It is also utilized as
a raw material in the manufacturing of imaging agents, dyes,
inks, paints, foods, household chemicals, cosmetics, and
pharmaceutical drugs.**>® A significant amount of GA is
released into wastewater during the manufacturing process,
which can have serious environmental consequences. The
ecological impact of GA is concentration dependent. While it is
generally considered safe and biodegradable at low concentra-
tions, studies indicate that levels exceeding 200 mg L™, and
particularly 500 mg L™, exhibit inhibitory effects on microbial
populations and aquatic organisms due to its pro-oxidant
potential and high chemical oxygen demand.?”**

For the isolation and degradation of GA from aqueous
solution, different methods have been used, such as electro-
chemical oxidation, adsorption, ozonation treatment, UV/H,O,
treatment, biological degradation, and extraction.****°
However, these methods have benefits and drawbacks. Among
them, the adsorption approach is the most popular and widely
used for removing GA from aqueous environments due to its
low cost and high efficiency. Various adsorbents, including
biomass, resin, activated carbon, and magnetite nanoparticles,
have been used to remove GA from the aqueous environment.
Herein, we illustrate the synthesis of novel water-insoluble
P(MAA-co-AN)-g-MNCC as a magnetically functionalized cross-
linked polymer network. The pH sensitivity of the synthesized
adsorbent was enhanced due to the presence of highly ionizable
functionalities such as -COOH, and our goal was to utilize these
functionalities for the removal of GA from an aqueous envi-
ronment using the newly synthesized adsorbent under opti-
mized conditions and determine its potential for biological
applications. We previously reported the synthesis of chitosan-
grafted terpolymer hydrogels for controlled drug delivery
applications.”* The synthetic procedure in this study differs
fundamentally from our previous report. The current approach
emphasizes a sustainable waste-to-material strategy by using
waste-paper-derived nanocrystalline cellulose as the primary
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backbone. Furthermore, the integration of acrylonitrile (AN)
provides a unique nitrogenous functionality, shifting the
application from general drug delivery toward targeted removal
and enhanced antibacterial activity.

2. Experimental

2.1. Materials

Analytical grade chemicals and reagents were used. Methacrylic
acid (MAA), acrylonitrile (AN), potassium disulfate (K,S,0-),
and ethylene glycol dimethacrylate (EDGMA) were purchased
from Sigma-Aldrich, USA. Iron(m) chloride hexahydrate (FeCl;-
-6H,0), iron(u) chloride tetrahydrate (FeCl,-4H,0), H,SO,
(98%), NaOH, and gallic acid (GA) were supplied by Merck
KGaA, Darmstadt, Germany. Furthermore, Luria-Bertani (LB)
agar was obtained from Basingstoke, Hampshire, England.
Petri dishes were obtained from Sigma-Aldrich, and pathogenic
strains, including Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus), and the positive control ceftriaxone were
sourced from the Microbiology Department, Abdul Wali Khan
University, Mardan (AWKUM), Pakistan. In the experiment,
waste copy paper (A4 Printing Paper, Trade International,
Pakistan) was used to extract cellulose, and deionized double-
distilled water (DDDW) was utilized.

2.2. Synthesis of P(MAA-co-AN)-g-MNCC

P(MAA-co-AN)-g-MNCC was prepared via the four steps depicted
in Fig. 1. Briefly, Fe**/Fe*" salts were co-precipitated under
alkaline conditions in the presence of cellulose, leading to the
in situ formation and deposition of Fe;O, nanoparticles on the
cellulose surface. Then, the polymerization proceeds via a free-
radical polymerization mechanism, which is initiated by the
initiator system. The vinyl group (-C=C-) of methacrylic acid
participates in radical polymerization, forming the polymer
backbone. The -COOH groups do not react directly with the —
OH groups of cellulose under these conditions because no
esterification catalyst or activation step was used. Instead,
cellulose primarily serves as a substrate for grafting through
radical initiation sites and physical/chemical interactions.

2.2.1. Step 1: cellulose extraction from waste printing
paper. Waste printing papers (A4) were utilized for the extrac-
tion of cellulose.*” The papers were shredded into small pieces,
cleaned with DDDW, and dried in an oven at 333.15 K. The
dried paper pieces (35 g) were treated with 35% v/v H,SO,
solution (800 mL) at 393.15 K for 20 min and then centrifuged to
separate the rich cellulosic fraction. To remove the non-
cellulosic fibers, the obtained material was treated with 2% w/
v NaOH solution (700 mL) at 373.15 K for 1.5 h. The resultant
material was bleached with 1.47 mol per kg H,O, solution (1 L).
At 343.15 K, the obtained product was dried in an oven for 6 h,
which yielded cellulose.

2.2.2. Step 2: conversion of cellulose to nanocrystalline
cellulose by acid hydrolysis. The obtained cellulose (15 g) was
dispersed in DDDW (1 L) in a conical flask and stirred well on an
ice bath for 30 min. To this mixture, 9.99 M H,SO, solution (400
mL) was added drop-wise. The mixture was heated at 323 K

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 General procedure for the synthesis of P(MAA-co-AN)-g-MNCC.

under vigorous stirring for 5 h and then diluted 10 times with
DDDW.* Afterwards, the mixture was filtered, washed thor-
oughly with DDDW, and dried at 323 K for 4 h, which yielded
nanocrystalline cellulose (NC).

2.2.3. Step 3: synthesis of magnetic nanocrystalline cellu-
lose. Magnetic nanocrystalline cellulose (MNC) was synthesized
via the chemical co-precipitation method.* Briefly, NC (2.25 g)
was mixed with DDDW (300 mL) in a three-neck flask (500 mL)
and purged with N, for 15 min. To this mixture, FeCl;-6H,0
(2.235 g) and FeCl,-4H,0 (1.117 g) were added, and purged

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

again with N, for 20 min. After that, the mixture was heated for
20 min at 343.15 K. Co-precipitation was achieved by adding
NaOH solution (2 M) dropwise until pH 10 was attained under
an N, atmosphere with vigorous stirring using a magnetic
stirrer. The orange suspension turned into a black precipitate
upon completion of the reaction, and it was maintained at
333.15 K for five hours. The resultant MNC was collected by
magnetic decantation, which was then thoroughly cleaned with
DDDW and ethanol, and dried at 343.15 K.

RSC Adv, 2026, 16, 21359-21371 | 21361
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2.2.4. Step 4: synthesis of P(MAA-co-AN)-g-MNCC. The
synthesized MNC was further modified via free radical graft co-
polymerization using AN and MAA as functional monomers. For
this purpose, MNC (0.25 g) was stirred well with DDDW (50 mL)
in a three-neck flask (250 mL). The mixture was purged with N,
for 20 min and then heated at 343.15 K for 30 min. After that,
K,S,0; (0.46 g) was added to the mixture and stirred for 10 min
under an N, atmosphere. Next, the suspension was cooled to
313.15 K and MAA (4.25 mL), AN (3.9 mL), and EGDMA (1.4 mL)
added. The pH of the system was adjusted to 10 using an NaOH
solution (1 M) and heated at 343.15 K for 4 h with continuous
stirring under an N, atmosphere. The resulting composite,
P(MAA-co-AN)-g-MNCC, was filtered under suction, repeatedly
cleaned with DDDW and ethanol, then dried at 333.15 K, and
finally ground into powder form.

2.3. Characterization of P(MAA-co-AN)-g-MNCC

The synthesized P(MAA-co-AN)-g-MNCC was studied using
various analytical techniques, including TGA, FTIR, SEM, and
EDX, and its E,, PZC, and surface area were determined (S1).

2.4. Adsorption studies

The adsorption studies were carried out in a batch setup
(250 mL conical flask), where the synthesized adsorbent (0.05 g)
was mixed with 100 mL GA solution (1-25 mg L") at different
pH (3-11). The mixture was shaken at 200 rpm for different
intervals (2.5-35 min) at a temperature from 298.15 to 328.15 K
and then centrifuged for 10 min at 9000 rpm at room temper-
ature. After centrifugation, the aliquot was analyzed for its GA
content using a UV-visible spectrophotometer (Lambda 900,
PerkinElmer UV Win Lab, USA) at 259 nm. The amount of GA
adsorbed (g.) and % adsorption were determined using the
following equations:***°

Co - Cc
ge(mgg™) = —w = 4 1)

Adsorption(%) = Gzl x 100 (2)
where g. (mg g~') represents the amount of GA adsorbed, C,
(mg L") is the initial concentration of GA, C. (mg L) is the
equilibrium concentration of GA, W (g) is the mass of the
adsorbent, and V (L) denotes the volume of the GA adsorbate
solution.

2.5. Kinetic, equilibrium, and thermodynamic studies

To comprehend the adsorption process, different kinetic
models [pseudo-first-order, pseudo-second-order, intraparticle
diffusion, and Elovich (Table S1)], equilibrium models
[Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich
(Table S2)], and thermodynamic models [Arrhenius and van't
Hoff (Table S3)] were applied.***®

2.6. Desorption and reusability studies

For this purpose, the first step involved adsorbing GA on the
surface of the synthesized adsorbent under optimized
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conditions to determine g. and % adsorption. For the desorp-
tion study, an aqueous HCI (0.1 M) solution containing EtOH
(45 vol%) was used as the desorbing agent (100 mL) at pH 2 and
the mixture was shaken at 200 rpm and room temperature for
30 min. Afterwards, the mixture was centrifuged for 10 min at
9000 rpm, and the supernatant was analyzed for GA content at
259 nm using a UV-visible spectrophotometer. The amount of
GA desorbed (q,.,) and the desorption percentage were calcu-
lated using the following equations:***

/ CL - C /
9 des (mg gil) = % xV [3)

Desorption percentage = % x 100 (4)

where (q.,) (mg g~ ') represents the quantity of GA desorbed, Cy,
(mg L") denotes the GA concentration loaded on the adsorbent
during adsorption, C4 (mg L") indicates the GA concentration
desorbed, W (g) is the weight of the adsorbent, and V' (L)
represents the volume of the solution.

After desorption, the same adsorbent [P(MAA-co-AN)-g-
MNCC] was used for four consecutive adsorption-desorption
cycles.

2.7. Application to real samples

The adsorptive potential of the synthesized P(MAA-co-AN)-g-
MNCC towards GA was investigated in real samples. The
selected real samples include tap water, river water, industrial
wastewater, and commercially available green tea. The real
water samples were obtained from Mardan district, and an
industrial wastewater sample from the effluent from Rashakai
Special Economic Zone, Mardan, Pakistan. These samples were
filtered for the removal of suspended particles and spiked with
GA (10.0 mg L™ ). Similarly, the green tea samples (100 mg) were
boiled in DDDW (100 mL) for 10 min and then filtered. These
real samples were then used for the adsorptive removal of GA
under the optimal conditions.

2.8. Biological applications of P(MAA-co-AN)-g-MNCC

2.8.1. Determination of antioxidant activity. The DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay was used to determine the
antioxidant activity of the synthesized P(MAA-co-AN)-g-MNCC.
Briefly, several composite concentrations (25-100 mg L™ ", using
5-20 mg composite) were prepared in aqueous medium. The
negative control mixture was thoroughly mixed and then placed
in the dark for 30 min. The absorbance of the solution was
recorded at 517 nm using a double beam UV-visible spectro-
photometer (A&E S90).°° The percentage antioxidant activity was
calculated using the following equation:

Abs control — Abs sample
Abs control
x 100

Antioxidant activity percentage =

(5)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where Abs control is the absorbance of the positive control
(ascorbic acid, 10 mg L™") and Abs negative control is the
absorbance of the sample.>*

2.8.2. Antibacterial activity assessment. The antibacterial
potential of the synthesized P(MAA-co-AN)-g-MNCC was evalu-
ated against E. coli and S.aureus using the Kirby-Bauer disk
diffusion method on Mueller-Hinton agar (MHA).”* Briefly,
Luria broth agar (LB agar) medium (7.41 x 10> mg L") was
sterilized by autoclaving at 121 °C (15 psi) for 15 min. Under
sterile conditions, 25 mL of the medium was poured into each
Petri dish and allowed to solidify. The microbial cultures were
then uniformly spread across the agar surface using sterile
cotton swabs to ensure confluent growth.

Three separate bores were created in each agar plate. For the
treatment groups, 30 uL of the composite suspension at various
concentrations (25-100 mg L") was introduced into the bores.
Ceftriaxone (10 mg L") was utilized as a positive control in
separate bores. The plates were incubated in a biochemical
oxygen demand (BOD) incubator at 37 °C for 24 h. Following
incubation, the antibacterial efficacy was quantified by measuring
the diameter of the zones of inhibition (ZOI) in millimeters.

3. Results and discussion

3.1. Synthesis of P(MAA-co-AN)-g-MNCC

P(MAA-co-AN)-g-MNCC was synthesized through the mini-
emulsion polymerization method. MNC was produced via
chemical precipitation and subsequently integrated into NC.
Graft co-polymerization of AN and MAA as functional mono-
mers was carried out using K,S,0s as the radical initiator and
cross-linker monomer (EDGMA) under an N, environment.
Initially, upon heating, the persulfate initiator decomposes to
produce the free radical (KSO}). This radical removes hydrogen
from the hydroxyl group of MNC, forming an alkoxy radical. The
vinyl monomer functions firstly as a radical acceptor, resulting
in chain growth. After that, it functions as a radical donor for
other monomers. In chain propagation, the end vinyl groups of
EGDMA react with the polymeric chain, forming a three-
dimensional network structure with -COOH and -C=N func-
tionalities. Compared to AN, MAA, a vinyl monomer with higher
hydrophilicity, interacts more rapidly with MNC due to its
hydrophilic hydroxyl group.

The yield of the P(MAA-co-AN)-g-MNCC synthesis was deter-
mined to be 84.6%. This was calculated by comparing the
weight of the final dried and purified composite against the
total mass of the initial MNC and monomers used in the feed.

The degree of swelling was evaluated gravimetrically in
distilled water. The composite exhibited an equilibrium
swelling capacity of 12.4 g g~ . The presence of hydrophobic
acrylonitrile units and the EGDMA crosslinking network
endows this material with structural integrity while maintain-
ing sufficient porosity for adsorption.

The degree of crosslinking was determined based on the
molar ratio of the EGDMA crosslinker to the total monomer
concentration in the feed. The crosslinking density was calcu-
lated to be 0.078 mol%. This level of crosslinking ensures

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a robust three-dimensional network that prevents the dissolu-
tion of the copolymer during application in aqueous media.

3.2. Characterization of P(MAA-co-AN)-g-MNCC

Fig. 2a shows the FTIR spectrum of P(MAA-co-AN)-g-MNCC, di-
splaying characteristic peaks at 538 cm ™%, 592 cm ™', 589 cm ™,
and 632 cm ' attributed to the vibration of iron oxide in Fe,0,
nanoparticles. The peak at 2922 ¢cm ™' is associated with the
stretching vibration of the —-CH group. Additionally, the peaks at
1114 cm ' and 1636 cm™ ' indicate the presence of a saccharide
structure and glycosidic linkage in cellulose.*®>* The peak at
1551 cm ™ is attributed to the stretching vibration of the C=C
group.®**® In the spectrum, a broad O-H stretching band
appears at 3441-3256 cm ™ '.>* The peaks at 1217 cm™ ' and
1700 cm " indicate the presence of -C-O and -C=0 groups,
confirming the existence of hydroxyl and carboxylic acid groups
in the synthesized composite, respectively.®” Additionally, some
new peaks appear compared to the spectra of the monomers
and the Fe;O,/cellulose precursor.

SEM was used to analyze the morphology and structure of
P(MAA-co-AN)-g-MNCC, as depicted in Fig. 2c. The SEM image
of P(MAA-co-AN)-g-MNCC appears undulant and coarse. The
increase in the amount of Fe;O, inside the cellulose network
resulted in an evident increase in surface roughness, which
greatly contributed to the increased surface area. SEM analysis
was explicitly performed for studying the surface topology,
porosity, and morphology of P(MAA-co-AN)-g-MNCC.

The elemental composition of P(MAA-co-AN)-g-MNCC was
analyzed using EDX analysis (Fig. 2d). The EDX spectrum of the
synthesized composite shows the presence of C, Fe, O, and N,
indicating the efficient synthesis of P(MAA-co-AN)-g-MNCC. EDX
confirms the elemental incorporation and homogeneous distri-
bution, while successful network formation is supported collec-
tively by the FTIR analysis, swelling behavior, and adsorption
performance rather than elemental composition alone.

The thermal stability of P(MAA-co-AN)-g-MNCC was analyzed
by TGA, as can be seen in Fig. 2e. It is evident from the curve
that the decomposition of P(MAA-co-AN)-g-MNCC occurs at
various stages. The first weight loss (below ~120 °C) corre-
sponds to moisture removal. The second stage (=220-350 °C) is
attributed mainly to the degradation of its cellulose backbone.

The subsequent weight loss at higher temperatures corre-
sponds to the degradation of the grafted P(MAA-co-AN)
network.>*>°

The band gap energy for P(MAA-co-AN)-g-MNCC was deter-
mined by the Tauc method (Fig. 2f), which was found to be
2.30 eV. This band gap energy value provides support for the
adsorptive nature of P(MAA-co-AN)-g-MNCC.

The PZC was determined to investigate the influence of pH
on the surface properties of P(MAA-co-AN)-g-MNCC and its
adsorption behavior. By plotting ApH vs. pH;, the PZC of the
synthesized material was calculated to be about 8.9 (Fig. 2g).
This result showed that the synthesized material carries a posi-
tive charge at pH below 8.9 and a negative charge at pH
above 8.9, and vice versa. GA has four pK, values: 4.16, 8.55,
11.40, and 12.8, indicating that it has a negative charge at pH

RSC Adv, 2026, 16, 21359-21371 | 21363
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Fig. 2 Characterization of P(MAA-co-AN)-g-MNCC: (a) FTIR spectrum, (b) SEM images, (c) EDX spectrum, (d) TGA pattern, (e) UV-visible
spectrum and band gap energy determination, (f) determination of PZC and (g) surface area analysis.

greater than 4.16.*” The results confirmed the presence of an
electrostatic contact force between GA and P(MAA-co-AN)-g-

MNCC at pH 7.

21364 | RSC Adv, 2026, 16, 21359-21371

The surface properties of P(MAA-co-AN)-g-MNCC were analyzed
by recording its N, gas adsorption-desorption isotherms at 77.35
K using a surface area analyzer. The Brunauer-Emmett-Teller

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(BET) equation was employed to calculate the surface area of the
composite. The de Boer method was used to calculate the pore
radius and volume of the composite. According to the results, the
synthesized composite possesses a surface area of about 46.034
m” g, a pore radius of 16.231 A, and a pore volume of 0.001 cm®
g~ ', The surface area of the synthesized composite was reduced
because of the presence of multiple functional groups. Fig. 2h
illustrates the adsorption-desorption isotherm of the synthesized
material, which is a type IV isotherm.

3.3. Adsorption of GA using P(MAA-co-AN)-g-MNCC

3.3.1. Effect of time. The adsorption of GA onto P(MAA-co-
AN)-g-MNCC was studied at different contact times with
a concentration of 10 mg L™ " (Fig. 3a). The results indicated that
the adsorption increased with time, and after 30 min, it did not
increase further. Initially, the adsorption capacity was fast,
which may be attributed to the existence of a large number of
active sites for adsorption, and decreased with time because of
saturation of the binding sites. Equilibrium was reached after
30 min, and thus it was considered the optimum time for
adsorption experiments.

3.3.2. Effect of pH. The effect of pH on the adsorption
process was evaluated by adjusting the pH of the medium from
pH 3 to pH 11 while keeping the GA concentration constant at
10.27 mg L™ ". The results are shown in Fig. 3b, indicating that
pH has a significant influence on the adsorption of GA on
P(MAA-co-AN)-g-MNCC, with the highest adsorption being
observed at pH of 7.0. At pH 7.0, GA exists as a negatively
charged molecule, while the surface of the synthesized material
[P(MAA-co-AN)-g-MNCC] carries a positive charge, which
enhances the electrostatic interactions and promotes the
adsorption phenomena. Particularly, at low pH levels, reduced
adsorption is likely due to the electrostatic repulsion between
the positively charged GA and P(MAA-co-AN)-g-MNCC. As the pH
increases, both GA and the adsorbent become more ionized.
Thus, the surface of P(MAA-co-AN)-g-MNCC becomes positively
charged at a pH level below 8.9. A slight increase in GA
adsorption within the pH range of 3.0 to 7 was observed.
Adsorption significantly increased from pH 3 to 7 due to the
reduced electrostatic repulsion and increased availability of
active sites as the ionization state of gallic acid changes. At pH
7.0, the amount of GA adsorbed was found to be 15.65 mg g~"
with a percentage adsorption (% adsorption) of 76.35% for the
initial concentration of GA of 10.27 mg L™ . This finding indi-
cates that the adsorption of GA on P(MAA-co-AN)-g-MNCC
occurs via an exchange mechanism.® The GA molecule was
absorbed on the surface of P(MAA-co-AN)-g-MNCC by releasing
a proton.” Considering the electrostatic interaction between
the positively charged P(MAA-co-AA)-g-MNCC (adsorbent) and
the negatively charged GA (adsorbate), the pH was kept at 7.0 for
subsequent experiments.

3.3.3. Effect of temperature. Fig. 3c illustrates the effect of
temperature on the adsorption of GA onto the P(MAA-co-AN)-g-
MNCC surface within the range of 25 °C to 55 °C (298 K to 328
K). Variations in temperature had a negligible influence within
this studied range. The adsorptive removal percentage of GA

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of adsorption parameters: (a) time, (b) pH, (c) tempera-
ture and (d) GA concentration.

decreased slightly as the temperature increased, indicating the
exothermic nature of the adsorption process. At 25 °C (298.15
K), the adsorption capacity was 16.01 mg g~ (77.68% removal)
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for an initial GA concentration of 10.27 mg L™". Consequently,
25°C was selected as the optimal temperature for further
experiments.

3.3.4. Effect of adsorbate concentration. The effect of the
initial concentration of GA on P(MAA-co-AN)-g-MNCC was
investigated by varying the initial concentration of the adsor-
bate at pH 7.0. The results, as depicted in Fig. 3d, indicate that
the adsorption capacity is influenced by the initial concentra-
tion of the adsorbate, playing a significant role in the adsorp-
tion process. Initially, adsorption occurred rapidly as GA
molecules attached to the external surface. Subsequently, as the
molecules penetrated the pores (internal surface), the process
slowed down. The quick initial adsorption capacity may result

View Article Online

Paper

from the abundant binding sites available for adsorption.
Conversely, the slower rates observed toward the end can be
attributed to the saturation of these binding sites and the
attainment of equilibrium.®*** This study revealed that with an
increase in GA concentration from 1-45 mg L™, the adsorption
percentage decreased from 89.19% to 50.60%, while the
adsorbed amount increased from 1.80 mg g~ ' to 44.77 mg g~ ..
This indicates that the adsorbent has a finite number of active
sites that reach saturation at a particular concentration.®®*

3.4. Kinetic, equilibrium, and thermodynamic studies

The results indicate that the data were well-suited to the
pseudo-second-order kinetic model, as evidenced by the high

Table1 Kinetics, equilibrium and thermodynamic model parameters for the adsorption of GA in an aqueous environment using P(MAA-co-AN)-

g-MNCC*

Model Parameter Unit Value

Kinetic models

Pseudo-first-order kinetic ge (calculated) mg g’ 15.890
K min* 0.285
R — 0.869

Pseudo-first-order kinetic ge (calculated) mg g 14.010
K, g mg " min~* 0.049
H mg g ' min~* 9.170
R — 0.999

Intraparticle diffusion Kint mg g~ min~*? 0.879
c — 8.776
R — 0.894

Elovich A mg g ' min~! 2.161
B g mg ™! 0.655
R — 0.981

Equilibrium

Freundlich Ky (calculated) mgg ! 7.761
n Lg*' 1.668
1/n gL 0.600
R — 0.982

Langmuir Q. (calculated) mgg ! 52.460
Ky Lg*' 10.171
a, Lg' 0.194
R, gLt 0.0023-0.089
R — 0.9300

Temkin By (calculated) mg g’ 7.691
Ar Lg*' 5.849
by J mol™ 322.15
R — 0.840

Dubinin-Radushkevich Qm (calculated) mgg "’ 21.913

(D-R) K mol® k] 2 7.81 x 10°°
E kJ mol™* 12.903
R — 0.750

Thermodynamic

Temperature AG° AH°P AS°

(K) (kJ mol ™) (kJ mol ™) (kJ mol ™)

298.15 —4.810 —-2.113 0.009

308.15 —4.877

318.15 —4.992

328.15 —5.072

? The experimental g, value is 15.886 mg g~ .
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linear regression coefficient (R?) value shown in Table 1. The
details of the various equations used for the determination of
the kinetic and thermodynamic parameters are given in the SI
(Tables S1-S3), while the data obtained are shown in Fig. S1-S11
in the SI. Fig. 4 and 5 present the pseudo-second-order kinetics
and the Freundlich adsorption isotherm studies, respectively.
The results indicated that the adsorption rate increased in
direct proportion to the square of the number of vacant sites,
suggesting that ionic interactions or ion-exchange mechanisms
control the adsorption process. The pseudo-second-order
adsorption mechanism primarily comprises two steps. The
first step is external diffusion, where GA molecules move from
the solution bulk to the external surface of P(MAA-co-AN)-g-
MNCC. This is followed by the adsorption of the adsorbate
molecules on the adsorbent surface, likely due to ionic
interactions.

The data fit the Freundlich adsorption model well, as indi-
cated by the high linear regression coefficient (R*) value in Table
1. This suggests a heterogeneous surface with a non-uniform
distribution of the heat of adsorption, making this model
appropriate for such a highly heterogeneous surface. The
Freundlich equation implies that as the adsorption sites on an
adsorbent become saturated, the adsorption energy decreases
exponentially. K;, and a;, are associated with the maximum
adsorption capacity (L g~ ') and bonding strength (L g™ '),
respectively. The Ry, value determines whether the isotherm is
unfavorable (R, > 1), linear (R;, = 1), favorable (0 < Ry, < 1), or
irreversible (R, = 0). R, values ranging from 0 to 1 indicate
favorable adsorption. In this study, the R; values are greater
than zero and less than one, confirming the favorable nature of
GA adsorption on P(MAA-co-AN)-g-MNCC. The constant K,
which is related to the adsorption energy, was calculated to be
0.003 mol*> kJ 2, resulting in a computed E value of
12.903 k] mol ™", using P(MAA-co-AN)-g-MNCC. It has been re-
ported that when the mean adsorption energy (E) is less than

3
~_~ 2
)
£
S~
£
£
£
N’
g
= 14
0 T T T T T
0 8 16 24 32 40
Time (min)

Fig. 4 Pseudo-second-order kinetic model for the adsorption of GA
using P(MAA-co-AN)-g-MNCC.
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8 kJ mol™", it indicates physical adsorption. In comparison,
values between 8 and 16 k] mol ' suggest chemical ion-
exchange, and values above 40 kJ mol " indicate chemical
adsorption. In this study, the lower E values indicate that the
removal of GA from the aqueous environment mainly occurs
through chemical adsorption and ion-exchange processes.
Based on the data obtained, the values of AG°, AH®°, and AS°
were calculated and listed in Table 1. The negative AG° value
indicates that the adsorption process is spontaneous and
exothermic, involving an ion-exchange mechanism. Further-
more, the decrease in AG° as the temperature increases
suggests a higher adsorption capacity at lower temperatures. An
increase in temperature causes GA molecules to move more
rapidly, causing them to move from the solid medium to the
liquid medium. As a result, the adsorption of GA decreases. This
trend is also reflected in the Ky, values. The negative AH® values
indicate that the adsorption process is exothermic, suggesting
that adsorption may be more favorable at lower temperatures
and confirming the occurrence of physisorption. The positive
value of AS° (0.009 k] K™' mol ") indicates an increase in
randomness at the solid-liquid interface during the sorption of
GA on P(MAA-co-AN)-g-MNCC. Additionally, the activation
energy (E,) and sticking probability (S¥) parameters are used to
determine whether the adsorption process is primarily chem-
ical or physical in nature. The findings are shown in Fig. 4, with

Table 2 Reusability and real sample applications of P(MAA-co-AN)-g-
MNCC for the adsorption of GA

Reusability Real sample applications

Batch % adsorption Real sample % adsorption
1st 77.1 £ 2.51 Tap water 78.3 £2.56
2nd 76.3 +2.43 River water 75.2 +2.14
3rd 75.1 £ 2.51 Industrial wastewater 70.3 £1.99
4th 73.5 £2.16 Green tea 84.9 + 3.01

RSC Adv, 2026, 16, 21359-21371 | 21367
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Table 3 Antioxidant and antibacterial activities of P(MAA-co-AN)-g-MNCC at various concentrations

Antibacterial activity (zone of inhibition in mm)

P(MAA-co-AN)-g-MNCC Antioxidant activity Escherichia Staphylococcus
concentration (mg L) (% DPPH scavenging) coli aureus

25 58 +£1.2 3.9 £0.12 4.2 £0.11

50 61 + 1.5 4.3 £ 0.20 5.1 £0.13

75 68 + 1.8 6.2 + 0.18 6.4 £ 0.22
100 77 £ 2.2 7.1 +£0.22 7.5 £ 0.19

the E, and S* values determined from the slope and intercept,
respectively. The calculated E, value is 1.263 k] mol ', indi-
cating that physicochemical and ion exchange mechanisms
might be dominant. Similarly, in the case of a favorable system,
the S* value should be greater than zero but less than one (0 < S*
< 1). The S* value in this study was determined to be 0.144,
indicating that the adsorbate (GA) adhered favorably to the
synthesized adsorbent [P(MAA-co-AN)-g-MNCC] (Table 1).

3.5. Desorption and reusability studies

A desorption batch experiment was designed to study the
reusable potential of the synthesized P(MAA-co-AN)-g-MNCC. It
was found that during the desorption process, >98% of the
adsorbed GA was desorbed, and the same adsorbent was reused
in four consecutive adsorption—-desorption cycles, maintaining
excellent adsorption capacity (Table 2). From the first to the
fourth batch of adsorption-desorption process, the overall
decrease in the % adsorption was <4%. This confirms the
effective recyclable and reusable nature of the synthesized
P(MAA-co-AN)-g-MNCC.

3.6. Application to real samples

The removal of GA from real samples was investigated. For this
purpose, two real samples (river water and tap water), one from
industrial effluent from the Rashakai Special Economic Zone,
and one Lipton green tea sample, were utilized. The amount of
GA adsorbed, ¢., and the adsorption percentage were deter-
mined, as shown in Table 2. The result shows the efficient
removal of GA from the real samples. This confirms the

Fig. 6 Antibacterial activity of P(MAA-co-AN)-g-MNCC against (a)
Escherichia coli and (b) Staphylococcus aureus.

21368 | RSC Adv, 2026, 16, 21359-21371

applicability of P(MAA-co-AN)-g-MNCC for the treatment of real
samples and industrial waste.

3.7. Biological applications of P(MAA-co-AN)-g-MNCC

3.7.1. Antioxidant activity. The free radical scavenging
(antioxidant) activity of P(MAA-co-AN)-g-MNCC was investigated
at various concentrations (25-100 mg L~ '). DPPH, an organic
compound, was used to evaluate its free radical scavenging
activity. Table 3 presents the antioxidant activity of the synthe-
sized composite. The results show that the % inhibition accel-
erated with an increase in the concentration of the composite.
The synthesized composite exhibited significant antioxidant
activity, scavenging DPPH radicals by 58 + 1.2%, 61 + 1.5%, 68
+ 1.8%, and 77 + 2.2% at various tested concentrations,
respectively.

3.7.2. Antibacterial activity. The antibacterial efficacy of
P(MAA-co-AN)-g-MNCC with DDDW was evaluated using the
agar well diffusion technique. The composite exhibited strong
antibacterial properties against two harmful bacteria: E. coli (a
Gram-negative bacterium) and S. aureus (a Gram-positive
bacterium). The synthesized composite formed a zone of inhi-
bition against S. aureus and E. coli. The positive control
ceftriaxone exhibited excellent activity against E. coli with an
inhibition zone of 12 mm, while the synthesized composite was
found to be effective against both E. coli and S. aureus, as shown
in Table 3. It was found that with an increase in the concen-
tration of the composite (25-100 mg L"), the zone of inhibition
alsoincreased, i.e., 3.9 £ 0.12 to 7.1 £ 0.22 against E. coli and 4.2
+ 0.11 to 7.5 £ 0.19 against S. aureus. The antibacterial activity
was found to be higher against S. aureus (Gram-positive)
compared to E. coli (Gram-negative) (Fig. 6). This demon-
strates the effective antibacterial nature of the as-synthesized
P(MAA-co-AN)-g-MNCC.

4. Conclusions

In this study, a novel P(MAA-co-AN)-g-MNCC composite was
successfully engineered using a robust stepwise and free-radical
graft co-polymerization strategy. Comprehensive characteriza-
tion confirmed the structural integrity and high density of active
functional groups within the composite, which directly
contributed to its superior performance. This material
demonstrated exceptional multi-functionality, exhibiting high
efficiency in the removal of gallic acid (GA) from complex water
and wastewater matrices, alongside potent antioxidant and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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antibacterial activities. Notably, the high recyclability and bio-
logical stability of P(MAA-co-AN)-g-MNCC suggest that it is
a sustainable alternative to conventional sorbents. These find-
ings highlight the potential of this composite not only for
advanced wastewater treatment but also as a versatile platform
for controlled drug release, solid-phase extraction, and
biomedical applications.
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