
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
9/

20
26

 4
:0

8:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Eco-friendly mag
aDivision of Inorganic Chemistry, Institute

Bahawalpur, Bahawalpur 63100, Pakistan

nadeemakhtar@iub.edu.pk
bDepartment of Chemistry, College of Science

Saudi Arabia
cDepartment of Chemistry, College of Scienc
dChongqing Key Laboratory of Catalysis and

Environment and Resources, Chongqing

Chongqing 400067, China. E-mail: mateenc

Cite this: RSC Adv., 2025, 15, 46553

Received 20th August 2025
Accepted 16th November 2025

DOI: 10.1039/d5ra06187c

rsc.li/rsc-advances

© 2025 The Author(s). Published by
netic activated carbon modified
with green tea extract for efficient adsorption of
thiazine and azo dye contaminants from water
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This study describes the development of maghemite supported activated carbon (MAC) loaded with green

tea extract (GTE), as a high-performance adsorbent for the effective extraction of both thiazine dye

(methylene blue, MB) and an azo dye (methyl orange, MO) from water. The composite MAC–GTE was

prepared through a straightforward wet-chemical method and demonstrated outstanding dye uptake of

491.47 mg g−1 for MB at pH 9 and 337.89 mg g−1 for MO at pH 3.0, with removal efficiency of 98.29%

and 90.10%, respectively. Adsorption data showed stronger agreement with the Freundlich isotherm and

pseudo-second-order kinetics, indicating multilayer chemisorption. The composite showed strong

magnetic response enabling easy magnetic separation and successful recycling. The synergistic

combination of maghemite and green tea extract polyphenols enhanced the surface reactivity and

accessibility of active sites, suggesting that MAC–GTE may be a promising, and sustainable material for

dyes removal applications.
1. Introduction

Human survival depends on water, vital for many different
spheres of life. Drinking water is necessary for human
consumption, hydration and digestion, hygiene, sanitation, and
medical uses.1 Dyes, heavy metals, drugs, and organic
compounds may cause water pollution. Before being disposed
of these highly toxic, non-biodegradable, and carcinogenic
contaminants must be eliminated from wastewater.2 Dyes are
more common and have adverse effects not only for humans
but also for aquatic life. Several methods, such as physical,
chemical, and biological methods have been explored in the
literature to remove wastewater pollutants.3,4 Apart from the
textile industry, other industries, including food additives,
mining, batteries, paper, plastics, paints, electroplating, agri-
cultural and medical sectors, can also release dyes into the
water system.5 In trace amounts, these can impair the func-
tioning of the brain, blood, liver, kidneys, andmetabolic human
systems. They can be removed from wastewater using solvent
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extraction, electrodialysis, ion exchange, chemical precipita-
tion, ultraltration, coagulation, occulation, and adsorption.6,7

Dyes in water can harm the environment and human health and
can affect the human body by causing cancer, allergies, and
organ damage.8 To remove the organic dyes from the aqueous
system, adsorption is one of the most useful techniques in
which the dye molecules are attracted to the adsorbent surface
through van der Waals forces, and hydrogen bonding.9 More-
over, its molecules penetrate the adsorbent pores and bind to its
surface, and the adsorbent's high surface area and porosity
enhance the dye's adsorption. Chemical reactions may also
form a strong bond between the dyes and adsorbents.10 Meth-
ylene blue (MB) is a synthetic dye with a deep blue color, and its
structure is well known for allowing accurate adsorption
modeling.11 Besides that, MB is also used for various textile,
paper, and biological staining purposes, and could be suitable
for adsorption onto negatively charged surfaces. Furthermore, it
is also widely used as a model pollutant in adsorption research
studies due to its well-dened structure and properties.12

Methyl orange (MO) is a synthetic azo dye with a bright orange
color and is used as a coloring substance in the textile, paper,
and leather industries. MO is a weak acid that, depending on
pH, can exist in several ionic forms, and MO removal from
wastewater is essential since it is poisonous and carcinogenic.13

Activated carbon is one of the most widely used systems for
various industries due to its high adsorption capacity and
versatility. Usually, MB shows more accessible results than MO
in adsorption studies using activated carbon because MB is
RSC Adv., 2025, 15, 46553–46569 | 46553
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a cationic dye while MO is an anionic dye. MB and MO mole-
cules diffuse onto the surface of the activated carbon, and dye
molecules are trapped and held on the surface. Furthermore,
the high degree of selectivity of activated carbon makes it a very
efficient way of targeting particular chemicals or groups of
contaminants in contaminated water.14

Activated carbon is a very efficient adsorbent material due to
its high surface area, porous nature, chemical stability, and
affinity towards molecules, making it a widely used material in
adsorption processes.15 The adsorbents used largely affect the
selectivity of the adsorption process and the adsorption
capacity. Poor selective sorption and low adsorption capacities
are the factors that have limited the applications of typical
adsorbents like activated carbon.16 Activated carbon undergoes
adsorption of toxic pollutants, exhibits a high affinity towards
attracting molecules, and is put into various applications like
water treatment, air purication, medical treatment, and
various industrial applications.17 Economic viability in
producing the material of activated carbon from waste biomass
enhances its appeal for use in the treatment of wastewater.
Abundant availability of wastes improves the nancial feasi-
bility and sustainability of the method.18

Various plant extracts like neem, aloe vera, and moringa
have also been explored for the green synthesis of magnetic
activated carbon, thanks to their natural reducing and stabi-
lizing constituents.19–21 However, these extracts usually contain
low concentrations of reactive polyphenols with limited stability
during the synthesis process. On the other hand, green tea
extract is very rich in catechin-type polyphenols such as EGCG,
EC, ECG, and EGC, which promote particle dispersion, intro-
duce oxygenated functional groups, and enhance adsorption
efficiency.22 Hence, green tea extract was chosen in this study as
a practical and very efficient bio-reducing and surface-
functionalizing agent for the production of magnetic activated
carbon.

Accordingly, in the view of the facts mentioned above, we
have prepared tea extract-derived magnetic activated carbon
(MAC–GTE) composite material by wet-chemical and post ultra-
sonication approaches. Besides introducing oxygen-rich func-
tional groups, improving nanoparticle dispersion, and facili-
tating synergistic interactions, the addition of green tea extract
during Fe2O3/activated carbon composite synthesis provides
a green and sustainable route and improves the adsorption
performance of the composite. The overall adsorption efficiency
of the composite is improved due to the polyphenolic
compounds, mainly catechins such as epigallocatechin gallate
(EGCG), epicatechin (EC), epicatechin gallate (ECG), and epi-
gallocatechin (EGC) present in green tea, which contribute
toward increased surface reactivity and binding affinity toward
target pollutants. GTE plays multiple roles and enhanced the
pollutant adsorption features of the MAC. Extensive dye
adsorption capabilities of MAC–GTE composite against MB and
MO dyes were investigated. Further, we also presented an in-
depth study on the various factors affecting adsorption and
a detailed kinetic investigation.

Although many adsorbents have been explored for dyes
removal, there is still a gap in developing efficient, economically
46554 | RSC Adv., 2025, 15, 46553–46569
viable, and green materials. Most of the existing adsorbents
developed so far possess some drawbacks, such as low
adsorption capacity, poor kinetics, and difficulty in regenera-
tion. Additionally, modifying activated carbon with
environment-friendly materials, such as green tea extract, to
enhance dye removal efficiency, particularly thiazine and azo
dyes, has rarely been explored. The present study closes the
gaps by presenting a new method of activated carbon modi-
cation using green tea extract. These green modications will
not only enhance the adsorption capacity of dyes contaminants
but also introduce magnetic properties into the material for its
easy recovery, proposing various environmental and economic
advantages.

2. Experimental work
2.1 Material and method

Iron nitrate nonahydrate Fe(NO3)3(H2O)9 and sodium hydroxide
(NaOH 99%) were sourced from Merck, Germany. Methyl blue
(99%), methylene orange (90%), green tea extracts, and acti-
vated carbon were purchased from Sigma-Aldrich. The reagents
of all of these compounds were utilized without subsequent
purication.

2.2 Synthesis of Fe2O3–AC

Activated carbon (5 g) was added to 100 mL of DI-H2O and was
sonicated for about 1 hour. The 0.1 M Fe(NO3)3(H2O)9 (100 mL)
was introduced in the above solution. The combination
underwent stirring for an hour at a temperature of about 70–
80 °C. Under vital agitation at 80 °C, the stirred NaOH (0.2 M)
solution was gradually introduced into the solution above, one
drop at a time, until the pH attained 10–11. The expulsion was
further stirred at 80 °C for 1 hour and kept at room temperature
for 24 hours. The iron oxide/activated carbon, also mentioned
as magnetically active carbon (MAC), was separated using
a magnet and rinsed with DI-H2O and ethanol until its pH
reached neutral. Subsequently, the material was desiccated in
an oven at 80 °C for 12 hours. MAC sample was crushed in
a mortar and pestle aer dehydrating and nally stored.

2.3 Synthesis of MAC–GTE composite

The composite (MAC–GTE) was synthesized by simple wet-
chemical followed by ultra-sonication approach. Fig. 1 shows
the schematic illustration of the synthesis of MAC–GTE
composite material.

The MAC–GTE composite was synthesized through a simple
wet-chemical process followed by ultrasonication. Green tea
extract (GTE) was rst prepared by sonicating 2.00 g of dried
green tea leaves in 50 mL of distilled water at 50 °C for 30 min.
The mixture was ltered to obtain a clear extract, which was
stored at low temperature until further use.

For composite formation, the maghemite-activated carbon
(MAC) precursor dispersion (50 mL) was mixed gradually with
50 mL of the ethanolic green tea extract under continuous
stirring. The pH of the mixture was then adjusted to 11 by the
dropwise addition of 0.2 M NaOH solution, and stirring was
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06187c


Fig. 1 Synthesis scheme of magnetic activated carbon-green tea extract (MAC–GTE).
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continued for 1 h to ensure complete interaction between the
components. The resulting MAC–GTE composite was separated
magnetically, washed repeatedly with deionized water and
ethanol until neutral pH, and nally dried at 40 °C to preserve
the heat-sensitive polyphenols that provide active adsorption
sites. In contrast, the pristine MAC was dried at 80 °C, as its
inorganic-carbon framework is thermally stable and unaffected
at this temperature.

For clarity, the quantitative ratios of the materials used are
summarized as follows: 5.00 g of activated carbon was used per
synthesis with 100 mL of 0.10 M Fe(NO3)3 solution (0.0100 mol
Fe), corresponding to a theoretical Fe2O3 yield of 0.798 g
(z16 wt% relative to AC). The green tea extract prepared from
2.00 g of dry leaves yielded approximately 0.40 g of soluble
extractives (∼20% extraction yield), resulting in an estimated
GTE : AC mass ratio of 0.40 : 5.00 (z8 wt%).

2.4 Characterization of as-synthesized materials

The prepared material was characterized by a UV-visible spec-
trophotometer (Cecil Aquarius 7400 UV visible spectropho-
tometer), FT-IR (TENSOR 27 model 2010 of Bruker), PXRD
(Bruker D8), SEM (ProX G6 Desktop) and TGA (STA 449 F1
Jupiter).

2.5 Adsorptive batch experiment

Batch adsorption experiments were conducted to evaluate the
adsorption physiognomies of MAC–GTE. A 20 ppm dye solu-
tion was prepared to assess the effect of pH on the removal
efficiency through pH analysis, with the highest efficiency
recorded at pH 9. Following this analysis, a contact time
experiment was carried out at pH 9, measuring removal effi-
ciency aer 20 minutes. However, the composite demon-
strated peak efficiency aer 140 minutes. Subsequently,
experiments were conducted with varying initial dye
© 2025 The Author(s). Published by the Royal Society of Chemistry
concentrations of 20, 30, and 40 ppm. Additionally, removal
efficiency was assessed at different temperatures (25 °C, 35 °C,
45 °C). The composite exhibited an adsorption capacity of
491.47 mg g−1 for MB at 20 ppm, surpassing the 337.89 mg g−1

capacity for MO at the same concentration, with removal
efficiencies of 98.29% and 90.10%, respectively. A UV-visible
spectrophotometer was utilized to determine the concentra-
tions of MB and MO at their respective lambda max values of
664 nm and 462 nm. Beer–Lambert law was utilized for the
determination (extinction coefficient) through the ndings of
a UV-visible spectrophotometer. Eqn (1) and (2) were leveraged
to ascertain the composite capacity for adsorption and
removal efficiency of MB and MO, respectively.23,24

Adsorption capacity ¼ ðCo � CeÞV
m

(1)

Removal efficiency ¼ ðCo � CeÞ
Co

� 100 (2)

where Co and Ce are initial and equilibrium concentrations
(mg L−1) of MB and MO, sequentially, while V is the volume of
a solution (L) and m is the amount of adsorbent (mg). Various
kinetic models, such as pseudo-1st-order (PFO), pseudo-2nd-
order (PSO), and liquid lm diffusion (LFD), were implemented
to understand the adsorption mechanism. Eqn (4)–(6) represent
these models correspondingly.25

K1 ¼ ln qe � lnðqe � qtÞ
t

(3)

K2 ¼ qt

t

�
1

qe2
þ t

qe

�
(4)

KF ¼
A� ln

�
1� t

qe

�

t
(5)
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K1, KF, and K2 are the PSO, liquid-lm diffusion model
adsorption rate constant (h−1), and the PSO adsorption rate
constant (g mg−1 h−1), respectively. Meanwhile, qe and qt
represent the capacity for adsorption at equilibrium and at time
t, respectively. In addition to this, to study the adsorption layer
mechanism, several adsorption isotherm models were exam-
ined, including the Langmuir model, the Freundlich model,
and the Temkin model. Eqn (6)–(8) explain three different
isothermal models.26,27

Ce

qe
¼ Ce

qmax

þ 1

qmaxKL

(6)

ln qe ¼ 1

n
ln Ce þ ln KF (7)

qe = KT lnCe + KT ln f (8)

Here, KL, KF, and KT are the adsorption constants for Langmuir
(L mg−1), Freundlich adsorption constant, and Temkin binding
constant (L mg−1), correspondingly.
3. Results and discussion
3.1 Structure analysis

X-ray diffraction (XRD) techniques have been exploited to
examine the structural attributes of the AC, MAC, and MAC–
GTE materials (Fig. 2a). The XRD pattern of AC consists of two
broad humps, indexed as the (002) and (100) Miller planes.28

The broad and less intense nature of the peaks may be attrib-
uted to the small graphitic domains and the lack of long-range
ordered structure, respectively.29,30 In addition to the broad
bump characteristic of activated carbon, the XRD pattern of the
MAC sample displays six distinct diffraction peaks that are in
a perfect agreement with the standard JCPDS card #39-1346,
which serves as conrmation of the maghemite phase's cubic
crystal structure (g-Fe2O3).31 The face-centered cubic (FCC)
Fig. 2 (a) XRD and (b) FTIR of AC, MAC, and MAC–GTE samples.

46556 | RSC Adv., 2025, 15, 46553–46569
structure of the maghemite phase is further validated by the fact
that all of the Miller indices (h, k, l) are either all even or all odd.

In the XRD pattern of the MAC–GTE composite, a broad
hump observed between 15° and 28° can be attributed to the
coexistence of amorphous activated carbon and organic func-
tionalities (hydroxyl, carbonyl, carboxyl, p–p interactions, etc.)
imparted by the green tea extract (GTE).32,33 The attenuation of
the maghemite diffraction peaks in the MAC–GTE pattern is
due to the amorphous GTE-derived organic layer, which forms
an approximately 8 wt% surface coating on the activated carbon
(see quantitative ratios in Section 2.3). The Fe2O3 loading
corresponds to roughly 16 wt% relative to the activated carbon,
consistent with the theoretical stoichiometry.

The incorporation of GTE does not alter the core crystalline
structure of maghemite but partially masks its diffraction
signals because the surface is covered by organic moieties.
Moreover, the bioactive polyphenolic compounds in GTE
interact with the maghemite surface during synthesis, acting as
natural capping and stabilizing agents that restrict crystal
growth.34 As a result, the diffraction peaks become slightly
broader, indicating a reduction in crystallite size. Using Scher-
rer's equation,35 the crystallite size (D) decreased from 12.39 nm
(MAC) to 11.08 nm (MAC–GTE), conrming the inuence of
GTE on crystal nucleation and growth.

D ¼ Kl

b cos q
(9)

The X-ray density values (MAC = 2.84 g cm−3; MAC–GTE =

2.52 g cm−3) and corresponding crystallite sizes were used to
estimate the specic surface area (SSA) according to the method
of Rashid et al. and others.36,37

SSA ¼ 6000

rX-ray�D

(10)

The calculated SSA increased from 170 m2 g−1 (MAC) to 214
m2 g−1 (MAC–GTE) aer surface functionalization,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrating that GTE incorporation enhanced the acces-
sible active sites. This improved surface area and the syner-
gistic hybrid structure make the MAC–GTE composite
a promising adsorbent for the efficient removal of aqueous
pollutants.38

In order to identify the functional groups and lattice vibra-
tions present in the prepared samples, FTIR was performed
within the 4000–400 cm−1 range. This spectral window is
particularly well-suited for the detection of the organic signa-
tures from green tea extract (GTE), the characteristic Fe–O
lattice vibrations inmaghemite, and the stretching and bending
modes of surface functionalities in activated carbon. The
spectrum of AC shows O–H stretching (3140–3650 cm−1) and
bending (1634 cm−1) vibrations, both of which can arise from
surface hydroxyl groups, adsorbed water molecules, and
hydroxyl functionalities associated activated matter.39 The
spectrum also shows a weakened band at approximately
2880 cm−1, corresponding to aliphatic C–H stretching vibra-
tions from residual hydrocarbon moieties, and a distinct peak
at around 2340 cm−1, attributed to the asymmetric stretching of
CO2 molecules adsorbed from the atmosphere.40,41 More
importantly, in spectrum, a medium-intensity band at
1564 cm−1 corresponds to aromatic C]C stretching, while
a more intense band at 1740 cm−1 is assigned to C]O
stretching from carbonyl or carboxylic groups introduced
during activation;42,43 the higher intensity of the C]O band is
due to its polar nature and the stronger variation in dipole
moment compared to C]C. These structural features reect the
existence of aromatic domains, oxygen-containing functional
groups, and atmospheric adsorbent in the AC.

The MAC sample's spectrum, apart from the containing
characteristic bands of AC, also two distinct bands; a strong one
at 630 cm−1 (Fe–O stretching at tetrahedral sites) and a weaker
Fig. 3 SEM images of (a and b) MAC (two regions at comparable magn
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
one at 580 cm−1 (Fe–O stretching at octahedral sites).44 The
diminished intensities of the AC bands may ascribe to the
partial surface coverage of carbonaceous matrix with maghe-
mite particles. The presence of these Fe–O bands in conjunction
with the diminished AC peaks offers compelling spectroscopic
evidence for the effective incorporation of maghemite onto the
activated carbon surface.

The MAC–GTE spectra display a reduction in wavenumbers
for both Fe–O bands, which suggests a decrease in the strength
of the Fe–O bond, and this in turn may be a result of the
presence of phenolic groups from GTE that have coordinated
with the Fe3+ ions on the surface.45 It is very likely that such
bonding will make the Fe–O bond less strong by changing the
electron density around it. The connectivity of the poly-
phenolic hydroxyl groups in GTE through hydrogen bonds is
signaled by the broad O–H stretching band's extension
towards lower wavenumbers.46 The GTE presence has a major
impact on the absorption bands in the range of 1800–
1500 cm−1. The reason behind this is the combined contri-
butions from the various aromatic rings, hydroxyls, and
carbonyls of catechins as well as other avonoids, which are
the sources of AC signals. The more powerful O–H bending
indicates the presence of more hydrogen-bonded hydroxyls,
whereas the stronger C]O peak is due to the presence of ester
and oxidized phenolic groups. The larger C]C band is
a representation of the GTE aromatic structures. The spectral
changes mentioned above point to the presence of efficient
organic–inorganic interaction and surface functionalization in
the MAC–GTE composite.

The disappearance of the 2880 cm−1 C–H stretching band in
the MAC–GTE composite indicates that aliphatic groups were
masked or altered through interactions with GTE's polyphenols.
ification) and (c and d) MAC–GTE at lower and higher magnification,

RSC Adv., 2025, 15, 46553–46569 | 46557
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This conrms successful surface modication and formation of
new oxygen-containing functional groups.
3.2 Morphological analysis

Fig. 3a and b illustrates SEM images of the magnetically acti-
vated carbon (MAC) particles at comparable magnication,
thereby verifying that the activated carbon matrix material is
primarily composed of predominantly microparticles with an
irregular shape and non-uniform dispersion pattern.

The irregular surface texture of the AC is also decorated with
magnetite particles. The magnetite particles are smaller and are
prone to being distributed among the larger AC particles or
randomly distributed over their surface. In order to emphasize
the efficient deposition of magnetite onto AC, this conguration
was implemented, thereby improving the surface character and
the presence of active sites for subsequent contacts. In
comparison, the SEM images of a MAC–GTE (Fig. 3c and d) at
lower (lower le) and higher magnications (lower right). The
MAC sample's heterostructure and hetero-sized patches inter-
woven with almost-linear and ake-like structures (GTE) to form
a nest like structure, as evident in Fig. 3d. The SEM analysis
propose that the composite material, which is the combination
of magnetite, activated carbon, and GTE, have been successfully
prepared. The adsorption efficacy and functionality of the
material are enhanced due to the appeared coated surface with
GTE-derived organic akes, which results in increasing rough-
ness and available binding sites.
3.3 UV-visible spectroscopy

The optical properties of MAC and MAC–GTE composites were
examined via their UV-vis absorption spectra recorded in the
wavelength window from 300–900 nm, as given in Fig. 4a and b,
respectively.

The addition of green tea extract (GTE) to the MAC
composite results in enhanced absorption within the 300–
400 nm range. The avonoids and catechins constituting GTE
are likely responsible for such enhancement in the absorption,
Fig. 4 UV-vis absorption spectra of MAC (a) and MAC–GTE (b) compos

46558 | RSC Adv., 2025, 15, 46553–46569
as these chemical moieties exhibit strong UV-range p–p

transitions. This is most likely due to the presence of phenolic
compounds occurring in GTE such as avonoids and cate-
chins. These compounds demonstrate strong UV-range p–p

transitions, which assist in the MAC–GTE composite's
increased absorption. The phenolic compounds from GTE
likely bound to the surface of the magnetite particles, which is
perhaps the reason for increased absorption in that region. In
the UV region, optical absorption is more noticeable, and as
one moves toward the lower wavelength boundary, it becomes
less noticeable. The signicant absorption peaks within the
near infrared range of 700–900 nm for both MAC and MAC–
GTE composites are likely due to the d–d transitions of Fe ions
inmagnetite which conrms the presence of iron complexes in
both samples. The MAC–GTE composite UV-vis absorption
prole is more uniform which indicates synergistic interaction
between GTE and magnetite and may enhance the effective-
ness of the composite for applications in adsorption and
catalysis. We agreed that the slight noise in the 800–900 nm
region may arise from instrumental limits, while the weak
absorption around 850 nm corresponds to Fe3+ d–d transi-
tions, indicating interaction with GTE polyphenols. XPS and
Raman analyses will be considered in future work for more
conclusive evidence.

3.4 Thermogravimetric analysis (TGA)

To determine the thermal stability, the TGA measurements of
Fe–AC and MAC–GTE were studied by monitoring the weight
change that occurred when the sample was heated in an inert
atmosphere. Fig. 5 shows the mass loss curves of MAC and
MAC–GTE respectively. In Fig. 5a, MAC shows three-step
decomposition, as mass loss curves indicated. The observed
maximum weight loss of 4.8% occurred at 350 °C, which is
mainly due to the decomposition of the carbonaceous mate-
rial. The second weight loss is 3.94%, occurred at 657 °C and
might be due to the decomposition of organic components in
the activated carbon matrix.47 The third weight loss, which is
about 3.24%, occurs at 880 °C and is associated with either the
ites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TGA spectra of MAC (a) and MAC–GTE (b) composites.
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breakdown of the carbon structure or the oxidation of residual
carbon. The material reaches its nal stage of thermal
decomposition at 880 °C. On the other hand, the decomposi-
tion of MAC–GTE (Fig. 5b) also occurred in two main and
distinct stages. The rst weight loss is of almost 8% and
extended up to 600 °C, representing the physicochemical
dehydration and the decomposition of primary carbonaceous
structures.48 The major weight loss of 14% extended up to
800 °C, suggesting the pyrolytic degradation of the carbon
matrix and Fe-catalyzed structural decomposition. The mate-
rial reaches its nal thermal breakdown and stabilization at
900 °C.

3.4.1 Interpretation of weight loss. MAC and MAC–GTE
thermograms show a three and two steps mass-loss pattern. The
desorption of light volatiles and physisorbed water is respon-
sible for the rst, low-temperature loss (<∼150–200 °C). The
second stage (about 200–500 °C) is associated with the thermal
breakdown of labile organic matter and oxygenated surface
functionalities (carboxyl, phenolic, and lactone groups); in
MAC–GTE, this stage is accelerated by the breakdown of the
green-tea polyphenol coating. The more refractory carbon
matrix (char) oxidizes or burns, causing the third, high-
temperature loss (>∼500 °C). The more noticeable high-
temperature mass loss seen for the iron-impregnated and
GTE-coated samples can be explained by the fact that iron
species can promote carbon oxidation. These TGA ndings
align with data from SEM-EDS (iron present) and FTIR (surface
oxygenated groups).

The interaction between GTE and MAC involves hydrogen
bonding, p–p stacking, and Fe–O coordination, where GTE
polyphenols bind to MAC's surface groups and Fe3+ ions. The
chemical interactions that take place give the materials better
thermal and chemical stability which in turn allow them to
endure a number of adsorptions–desorption cycles. The MAC–
GTE composite has a strong and stable organic–inorganic
interface that is further evidenced by FTIR technique, which
tells the characteristic shis in the O–H and C]O stretching
© 2025 The Author(s). Published by the Royal Society of Chemistry
regions aer GTE functionalization. Unlike activated carbon
from green tea which loses most of the polyphenolic function-
alities during pyrolysis, the MAC–GTE composite keeps those
bioactive groups by using a mild surface modication of
maghemite-supported activated carbon. This method results in
an increased surface reactivity, higher adsorption capacity and
magnetic separability of a bio-inspired hybrid material that
shows much better dye removal efficiency and recyclability as
compared to conventional adsorbents.
3.5 Factors affecting adsorption

3.5.1 Effect of time and pH. The percentage efficiency and
effectiveness were observed aer 20 minutes intervals using
10 mg of MAC–GTE composite. As time passes, the diffusion
rate of dyes onto the surface of the composite material
increases, enhancing adsorption effectiveness and efficiency.
Many active sites are present in the MAC–GTE composite
surface, which attract the MB and MO molecules and increase
the adsorption efficiency. The maximum adsorption effec-
tiveness and removal efficiency for MB recorded 491.47 mg g−1

and 98.29%, respectively, which is larger than 337.89 mg g−1

and 90.10% of MO aer 140 min, as shown in Fig. 6a and b.
The pH of the solution is also an important parameter

affecting dyes' adsorption because pH controls the adsorbent–
adsorbate interactions.49 Usually, the efficiency of dye
adsorption by synthesized adsorbent depends on the solu-
tion's pH. At ambient temperature, 20 ppm of methylene blue
(adsorbent dosage of 10 mg) and 15 ppm of methyl orange
(adsorbent dosage of 10 mg) were used to study the inuence
of pH of MB and MO on adsorption over the MAC–GTE
composite. The pH range between 2 and 12 was examined, as
shown in Fig. 6c and d. At low pH (3), the MAC–GTE composite
surface has a positive charge due to protonation, while methyl
orange has a negative charge (anionic dye), which leads to an
efficiency of 90.10%. It is reported at lower pH (under acidic
conditions), MO emerges in quinoid form, while at higher pH,
RSC Adv., 2025, 15, 46553–46569 | 46559
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Fig. 6 Adsorption study of methylene blue (MB) and methyl orange (MO) on MAC–GTE composite: (a) adsorption capacity over time; (b)
efficiency over time; (c) adsorption capacity at varying pH; (d) efficiency at different pH levels. Note that the columns in (b) represent the removal
efficiencies of MB and MO under their respective optimized initial concentrations (20 ppm for MB and 15 ppm for MO). These column values are
not intended for direct comparison between the two dyes but to illustrate their individual adsorption behavior on the MAC–GTE composite.
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it modies into its azo structure.50 When the pH rises, the
surface becames deprotonated, which produced a negative
charge on the composite. The electrostatic attractive forces
develop between positively chargedMB and negatively charged
MAC-GTE which may cause dye improved adsorption effec-
tiveness (98.29%) for MB at pH 9. This result suggests that the
electrostatic repulsion among the negatively charged MAC–
GTE's surface and the anionic MO dye molecules may have
suppressed dye removal at high pH level.

3.5.2 Effect of initial concentration of dyes and sorbent
dosage. The concentration effect of MB and MO was studied
over the process of adsorption using various concentrations
(10, 20, 30, and 40 ppm) and (15, 30, 45, and 60 ppm). Usually,
adsorption effectiveness increases as the concentration
increases, but % efficiency decreases due to a decrease in
active sites for the process of adsorption. MB adsorption effi-
ciency rst increases to 20 ppm and then decreases as the
concentration increases. The maximum efficiency for MB and
MO was observed at 20 ppm and 10 ppm, respectively, while
the adsorption capacity increased by 666.21 mg g−1 and
640 mg g−1, respectively, as shown in Fig. 7a and b. As
46560 | RSC Adv., 2025, 15, 46553–46569
discussed in the literature for a given adsorbent dose, the total
numbers of accessible adsorption sites are anchored, which
means adsorbing nearly the same as the amount of
adsorbate.51

The dye removal efficiency is increased due to the increased
available adsorption sites and sorption surface.52 Fig. 7c and
d illustrate the adsorption pattern of MB and MO over
different masses of composite (10, 15 mg), respectively. The
increase in MB and MO uptake from 99.29% to 99.125 and
90.10 to 96.54% was accompanied by an increase in composite
dosage, respectively. That is why the 10 mg dosage is suitable
for further adsorptive experiments. Many open sites are
responsible for enhancing percentage efficiency by increasing
dosage. Both MB and MO quantity per unit mass of adsorbent
is decreasing, which leads to a decrease in adsorption
capacity. This increased mass shis the adsorption process to
the “screen effect”, which prevents access to adsorption sites
on adsorbent MO. Reports suggest that the accumulation of
particles leads to a lessening in the number of active sites for
adsorption.53,54
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Adsorption study of MB andMOonMAC-GTE composite. Effect of initial concentration on (a) MB and (b) MO; effect of adsorbent dose on
adsorption capacity and % age removal efficiency for (c) MB and (d) MO.
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3.5.3 Temperature studies and reusability tests. The high
solution temperature increases the presence of surface-active
sites and suppress the diffusion resistance of MB to nano-
composite, which promotes the adsorption, and the reported
literature also conrms this augment.55 The effect of temper-
ature on the MB adsorption over the MAC–GTE composite was
investigated using 20 ppm initial concentration and 10 mg of
Fig. 8 Effect of (a) temperature and (b) cycling on adsorption of MB and

© 2025 The Author(s). Published by the Royal Society of Chemistry
dosage at pH = 9, while MO sorption was analyzed by using
15 ppm concentration, 10 mg adsorbent mass at pH = 3. The
temperature range was set to 298 K to 328 K, as shown in
Fig. 8a.

It was noted that as the temperature rise from 15 to 25 °C, the
removal efficiency of the MAC–GTE composite increased from
75.15% to 98.29% for MB and 67.6% to 90.10% for MO, which
MO on MAC–GTE composite.

RSC Adv., 2025, 15, 46553–46569 | 46561
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Fig. 9 Kinetic model fitting for MB and MO on MAC–GTE: (a) PFO for MB; (b) PFO for MO; (c) PSO for MB; (d) PSO for MO; (e) LFD for MB; (f) LFD
for MO.
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shows the adsorption mechanism based upon endothermic
reaction. Another explanation could be that the MAC–GTE
composite produces more active sites when the temperature rises,
increasing dye adsorption. According to the ndings, methylene
46562 | RSC Adv., 2025, 15, 46553–46569
blue and methyl orange at high temperatures have favorable,
spontaneous, and endothermic adsorption on the MAC–GTE
composite.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The reusability experiment was carried out with the following
conditions: 10 mg adsorbent, 20 ppm solution of MB, and
15 ppm solution of MO in 250 mL, temperature 296 K and pH 9
for MB, and pH 3 for MO. Moreover, NaOH is employed as
a reusability agent for washing adsorbate. Therefore, the utilized
material was reused multiple times aer magnetic separation,
washing, and drying to know the reusability of MAC–GTE. The %
efficiency for MB and MO decreases from 98.29 to 42.1 and 90.10
to 25.7 aer three cycles, respectively, as depicted in Fig. 8b. It is
clear that the adsorption efficiency decreases with the increase in
the number of regeneration cycles (Fig. 8b), mainly because some
active sites may be partially blocked by strongly bound dye
molecules, while GTE-derived –OH and –COOH groups are also
gradually lost during repeated washing and magnetic separation;
these effects diminish the surface reactivity, a frequent behavior
when bio-modied magnetic adsorbents undergo several cycles
of reuse.

3.6 Kinetic study

The kinetic study of adsorption is critical for understanding the
involving mechanism, particularly the movement/transport of the
adsorbate (pollutants) from the liquid phase to the solid adsor-
bent surface.56 The kinetic study of the adsorption effectiveness of
MB and MO was simulated using PFO, PSO, and liquid lm
diffusion models, as shown in Fig. 9(a)–(f).

The regression constant value was determined by linear
tting to analyze the above models over adsorption. The
regression constant (R2) values for PFO, PSO, and LFDmodel for
MB are (0.8806, 0.6573, and 0.8806) greater than the regression
constant of the above model for MO. Table 1 shows the kinetic
parameters of different models. The larger regression constant
for PSO kinetic shows physical adsorption. The PFO model
provided a more accurate description of the data than the PSO
model. In addition to this, a large regression constant in the
LFD kinetic model assists the adsorption process of the liquid
and solid phases. Also, the diffusion of dye molecules in active
sites of composite material paved the way for large adsorption
capacity.

3.7 Adsorption isotherms

Several non-linear adsorption isotherm models, including
Freundlich, Langmuir, and Temkin models, have been
Table 1 Kinetics parameters for adsorption of MB and MO on MAC–GT

Pseudo-rst-order model (MB) Pseudo-second-order

Slope K1 R2 Slope K2

−0.032 −0.0002 0.8806 0.00146 41 4

Pseudo-rst-order model (MO) Pseudo-second-order

Slope K1 R2 Slope K2

−0.04 −0.0002 0.8081 0.0012 167 3

© 2025 The Author(s). Published by the Royal Society of Chemistry
employed to explore the adsorption behavior.57 The reported
research validated that linear models introduce errors,
notably when the data is not ideally linear.58 It is clear from
Fig. 10(a)–(f) that the Freundlich isothermal regression
constant (R2 = 0.9807, 0.9404) is larger than Langmuir's (R2

= 0.9563, 0.8123) and Temkin's (R2 = 0.9549, 0.1872)
suggests that the Freundlich isotherm shows better tting
for characterizing the behavior of MAC–GTE in adsorbing MB
and MO. This Freundlich isothermal tting also indicates
that the adsorption process is multilayer. While Langmuir
provides a reasonable t, the Freundlich model better
describes the heterogeneous surface of MAC and MAC–GTE.

Furthermore, the above model's adsorption tting had
a determination coefficient R2 that was very low in MO, which
suggests that the above models do not verify the adsorption
process for MO. Table 2 indicates the isothermal parameters
of different isothermal models.
3.8 Adsorption mechanism

In order to investigate the adsorption mechanism, various
possible interactions between MB, MO, and adsorbent are
summarized. The adsorbent has aromatic ring structures
that can interact with the aromatic rings of both MO and MB
dyes to generate p–p interactions. In addition, the electro-
static interaction between the MO and adsorbent also
contributed to the adsorption process. The major role was
played by the p–p and O–H/p interactions between the dye
molecules and adsorbent (Fig. 11). Functional groups such
as –NH2 on the adsorbent has possibility to enhance the
binding.

Moreover, in literature, theoretical studies also support to
understand the adsorption phenomena like adsorption
kinetics, isotherm, thermodynamic study, and statistical
analysis. Referring to the adsorption kinetics study, pseudo-
rst order, pseudo-second order, and the liquid-lm diffu-
sion models of MB and MO are appropriate for examining the
absorption process due to values of R2 0.8806, 0.8081, 0.6573,
0.232, 0.8806, 0.8183 respectively. Pseudo-rst order and
liquid-lm diffusion models favor physical adsorption, while
pseudo-second order favors the insertion of MB and MO in
the porous surface of the adsorbent. Further, thermody-
namic study assists in understanding the nature of the
E composite

model (MB) Liquid-lm diffusion model (MB)

R2 Slope KF R2

99.32 0.6573 0.011 −0.342 0.8806

model (MO) Liquid-lm diffusion model (MO)

R2 Slope KF R2

61.2 0.232 0.0543 −0.783 0.8183
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Fig. 10 Adsorption isotherm model fittings for MB and MO onto MAC–GTE composite using Freundlich (a and b), Langmuir (c and d), and
Temkin (e and f) models.
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adsorption workow. Moreover, statistical analysis results
for the adsorption of MB and MO on composite clarify the
multilayered strategy adsorption process.
46564 | RSC Adv., 2025, 15, 46553–46569
In addition, an outline of the maximum adsorption abilities
(qmax) of distinct composite materials toward MB andMO in the
form of comparison is depicted in Table 3.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Isothermal parameters for adsorption of MB and MO on MAC–GTE composite

Freundlich isotherm (MB) Langmuir isotherm (MB) Tempkin isotherm (MB)

Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

5.731 0.20874 0.9807 0.0039 0.0014 0.9563 289.34 97.56 0.9549

Freundlich isotherm (MO) Langmuir isotherm (MO) Tempkin isotherm (MO)

Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

4.879 0.66 0.9404 0.0035 0.0012 0.8123 422.96 44.37 0.1872

Fig. 11 Purposed adsorptive removal mechanisms for MB and MO on MAC–GTE composite.

Table 3 A comparative overview of the maximum adsorption abilities (qmax) of various composite material toward MB and MO

Materials
Adsorption capacity
qmax, (mg g−1) (MB)

Adsorption capacity
qmax, (mg g−1) (MO) Mechanism Ref.

MAC–GTE 491.47 337.89 Electrostatic interaction, O–H/p interaction, p–p interaction This work
ZnO@AC 180.03 107.97 Electrostatic interaction, p–p interaction 59
CPML NC 471.12 230.87 Electrostatic interaction, p–p interaction, H-bonding 60
ACNPs 97.37 71.22 Electrostatic attraction and p–p interaction 61
DMCHA 349.68 325.42 Cation–p, electrostatic, p–p interactions 62
TiO2/AC 0.452 0.329 Electrostatic interaction, p–p interaction, H-bonding 63
LSB-AC 185.2 140.8 p–p interaction-bonding 64
CHS-CSAC 217.35 105.2 Electrostatic interaction, p–p interaction, H-bonding 65
OLPAC 38 33 p–p interaction-bonding 66
PCA 1111 909 p–p interaction-bonding 67
HCNPs 203.4 113.3 Electrostatic interaction, p–p interaction, H-bonding 68
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4. Conclusion

Under facile wet-chemical synthesis, green tea extract-derived
magnetic activated carbon composite (MAC–GTE) material
was prepared and characterized by various spectroscopes,
PXRD, TGA, and SEM. We explored this material for the
adsorption of organic dyes such as MB and MO, respectively.
The optimum adsorption effectiveness of MB and MO were
98.29% and 90.10%, respectively. Additionally, the MAC–GTE
composite showed excellent reusability and stability. The dye
© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorption mechanisms are deeply analyzed. PSO tted the
removal of MB and MO, and the equilibrium study showed
Freundlich isotherms, which revealed that the adsorption
process is favorable at high temperature. Fabrication of the
MAC–GTE composite was found to be the most effective
adsorbent for decontamination of MB. These results have
shown that the MAC–GTE composite has remarkable adsorp-
tion capability and selectivity, making it a promising material
for environmental remediation. Green tea extract and magnetic
activated carbon synergistically optimized the surface
RSC Adv., 2025, 15, 46553–46569 | 46565
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properties, rendering an efficient and sustainable material for
dye removal. This study puts into light the potential of MAC–
GTE as a cost-effective, eco-friendly alternative to conventional
adsorbents and as a promising material for environmental
remediation. Further studies may look at scalability, regenera-
tion, and application in real wastewater treatment.
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