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ellulose functionalized magnetic
graphene oxide for the efficient removal of
tetracycline from aqueous media
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A carboxymethylcellulose (CMC) functionalized magnetic graphene oxide (m-GO/Fe3O4/CMC)

nanoadsorbent was successfully synthesized to remove tetracycline (TC) in aqueous media. The

prepared m-GO/Fe3O4/CMC nanoadsorbent was characterized using several instrumental techniques,

including X-ray diffractometry, Fourier transform infrared spectroscopy, vibrating sample magnetometry,

point of zero charge, transmission electron microscopy, scanning electron microscopy, and energy

dispersive-X-ray. These techniques confirmed the successful synthesis of this nanoparticle and also

revealed its superparamagnetic behavior, exhibiting a saturation magnetization of 50.69 emu g−1. The

batch adsorption experiments were carried out under varying conditions, including adsorbent dosage,

contact time, pH, initial concentration, and temperature, to determine the optimum conditions for the

adsorption process. A maximum removal efficiency of 96.04% was achieved within just 25 min using

a dosage of 0.1 g L−1 at pH 5. Kinetic analysis revealed that the adsorption followed the pseudo-second-

order model, indicating that the uptake of TC was primarily governed by chemisorption. This behavior

could be attributed to hydrogen bonding, electrostatic interactions, and p–p stacking between the

adsorbate and the adsorbent. The isotherm data were best described by the Langmuir isotherm, with

a maximum adsorption capacity of 54.73 mg g−1, suggesting monolayer adsorption dominated by

electrostatic interactions on heterogeneous surface sites. Furthermore, reusability tests revealed the

nanoadsorbent's excellent stability, retaining high adsorption efficiency even after ten consecutive cycles.

The findings unambiguously demonstrated that this m-GO/Fe3O4/CMC nanoadsorbent could be a good

choice to remove TC from wastewater sources.
1. Introduction

In modern health care, antibiotics are crucial for treating
bacterial infections.1 These medications, which either kill
bacteria or inhibit their growth, have been widely used and have
had a profound impact on medical advancements.2 Tetracycline
(TC) is a widely used antibiotic due to its strong antibacterial
properties.3 However, it undergoes only partial metabolism in
humans and animals, with a signicant portion being excreted
through urine and feces.4 As a result, TC residues persist in the
environment, particularly in agricultural runoff and municipal
wastewater.5 However, due to its limited metabolism, signi-
cant amounts of TC are released into the environment, raising
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concerns related to its impact on human health and ecosys-
tems.6 Alarming levels of residual antibiotics have been detec-
ted in both groundwater and surface water.7 Even low levels of
TC exposure can disrupt aquatic microorganisms, hinder the
spread of benecial bacteria that combat antibiotic resistance,
and contribute to increasing antibiotic resistance.5 Conse-
quently, removing TC from contaminated environments is
essential to protect both ecosystems and public health.8

Various methods are accessible for removing antibiotics
from aqueous media, including adsorption,9 biodegradation,10

advanced oxidation processes,11 photocatalysis,12 membrane
technology,13–15 and photodegradation.16 Among these, adsorp-
tion stands out as the most economical and environmentally
friendly alternative.17 It is easy to handle and highly efficient, it
produces negligible byproducts, and it can be effortlessly scaled
up.18 In spite of its advantages, adsorption has certain limita-
tions, such as lengthy processing times, high dosage require-
ments, and challenges in separating the adsorbent.19 These
issues can be addressed by the functionalization and opti-
mizing performance of the adsorbent, enabling TC removal at
lower doses and in shorter times. Thus, developing a cost-
RSC Adv., 2025, 15, 35219–35232 | 35219
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effective and highly efficient removal method is essential.17

Various adsorbents, such as activated carbon,20 multi-walled
carbon nanotubes,21–23 sludge biochar,24 and goethite4 have
been developed and utilized to remove TC from environmental
samples. However, these methods still face inherent limita-
tions, including low adsorption capacity, slow adsorption rates,
and limited reusability.17

Graphene oxide (GO) based composites have recently gained
signicant attention as effective adsorbents for removing
diverse pollutants.25 Their application in wastewater treatment
offers remarkable advantages.26 Owing to their unique charac-
teristics, such as a large specic surface area, abundant surface
functional groups, p-electron-rich planar structure, superior
mechanical and chemical stability, excellent electrical and
thermal conductivity, high optical transparency, low density,
and strong compatibility with other materials, GO stands out as
a highly efficient adsorbent.27–29 The high cost and limited
global availability of pure graphite and GO pose challenges.30

This issue can be addressed by synthesizing GO from electronic
waste, particularly waste Li-ion batteries.31 These batteries,
widely discarded by the electronics industry, cause environ-
mental hazards due to toxic leaching.32 Their graphite elec-
trodes offer a sustainable source for GO production,
simultaneously providing raw materials and promoting waste
management.33 Besides, GO serves as an excellent precursor for
such materials due to its abundance of hydrophilic functional
groups, including epoxide, carbonyl, carboxyl, and hydroxyl
groups, which are distributed across both its edges and basal
plane.34 These functional groups facilitate strong interactions
with other hydrophilic agents through hydrogen bonding, p–p
interactions, and electrostatic forces.35 Among these agents,
carboxymethylcellulose (CMC), a water-soluble derivative of
cellulose, is oen preferred due to its natural abundance,
biocompatibility, and eco-friendly nature. Its diverse functional
properties, including high water solubility and abundant
oxygen-containing groups, make it an amazing structure that
signicantly enhances the efficiency of antibiotic removal,
supporting a comprehensive and sustainable strategy for miti-
gating the environmental impact of antibiotics.36

Conversely, GO-based adsorbent materials exhibit good
dispersion in water due to their nanoscale particle size and the
abundance of hydrophilic functional groups on their surface.37

Consequently, despite the high adsorption efficiency of GO and
GO-based nanoadsorbents, a signicant challenge remains in
their separation from the treated solution aer the adsorption
process.38 To overcome this limitation, the integration of
magnetic nanomaterials is essential.39 By incorporating
magnetic nanoparticles, GO-based nanoadsorbents can be
easily separated, offering a more effective and practical solution
for wastewater treatment.40 Moreover, a complex sorbent based
on graphene and CMC not only enhances adsorption efficiency
but also imparts mechanical exibility, chemical stability, and
reusability to the sorbent. These features enable the adsorption
of a wide range of pollutants while permitting the exible
integration of various components to develop multifunctional
highly efficient, recyclable, and eco-friendly materials tailored
for specic applications.41
35220 | RSC Adv., 2025, 15, 35219–35232
To the best of our knowledge, no research has been reported
on the application of m-GO/Fe3O4/CMC nanoadsorbents for the
removal of TC from aqueous solutions. In this study,
a magnetically separable m-GO/Fe3O4/CMC nanocomposite was
synthesized utilizing electronic waste by incorporating
magnetic Fe3O4 and CMC with GO. The structural and chemical
properties of the nanocomposite were comprehensively char-
acterized by using various analytical techniques. The synthe-
sized magnetic material was then applied for the adsorption of
TC from aqueous solutions. The adsorption performance was
systematically evaluated under different conditions, including
adsorbent dose, contact time, solution pH, initial TC concen-
tration, and temperature. Furthermore, the adsorption mecha-
nism was investigated through kinetic and isotherm analyses.
The reusability of the prepared adsorbent for TC removal was
also assessed to determine its potential for practical
applications.
2. Materials and method
2.1 Reagents and chemicals

TC (Purity $95%, CAS No: 64-75-5) was obtained from Sigma-
Aldrich, and its physical and chemical characteristics are
summarized in Table 1. Iron(II) sulfate heptahydrate (FeSO4-
$7H2O) (ACS reagent, 99%, CAS: 10025-77-1) and iron(III) sulfate
heptahydrate (Fe2(SO4)3$7H2O) (99%, CAS: 13478-10-9) were
purchased in Sigma Aldrich from Switzerland. CMC (Purity
$99.5, CAS No: 9004-32-4) was obtained from BDH Chemicals
Ltd, Poole, England. Formic acid (FA) and LC-MS/MS grade
acetonitrile (ACN) were purchased from AppliChem GmbH,
Ottoweg, D-64291 Darmstadt, Germany. Sulfuric acid (H2SO4)
(95–97%, CAS: 7664-93-9) and potassium permanganate
(KMnO4) ($99.0%, CAS: 7722-64-7) were sourced from Sigma-
Aldrich, USA. Phosphoric acid (H3PO4) (85%, CAS: 7664-38-2)
was acquired from JANSSEN CHEMICA, Belgium, while hydro-
chloric acid (HCl) (37%, CAS: 7647-01-0) and ethanol (C2H5OH)
(98%, CAS: 64-17-5) were purchased from AppliChem, Germany.
Sodium hydroxide (NaOH) (Purity $98%, CAS No: 1310-73-2),
potassium chloride (KCl) (Purity$99%, CAS No: 7447-40-7) and
hydrogen peroxide (H2O2) (30%, CAS: 7722-84-1) were also
collected from Sigma-Aldrich, USA. Throughout the experi-
ments, deionized (DI) water with a resistivity of 18 MU cm was
used to prepare all solutions.
2.2 Instrumentation

For the analysis of TC samples, an Agilent 1290 Innity II LC
module was used in conjunction with a 6420 LC/TQ triple
quadrupole mass spectrometer. Analytical separation was per-
formed using a ZORBAX RRHD Eclipse Plus C18 column (2.1 ×

100 mm, 1.8 mm particle size). The binary mobile phase con-
sisted of 0.1% formic acid (FA) in water (A) and acetonitrile (B),
with a constant ow rate of 0.35 mL min−1. A linear isocratic
mobile phase was employed, comprising 50% A and 50% B. The
analyte was analyzed using positive electron spray ionization
(ESI+) in liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Multiple reaction monitoring (MRM) mode was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical and chemical characteristics of TC

Formula C22H24N2O8

Molar mass (g mol−1) 444.4
Water solubility (mg L−1) 231
Polar surface area 181.62 Å2

Number of rings 4
Melting point 172.5 °C

Molecular structure
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utilized with a transition from the precursor ion (M + H+) 445.1
to the product ions 427.4 and 410.2, applying collision energies
(CE) of 15 and 20 eV, respectively. Both transitions had a dwell
voltage of 110 V. Fourier transform infrared (FTIR) spectra were
obtained using a SHIMADZU IRPrestige-21 spectrometer
(Japan). Surface morphology and elemental composition of m-
GO/Fe3O4/CMC were analyzed using transmission electron
microscopy (TEM) (model: Talos F200X G2, Thermo Fisher
Scientic, USA, operating at 200 kV) and scanning electron
microscopy (SEM) (EVO18, Carl Zeiss AG, Germany) at various
magnications with a 15 kV electron beam voltage with energy
dispersive X-ray spectroscopy (EDS) (TEAM EDS; EDAX, USA). X-
ray diffraction (XRD) patterns were measured with a diffrac-
tometer (Rigaku Ultima IV, Japan) equipped with a Cu Ka
source (l = 1.541 Å). The magnetic characterization of the
prepared m-GO/Fe3O4/CMC nanocomposite was performed
using a vibrating sample magnetometer (VSM) within the
Physical Property Measurement System (PPMS, Quantum, US)
at 300 K.

2.3 Collection of graphite powder

Graphite powder was recovered from abandoned Li-ion
batteries collected from residential areas. The adherent paste
of Li-ion batteries was composed of MnO2, NH4Cl, carbon
powder, graphite rods and other materials. The Li-ion batteries
were carefully dismantled to extract graphite rods. Then the
rods were rinsed thoroughly with DI water and blotted with
lter paper to remove any residual paste, NH4Cl, carbon powder
and other contaminants. Upon drying in air, the graphite rods
were crushed into a ne powder using a mortar and pestle. The
Scheme 1 Schematic of m-GO/Fe3O4/CMC nanoadsorbent synthesis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
resulting graphite powder was treated with Aqua Regia and
thoroughly washed with DI water to eliminate unwanted inor-
ganic contaminants. Finally, it was dried at 60 °C for 24
hours.33,42
2.4 Synthesis of GO

Graphene oxide (GO) was synthesized from recovered graphite
powder obtained from waste Li-ion batteries using the modied
Hummers' method.28,43,44 Briey, 270 mL of H2SO4 and 30 mL of
H3PO4 were mixed in a round-bottom ask and stirred for
10 min. Then, 2 g of graphite powder was gradually added to the
solution, followed by 12 g of KMnO4. The mixture was heated to
50 °C and maintained at that temperature for 12 hours. Once
the solution turned deep green, it was allowed to cool to room
temperature before being placed in an ice bath. Subsequently,
6 mL of 30% H2O2 was added to eliminate excess KMnO4. Due
to the exothermic nature of this reaction, the temperature was
kept close to 0 °C using an ice bath. The mixture was then
centrifuged at 6000 rpm, and the resulting solid was washed
sequentially with DI water and 30% HCl to remove metallic
impurities, followed by additional washing with DI water to
reduce chloride content, and nally with ethanol. Finally, the
synthesized GO was then dried in a vacuum drying oven at 50 °C
for 24 hours.
2.5 Synthesis of m-GO/Fe3O4/CMC

A total of 80 mg of GO was dispersed in 50 mL of DI water and
sonicated for 30 min. Simultaneously, 0.01 mol of FeSO4$7H2O
(2.781 g) and 0.02 mol of Fe2(SO4)3$7H2O (7.998 g) were di-
ssolved in 100 mL of deionized water and sonicated for 30 min
at ambient temperature. Separately, 80 mg of CMC was di-
ssolved in 50 mL of deionized water. The GO suspension (50
mL) and CMC solution (50 mL) were then combined in a round-
bottom ask and heated in an oil bath. The ferric–ferrous ion
solution was gradually added to this mixture, which was stirred
continuously for 30 min at 45 °C. A 2.0 M NaOH solution was
slowly introduced as a precipitating agent until the pH reached
approximately 11. The mixture was then heated at 85 °C under
continuous stirring for 2 hours before being cooled to room
temperature. The obtained precipitate was isolated with the aid
of an external magnetic eld and rinsed with DI water repeat-
edly until the pH reached neutrality, followed by ethanol
washing. Finally, the black precipitate was dried in a vacuum
drying oven at 60 °C for 18 hours and designated as the m-GO/
Fe3O4/CMC nanoadsorbent (Scheme 1).
RSC Adv., 2025, 15, 35219–35232 | 35221
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Fig. 1 (a) XRD pattern of GO and m-GO/Fe3O4/CMC, (b) FTIR spectra of GO and m-GO/Fe3O4/CMC, (c) magnetization curve of m-GO/Fe3O4/
CMC and (d) point of zero charge of m-GO/Fe3O4/CMC.
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2.6 Batch adsorption studies

In each batch experiment, each trial was performed in 100 mL
conical asks. For the batch adsorption experiments, the
sample asks were wrapped in aluminum foil to prevent any
degradation or additional adsorption. A stock solution of TC
(100 mg L−1) was diluted with DI water to prepare various TC
solutions with different initial concentrations. Different
amounts of the nanoadsorbent (1–10 mg) were added to 20 mL
of TC solution. Before adding the adsorbent, the pH of the
mixture was adjusted to the desired level using 0.1 M HCl or
NaOH solutions. The asks were then stirred at 250 rpm for
a specic period to allow the system to reach equilibrium. Aer
stirring, the solutions were ltered using CHROMAFIL® Xtra
syringe lters with a pore size of 0.22 mm before measuring the
concentrations. The effects of contact time (5–90 min), solution
pH (2.0–10.0), and initial concentration (0.2–10.0 mg L−1) of TC
were investigated to determine the optimal conditions for the
adsorption process. The experiments were designed by varying
one parameter at a time while keeping the others constant. A
kinetic study and isothermal analysis were also conducted. In
35222 | RSC Adv., 2025, 15, 35219–35232
the kinetic study, the contact time was varied from 5 to 90 min,
while in the isothermal study, the initial concentration ranged
from 0.2 to 10 mg L−1, with the temperature varying between
25 °C and 50 °C. To evaluate the concentration of TC before and
aer adsorption, liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) was employed. The removal percentage of
the TC antibiotic was calculated using eqn (1):45

Removal percentage ¼ Co � Ct

Co

� 100% (1)

where Co and Ct were the initial and at time t concentration of
TC (mg L−1) respectively.

The adsorbed amount at time t (qt) and at equilibrium (qe)
were calculated by using eqn (2) and (3) (ref. 46), where qt, qe
were the amount of TC adsorbed at time t and at equilibrium
per unit mass of adsorbent (mg g−1); Ct and Ce were the
concentrations (mg L−1), at time t and at equilibrium,
respectively.

qt ¼ Co � Ct

M
� V (2)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (a) GO, (b) CMC, (c) m-GO/Fe3O4/CMC and (d) EDX spectra of m-GO/Fe3O4/CMC.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 6
:5

7:
22

 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
qe ¼ Co � Ce

M
� V (3)

V was the solution volume taken for batch experiments in liter
(L), and M was the mass of adsorbent in gram (g).

3. Results and discussion
3.1 Characterization of m-GO/Fe3O4/CMC

3.1.1. X-ray diffraction (XRD). The X-ray diffraction (XRD)
patterns of synthesized GO and the m-GO/Fe3O4/CMC nano-
composite are presented in Fig. 1(a). The XRD pattern of GO
exhibited a characteristic peak at 2q = 10.66°, corresponding to
the (001) plane with an interlayer spacing of 0.83 nm. An
additional peak at 2q = 42.61° was attributed to the (100) plane
with an interlayer spacing of 0.21 nm, conrming the successful
preparation of GO, as calculated from Bragg's law.27,47 These
ndings indicate complete oxidation of graphite, with the
presence of oxygen-containing functional groups on the GO
surface.47–49 In contrast, the XRD pattern of the m-GO/Fe3O4/
CMC nanocomposite displayed ve distinct peaks at 2q =
Fig. 3 TEM images of (a) GO at 200 nm and (b) m-GO/Fe3O4/CMC at 1

© 2025 The Author(s). Published by the Royal Society of Chemistry
30.15°, 35.65°, 43.11°, 57.35°, and 62.76°, corresponding to the
(220), (311), (400), (511), and (440) planes, respectively. The
calculated interlayer spacings for these peaks were 0.30, 0.25,
0.21, 0.16, and 0.15 nm. Notably, the sharp peak at 2q = 35.65°
assigned to the (311) plane revealed an interlayer spacing of
0.25 nm, signicantly smaller than the 0.83 nm spacing
observed in pure GO. This reduction in interlayer spacing sug-
gested structural modications in the GO layers, likely due to
interactions with Fe3O4/CMC nanoparticles, which might
induce compression or rearrangement of the interlayer struc-
ture.3 Furthermore, the reduced peak intensities in the m-GO/
Fe3O4/CMC nanocomposite indicated smaller particle sizes,
further supported the altered chemical composition compared
to pure GO.50 These results collectively conrmed the successful
formation of a distinct m-GO/Fe3O4/CMC nanocomposite with
modied structural properties.

3.1.2. Fourier transform infrared (FTIR) spectroscopy. The
Fourier transform infrared (FTIR) spectra of GO and m-GO/
Fe3O4/CMC are presented in Fig. 1(b). The GO spectrum
exhibited characteristic absorption bands at 3441 cm−1 (O–H
00 nm.

RSC Adv., 2025, 15, 35219–35232 | 35223
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Fig. 4 Effect of (a) dose, (b) contact time, (c) pH and (d) initial concentration on TC removal by m-GO/Fe3O4/CMC (Co = 2 mg L−1, dose = 0.1 g
L−1, pH = 5, shaking speed = 250 rpm, T = 25 °C).
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stretching), 1722 cm−1 (C]O stretching of carboxyl groups),
1442 cm−1 (aromatic C]C stretching), and 1030 cm−1 (C–O–C
stretching of epoxy groups).49,51 In contrast, the m-GO/Fe3O4/
CMC spectrum showed signicant changes. The C]O stretch-
ing vibration of carboxyl groups weakened and shied to
1631 cm−1, while the aromatic C]C and epoxy C–O–C peaks
intensied and shied to higher wavenumbers at 1454 cm−1

and 1157 cm−1, respectively. These shis suggested strong
interactions between Fe3O4/CMC nanoparticles and the func-
tional groups of GO. Additionally, a new peak appeared at
2924 cm−1, corresponding to the C–H stretching vibration of the
CH2 group in CMC.52 Further evidence of Fe3O4 incorporation
was observed at 434 cm−1, attributed to the Fe–O stretching
vibration.53 This conrmed the successful anchoring of Fe3O4

nanoparticles onto the GO surface. The presence of these
distinct peaks in the composite spectrum veried the formation
of m-GO/Fe3O4/CMC.

3.1.3. Vibrating sample magnetometry (VSM). The
magnetic properties of the synthesized m-GO/Fe3O4/CMC
nanocomposite were analyzed using a vibrating sample
magnetometer (VSM), as shown in Fig. 1(c). The hysteresis loop,
which was obtained during the magnetization and demagneti-
zation process, revealed a magnetic saturation value of 50.69
emu g−1, indicating the maximummagnetization achievable by
the nanocomposite under an applied magnetic eld.54 Beyond
35224 | RSC Adv., 2025, 15, 35219–35232
which no further magnetization occurred.47 The low values of
remanence and coercivity observed in the hysteresis curve
conrmed the superparamagnetic nature of the material,
demonstrating its lack of permanent magnetization.17 Yet, its
magnetic response was still strong enough for nanoparticle
separation.55

3.1.4. Point of zero charge (pHpzc) determination. The
point of zero charge (pHpzc) of the m-GO/Fe3O4/CMC nano-
composite was determined using the solid addition method.56 A
set of asks was prepared, each containing 50 mL of 0.01 M KCl
solution, and the initial pH (pHi) was adjusted between 2.0 and
11.0 using 0.1 M HCl or 0.1 M NaOH. Subsequently, 5 mg of the
nanocomposite was added to each ask, followed by shaking at
250 rpm for 25 min to attain equilibrium. The equilibrium pH
(pHe) was then measured, and the difference between the nal
and initial pH values (DpH = pHe − pHi) was calculated. A plot
of DpH versus pHi was constructed, and the pHpzc was identied
as the pH at which the curve intersected the lineDpH= 0, found
to be 3.5 (Fig. 1(d)). This indicated that the surface of m-GO/
Fe3O4/CMC was positively charged at pH values below 3.5 and
negatively charged above this value.

3.1.5. Scanning electron microscopy (SEM). The represen-
tative SEM images of GO, CMC and m-GO/Fe3O4/CMC are
shown in Fig. 2(a–c). The SEM image in Fig. 2(a) displayed the
layered structure of graphene oxide characterized by a wrinkled
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Linear pseudo-first-order kinetics model, (b) linear pseudo-second-order kinetics model, (c) non-linear pseudo-first-order and
pseudo-second-order kineticsmodel, (d) Elovich kineticmodel and (e) Weber–Morris intraparticle diffusionmodel for TC (Co= 2mg L−1, pH= 5,
m-GO/Fe3O4/CMC = 0.1 g L−1, shaking speed = 250 rpm, temp = 25 °C).
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surface, which likely arose from the introduction of oxygen-
containing functional groups during the oxidation process.31

These functional groups induced structural defects, resulting in
a non-planar and undulating morphology.57 The SEM image of
CMC revealed a relatively smooth and irregularly layered
surface morphology. The structure appeared to be amorphous
and aky, with uneven surfaces and loosely packed features.
The observed morphology indicated low porosity and
Table 2 Different kinetic parameters of TC adsorption onto m-GO/Fe3O

Kinetic models Curve ttin

Pseudo-rst-order Linear

Pseudo-second-order Linear

Non-linear pseudo-rst-order Non-linear

Non-linear pseudo-second-order Non-linear

Elovich model Linear

Weber–Morris intraparticle diffusion model Linear

© 2025 The Author(s). Published by the Royal Society of Chemistry
a compact, non-uniform texture, which was characteristic of
polymeric materials like CMC.58 The SEM image of m-GO/Fe3O4/
CMC revealed a heterogeneous and rough surface texture,
indicating the successful integration of Fe3O4 nanoparticles and
CMC onto the graphene oxide sheets. The skeletal structure of
CMC appeared to intertwine with the wrinkled morphology of
GO, providing structural reinforcement and enhancing the
dispersion and stabilization of magnetic Fe3O4 nanoparticles
4/CMC

g Parameters TC

qe (mg g−1) 1.4174
k1 (g mg−1 min−1) 0.0597
R2 0.8895
qe (mg g−1) 19.5008
k2 (g mg−1 min−1) 0.0900
R2 0.9999
qe (mg g−1) 19.0358
k1 (g mg−1 min−1) 0.5658
R2 0.4777
qe (mg g−1) 19.3522
k2 (g mg−1 min−1) 0.1282
R2 0.8004
a (mg g−1 min−1) 3.8090 × 1014

b (g mg−1) 1.9819
R2 0.8711
Ki (mg g−1 min−0.5) 0.1920
Ci (mg g−1) 17.8541
R2 0.7783

RSC Adv., 2025, 15, 35219–35232 | 35225
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Fig. 6 (a) Linear Langmuir isotherm model, (b) linear Freundlich isotherm model, (c) non-linear Langmuir isotherm model, (d) non-linear
Freundlich isothermmodel and (e) Temkin isothermmodel for TC (pH= 5, m-GO/Fe3O4/CMC= 0.1 g L−1, t= 25 min, shaking speed= 250 rpm,
temp. = 25, 40 and 50 °C respectively).
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within the composite matrix.59 The EDX spectral analysis are
shown in Fig. 2(d) provided valuable insights into the elemental
composition of m-GO/Fe3O4/CMC. The EDX analysis conrmed
the presence of carbon (C) and oxygen (O), which were funda-
mental constituents of both GO and CMC, along with distinct
signals for iron (Fe), indicating the successful incorporation of
Fe3O4 nanoparticles into the composite. The elemental
composition aligned well with the expected structure of m-GO/
Fe3O4/CMC, suggesting effective anchoring of Fe3O4 onto the
GO surface. The observed rough and heterogeneous surface
Table 3 Different isotherm parameters of TC adsorption onto m-GO/Fe

Isotherm models Curve tting Parameters

Langmuir Linear qm (mg g−1)
kL (L mg−1)
R2

Non-linear qm (mg g−1)
kL (L mg−1)
R2

Freunlich Linear KF (mg1−1/n L−1/n

n
R2

Non-linear KF (mg1−1/n L−1/n

n
R2

Temkin Linear KT (L g−1)
b (J mol−1)
R2

35226 | RSC Adv., 2025, 15, 35219–35232
morphology might have resulted from the interaction and
partial aggregation of these nanoparticles on the GO sheets,
which enhanced the textural complexity of the composite.
Furthermore, the elevated oxygen content supported FTIR
ndings, reinforcing the presence of oxygenated functional
groups within the composite. It should be noted that the
detected copper (Cu) signal originated from the Cu grid used
during SEM-EDX analysis and represented a background arti-
fact rather than a component of the material.
3O4/CMC

25 °C 40 °C 50 °C

45.5581 51.4933 54.7346
12.9872 13.0892 6.8998
0.9952 0.9969 0.9809

44.0051 48.6490 48.4744
14.3928 20.4715 22.7237
0.9569 0.9895 0.9425

g−1) 33.5572 39.6975 38.1927
2.8998 2.8018 2.6881
0.9280 0.9326 0.9005

g−1) 32.9478 37.8684 37.1723
4.0206 4.1114 3.5412
0.9490 0.9464 0.9609

756.9815 889.7684 531.0389
445.2921 422.6786 402.0913

0.9722 0.9788 0.9669

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of the m-GO/Fe3O4/CMC adsorbent with other adsorbents

Antibiotic Adsorbent Adsorption capacity, qm (mg g−1) Time
Temperature
(°C) pH Reference

Tetracycline Amino-Fe(III) functionalized SBA15 65.98 24 h 25 4.5–5.6 91
CA-H2O2 52 120 min 25 4 92
Fe-doped zeolite 204 24 h 25 6 93
Anaerobic granular sludge 4.62 13 h 45 3 94
Illite 32 8 h 25 5–6 95
Chitosan-olive pomace adsorbing lms 16 1 h 27 8 96
Electronic waste derived magnetic GO/
Fe3O4/CMC nanocomposite

54.73 25 min 50 5 This study

Fig. 7 Reusability and stability study test for the adsorbent m-GO/
Fe3O4/CMC.
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3.1.6. Transmission electron microscopy (TEM). The TEM
images of GO and m-GO/Fe3O4/CMC are shown in Fig. 3(a and
b). The TEM image in Fig. 3(a) showed that the synthesized GO
exhibited a typical wrinkled and sheet-like structure.60 This
sheet-like morphology of GO was formed due to crumpling and
scrolling, demonstrating its large surface area.61 In Fig. 3(b), the
TEM image of the m-GO/Fe3O4/CMC composite, taken at
100 nm, displayed a hybrid nanostructured porous network
with a loose agglomeration, suggesting a high surface area. The
contrast observed between the GO sheets and Fe3O4 nano-
particles conrmed the successful formation of the composite
and the integration of inorganic and organic phases.59 The
visible clustering likely resulted from interactions between the
CMC chains and the Fe3O4 surface, which facilitated network
formation.62
3.2 Adsorption of TC by synthesized m-GO/Fe3O4/CMC
nanoadsorbent

3.2.1. Effect of adsorbent dose. The adsorbent dosage plays
an essential role in determining the availability of active sites
for contaminant removal. A series of batch experiments were
conducted by using various adsorbent doses at an initial TC
concentration of 2 mg L−1. The studies were performed with
adsorbent doses of 1, 2, 3, 5, 7, and 10 mg. The effect of
© 2025 The Author(s). Published by the Royal Society of Chemistry
adsorbent dosage on TC adsorption by m-GO/Fe3O4/CMC is
presented in Fig. 4(a). As shown in the gure, increasing the
adsorbent dose led to higher TC removal efficiency. This
improvement was attributed to the presence of CMC, which
contained numerous functional groups that enhanced the
availability of active sites for adsorption.63 This, in turn,
increased the adsorbent's surface area and provided additional
binding sites, facilitating the binding of ions to the adsorption
sites.17,42 Beyond 2 mg, the adsorption trend exhibited near-
linear behavior, indicating that most of the available adsor-
bate had already been adsorbed and addingmore adsorbent did
not signicantly increase removal efficiency. This approach
avoided unnecessary use of excess adsorbent, making the
process both efficient and cost-effective. Based on the results,
2 mg for 20 mL (0.1 g L−1) was identied as the optimal
adsorbent dosage for subsequent experiments.

3.2.2. Effect of contact time. The impact of contact time on
the adsorption of TC onto m-GO/Fe3O4/CMC nanocomposite
was examined for 5 to 90 min. As shown in Fig. 4(b), the
adsorption process occurred rapidly with increasing time,
reaching maximum removal efficiency aer 25 min, at which
point the system reached equilibrium. Beyond this point, no
noteworthy increase in adsorption percentage was observed.
The initial rapid adsorption within the rst 25 min could be
claried by the abundance of active sites on the m-GO/Fe3O4/
CMC nanocomposite. With the progression of time, the
remaining vacant adsorption sites became increasingly difficult
to occupy, primarily due to repulsive interactions among solute
molecules within the solid phase and the bulk solution.64 The
highest removal efficiency was credited to the multifunctional
nature of m-GO/Fe3O4/CMC as an adsorbent, which facilitated
adsorption through different mechanisms, including hydrogen
bonding, electrostatic forces, and p–p interactions.65 Based on
these discoveries, an optimal contact time of 25 min (with
a removal efficiency of 96.04%) was chosen for further
investigations.

3.2.3. Effect of pH. The ionization state of surface func-
tional groups on materials can be controlled by altering the
solution conditions, which in turn inuences their adsorption
capacity.66 The speciation of TC is also highly dependent on the
solution pH, given its pKa values of 3.3, 7.7, and 9.7.67 To
investigate the impact of solution pH on the adsorption
performance of the m-GO/Fe3O4/CMC nanocomposite, adsorp-
tion experiments were conducted over a pH extend of 2.0 to
RSC Adv., 2025, 15, 35219–35232 | 35227
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10.0. A xed adsorbent dosage of 2 mg was utilized at
a temperature of 25 °C, with an initial TC concentration of 2 mg
L−1.

As shown in Fig. 4(c), the adsorption performance of the m-
GO/Fe3O4/CMC nanocomposite for removing TC signicantly
improved as the pH expanded from 2.0 to 5.0. However, when
the pH rose from 6.0 to 10.0, the adsorption capacity exhibited
a declining trend. TC can exist in three distinct forms depend-
ing on the pH: cationic at pH < 3.3, zwitterionic at pH 3.3–7.68,
and anionic at pH > 7.68.68 The inuence of solution pH on
adsorption capacity can be attributed to the electrostatic inter-
actions between the charged surface of the nanocomposite and
the different forms of TC. At pH below the point of zero charge
(pHpzc = 3.5), the low adsorption capacity was due to electro-
static repulsion between the cationic form of TC (TCH3

+), and
the positively charged surface of the nanocomposite. As the pH
reached 5.0, TC transitioned to its zwitterionic form (TCH±),
and the electrostatic attraction between the positively charged
TC and the negatively charged surface of the nanocomposite
became favorable, leading to enhanced adsorption capacity.
Notably, the zwitterionic form reached its maximum concen-
tration within the pH range of 5.0–6.0, resulting in the highest
adsorption capacity for TC within this pH range. When the pH
increased from 6.0 to 10.0, the formation of anionic TC species
(TCH− and TC2−) caused electrostatic repulsion between these
anions and the negatively charged surface of the nano-
composite, leading to a reduction in adsorption capacity.67

Based on these discoveries, an initial pH of 5.0 was selected for
subsequent adsorption experiments.

3.2.4. Effect of initial concentration. The effect of TC
concentration on the adsorption performance of m-GO/Fe3O4/
CMC was investigated by adjusting the initial TC concentration
between 0.2 and 10 mg L−1 at a solution pH of 5, with an
adsorbent dose of 2 mg and a temperature of 25 °C (Fig. 4(d)). As
the initial TC concentration increased from 0.2 to 10 mg L−1,
the adsorption efficiency diminished from 99.43% to 44.99%.
This decline in removal efficiency at higher TC concentrations
could be credited to the limited availability of adsorption sites,
saturation of the adsorbent's binding capacity, and increased
competition among TC molecules for these sites.17 The
adsorption mechanism, driven by electrostatic forces, hydrogen
bonding, and p–p interactions, became less effective as the
adsorbent became saturated with TC molecules.47 Based on the
higher removal efficiency observed, 2 mg L−1 was identied as
the optimal initial concentration of TC for further studies.

3.2.5. Kinetic studies of adsorption. Adsorption kinetics
govern the rate at which adsorption occurs, providing insight
into the time needed for the system to achieve equilibrium. To
analyze the adsorption kinetics, experimental data were
assessed utilizing Lagergren's pseudo-rst-order, Ho's pseudo-
second-order, Elovich, and Weber–Morris intraparticle diffu-
sion models.

The Lagergren's pseudo-rst-order model can be described
by the following equation:49,69

ln(qe − qt) = ln qe − k1t (4)
35228 | RSC Adv., 2025, 15, 35219–35232
Here, qe represents the adsorbed amount at equilibrium (mg
g−1), qt denotes the adsorbed amount at time t (mg g−1), and k1
is the rate constant at equilibrium (g mg−1 min−1). By plotting
ln(qe − qt) against t, the actual values of qe and k1 can be
determined from the intercept and slope, respectively.

Ho's pseudo-second-order model can be investigated as
follows:46,70

t

qt
¼ 1

k2qe2
þ t

qe
(5)

Here, k2 represents the pseudo-second-order rate constant (g
mg−1 min−1). By plotting t/qt against t, the actual values of qe
and k2 can be determined from the slope and intercept,
respectively.71

The Elovich kinetic model can be expressed using the
following equation:72

qt ¼ 1

b
lnðabÞ þ 1

b
lnt (6)

Here, a represents the initial adsorption rate (mg g−1 min−1),
and b is the desorption constant. By plotting ln t versus qt, the
constants a and b can be determined from the intercept and
slope of the plot, respectively.

The intraparticle diffusion model can be explained accord-
ing to the following equation:73

qt =kit
0.5 +Ci (7)

Here, qt represents the amount of adsorbed TC at time t, ki (mg
g−1 min−0.5) is the intraparticle diffusion rate constant, and Ci

is a constant derived from the intercept of the equation. By
plotting qt against t

0.5, the values of ki and Ci can be determined
from the slope and intercept, respectively.

The non-linear forms of the pseudo-rst-order and pseudo-
second-order models are represented in eqn (8) and (9):74

qt = qe(1 − e(−k1t)) (8)

qt ¼ k2qe
2t

1þ k2qet
(9)

Here, qt is the amount of adsorbate adsorbed at time t, qe is the
equilibrium adsorption capacity, k1 is the rate constant for the
pseudo-rst-order model, and k2 is the rate constant for the
pseudo-second-order model.

For the linear pseudo-rst-order, pseudo-second-order, non-
linear pseudo-rst-order, pseudo-second-order, Elovich, and
intraparticle diffusion kinetic models, the experimental data
are plotted in Fig. 5(a–e), respectively. The corresponding
parameters, obtained from the intercept and slope of the plots,
are summarized in Table 2.

The correlation coefficients (R2) serve as a measure to eval-
uate the suitability of the kinetic models by assessing their
tting accuracy. As shown in Fig. 5(b), the linear pseudo-
second-order kinetic model demonstrated a signicantly high
correlation coefficient (R2 = 0.9999). This strong agreement
between the experimental data and the linear curve tting
equation of the pseudo-second-order model highlighted its
© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectiveness in characterizing the adsorption behavior and the
rate at which TC was adsorbed onto the m-GO/Fe3O4/CMC
adsorbent. These results suggested that the adsorption process
was best described by linear pseudo-second-order kinetics,
indicating that chemisorption was the dominant mechanism.
In this process, the rate-limiting step likely involved chemical
interactions between the adsorbate molecules and the adsor-
bent surface.75

3.2.6. Isotherm studies of adsorption. Adsorption isotherm
models provide valuable information on the adsorption mech-
anism, the nature of active sites, and the adsorption capacity of
an adsorbent. To analyze isotherms, experimental data were
tted to Langmuir, Freundlich, and Temkin isotherm models.
Specically, the Langmuir isotherm model is employed to
determine the maximum adsorption capacity, suggesting that
the adsorption process is homogeneous and involves the
formation of a monolayer of adsorbate on the adsorbent's
surface.76 This model assumes no interactions between mole-
cules at different sites and that the heat of adsorption is
constant across all sites, independent of the number of occu-
pied sites.70,77 While the Freundlich model does not provide
a measure of adsorption capacity, it is useful for understanding
heterogeneous adsorption processes, indicating that the active
sites on the adsorbent have varying energies.78 On the other
hand, the Temkin model helps elucidate the physical and
chemical characteristics of the adsorption process.79 The line-
arized forms of these models can be expressed by the following
equations:78–80

Langmuir equation:

Ce

qe
¼ 1

KLqm
þ Ce

qm
(10)

Freundlich equation:

lnqe ¼ lnKF þ 1

n
lnCe (11)

Temkin equation:

qe ¼ RT

b
lnKT þ RT

b
lnCe (12)

The non-linear expressions of the Langmuir isotherm and
the Freundlich isotherm models are given by the following eqn
(13) and (14), respectively:81

qe ¼ qmKLCe

1þ KLCe

(13)

qe = KF(Ce)
1/n (14)

where Ce is the equilibrium concentration of TC (mg L−1), qe
represents the amount of TC adsorbed at equilibrium (mg g−1),
and qm is the maximum adsorption capacity of m-GO/Fe3O4/
CMC at monolayer coverage (mg g−1). KL is the dimensionless
Langmuir adsorption constant, while KF is the Freundlich
adsorption constant (mg1−1/n L−1/n g−1), with n being a constant
© 2025 The Author(s). Published by the Royal Society of Chemistry
related to adsorption intensity. R denotes the universal gas
constant (J K−1 mol−1), and T represents the absolute temper-
ature (K). KT is the equilibrium binding constant (L g−1), and
b is the Temkin constant associated with the heat of adsorption
(J mol−1).

For the Langmuir isotherm, Freundlich isotherm, and
Temkin isotherm models, the experimental data are plotted in
both linear and non-linear forms, as illustrated in Fig. 6(a–e).
The relevant parameters, derived from the intercepts and slopes
of these plots, are summarized in Table 3.

Based on the correlation coefficient (R2) values obtained
from tting the experimental data to different isothermmodels,
the Langmuir linear model provided the best description of TC
adsorption. The strong agreement between the adsorption data
and the Langmuir linear isotherm indicated that the adsorption
of TC onto m-GO/Fe3O4/CMC followed a monolayer adsorption
mechanism, even on heterogeneous surface.82 This implied that
TC molecules formed a single layer on the adsorbent surface,
while additional adsorption was mainly inuenced by lateral
interactions among the adsorbed molecules.83 Additionally, the
maximum adsorption capacity (qm) was observed to increase
with rising temperatures, suggesting that higher temperatures
favored the adsorption process. This enhancement could be
attributed to multiple factors: elevated temperatures improved
the molecular mobility of TC, allowing more effective interac-
tions with active adsorption sites on the m-GO/Fe3O4/CMC
surface,17,84 while the increased kinetic energy facilitated deeper
diffusion of TC molecules into the adsorbent structure, thereby
improving adsorption capacity.85 From the Langmuir isotherm
linear tting, themaximum adsorption capacities (qm) of m-GO/
Fe3O4/CMC for TC were determined to be 45.56, 51.49, and
54.73 mg g−1 at 25, 40, and 50 °C, respectively.

3.2.7. Comparison of the m-GO/Fe3O4/CMC adsorbent
with other adsorbents. The highest adsorption capacity of m-
GO/Fe3O4/CMC has been compared to those of the other
adsorbents reported in prior studies (Table 4). The results
demonstrate that the synthesized nanocomposite exhibits
a competitive adsorption capacity, despite the fact that some of
the other adsorbents required more complex synthesis proce-
dures. In this study, the equilibrium time was achieved in just
25 min, and the adsorbent dose was signicantly low (0.1 g L−1).
Considering that waste Li-ion batteries are one of the most
prevalent forms of electronic waste globally, they offer a prom-
ising source for deriving valuable materials for the removal of
antibiotics from water. Additionally, the nanocomposite devel-
oped in this study provides the added benet of easy separation
through the application of an external magnetic eld.

3.2.8. Reusability and stability study. The reusability of
adsorbents is a key factor in assessing their practical and cost-
effective application in wastewater treatment, making it
a crucial environmental and economic consideration. Aer the
adsorption of TC, the m-GO/Fe3O4/CMC nanoadsorbent was
effectively separated using an external magnetic eld and
subsequently regenerated through methanol treatment.17,47

Notably, this nanoadsorbent displayed remarkable reusability
and recyclability, as illustrated in Fig. 7. The results demon-
strated that the nanoadsorbent could be reused up to 10 cycles,
RSC Adv., 2025, 15, 35219–35232 | 35229
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with only a minor reduction in removal efficiency from 96% to
92%. While some recent studies have achieved higher recycling
cycles, they required substantially higher adsorbent dosages
([0.15 g L−1) and extended equilibrium times of several
hours.86,87 On the other hand, our study employed a much lower
adsorbent dosage (0.1 g L−1) and reached equilibrium within
just 25 min. This highlights the superior efficiency and practi-
cality of the m-GO/Fe3O4/CMC nanoadsorbent, achieving
comparable or better performance with minimal adsorbent
usage and signicantly shorter processing duration. The
exceptional reusability of the m-GO/Fe3O4/CMC nanoadsorbent
highlights its potential as an efficient and environmentally
friendly solution for TC removal from water sources. Its ability
to be reusedmultiple times offers both economic and ecological
benets, reinforcing its viability for sustainable water treatment
applications.

3.2.9. Adsorption mechanism. The m-GO/Fe3O4/CMC
nanoadsorbent is enriched with plenteous carboxylic and
oxygen-containing functional groups, upgrading its adsorption
efficiency. The potential adsorption mechanism between TC
and m-GO/Fe3O4/CMC basically includes p–p interactions,
electrostatic forces and hydrogen bonding. FTIR characteriza-
tion revealed an absorption band at 1454 cm−1, corresponding
to the aromatic C]C bonds within the nanoadsorbent. This
proposed that the p electrons of the TC aromatic rings could
interact with the aromatic structures of the nanoadsorbent via
p–p interactions.88 Furthermore, pH-dependent adsorption
studies revealed that the adsorption was most favorable at
solution pH levels that promoted electrostatic attraction
between the charged TC molecules and the charged surface of
the nanoadsorbent. Electrostatic interactions were identied as
the dominant adsorption mechanism. However, TC removal
was also observed at lower pH values, despite the presence of
electrostatic repulsion, yet with lower adsorption efficiency.89

Additionally, hydrogen bonding played a signicant role in the
adsorption process, as interactions involving nitrogen- and
oxygen-containing functional groups contribute to the physi-
cochemical properties of the system.90

4. Conclusion

A magnetically separable m-GO/Fe3O4/CMC nanoadsorbent was
successfully synthesized from electronic waste for the efficient
removal of TC from aqueous media. The synthesized nano-
adsorbent was characterized utilizing various instrumental
techniques, conrming the presence of highly dispersed
nanoparticles on the GO surface and the superparamagnetic
behavior of the nanocomposite, exhibiting a saturation
magnetization of 50.69 emu g−1. Adsorption studies revealed
that the nanoadsorbent achieved a remarkable 96.04% TC
removal within just 25 min at pH 5.0, using an adsorbent dose
of 0.1 g L−1. VSM analysis conrmed the magnetic properties of
the m-GO/Fe3O4/CMC nanoadsorbent, enabling easy separation
from the adsorption mixture using an external magnetic eld.
This convenient separation enhanced its reusability, making it
an amazing candidate for repeated applications. Adsorption
isotherm and kinetic studies indicated that TC adsorption onto
35230 | RSC Adv., 2025, 15, 35219–35232
the nanoadsorbent followed the Langmuir isotherm model,
with a maximum adsorption capacity of 54.73 mg g−1, and
adjusted to the pseudo-second-order kinetic model. The
adsorption mechanism was primarily driven by hydrogen
bonding, p–p interactions, and electrostatic forces. Reusability
tests demonstrated the nanoadsorbent's outstanding stability,
maintaining high adsorption effectiveness indeed aer ten
cycles. These ndings suggest that electronic waste-derived m-
GO/Fe3O4/CMC nanoadsorbent is a promising material for the
removal of residual TC antibiotics from waste water.
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