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d graphene oxide-iron oxide
nanocomposite for efficient doxycycline removal:
mechanistic and kinetic insights
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and Sabina Yasmin *a

This study reports the synthesis of a novel, eco-friendly and highly effective sorbitol-functionalized

graphene oxide-iron oxide (GO/Fe-SBT) nanocomposite for the enhanced removal of doxycycline (DOX)

from aqueous solutions. Comprehensive characterization (FTIR, XRD, SEM, TEM, and EDX) confirmed the

successful incorporation of iron oxide nanoparticles and sorbitol into the GO matrix, leading to

enhanced stability and dispersion as well as abundant active sites. The GO/Fe-SBT nanocomposite

exhibited exceptional adsorption performance, achieving a maximum DOX removal efficiency of 96.82%

within 5 minutes at an initial concentration of 0.2 mg L−1. The equilibrium capacity reached 41.61 mg g−1

under optimal conditions (pH 5, adsorbent dosage of 0.1 g L−1, temperature of 25 °C). The adsorption

process followed pseudo-second-order kinetics and the Freundlich isotherm model, indicating

chemisorption-dominated multilayer adsorption. The high removal efficiency was attributed to

synergistic mechanisms, including electrostatic interactions, hydrogen bonding, p–p stacking and iron

chelation. Moreover, the nanocomposite demonstrated excellent reusability, maintaining over 94% of its

initial removal efficiency after seven consecutive adsorption–desorption cycles. Overall, this work

introduces a rapid, low-dose, sustainable and highly effective adsorbent with strong potential for

scalable mitigation of antibiotic contamination in aqueous environments.
1. Introduction

Antibiotics have been widely used to treat infections in humans
and animals because of their effective antimicrobial action and
minimal side effects.1–3 However, traces of these antibiotics are
oen found in soil, surface water, groundwater and even
drinking water and are now recognized as a new category of
global contaminants. In particular, the use of tetracycline
antibiotics (TCs), a widely used class of antibiotics, has raised
signicant concern in recent years.3–5 Doxycycline (DOX),
a member of the tetracycline class, is extensively used in both
human and veterinary medicine. This antibiotic remains
effective against numerous bacteria, including both Gram-
positive and Gram-negative.6 Despite its broad usage and
proven effectiveness, the environmental presence of DOX has
become a signicant concern. When DOX contaminates natural
ecosystems, it may increase the growth and dispersal of
d Service (INARS), Bangladesh Council of

, Dhanmondi, Dhaka-1205, Bangladesh.

ST), Bangladesh Council of Scientic and

di, Dhaka-1205, Bangladesh. E-mail:

ka, Dhaka-1000, Bangladesh

7

resistant microorganisms, thereby endangering public health.7

Consequently, the imperative is to remediate DOX from affected
environments to mitigate its detrimental effects on ecological
systems and the health of the population. However, removing
DOX from wastewater is challenging for conventional treat-
ments because of its stable chemical structure and nonbiode-
gradable nature.8

A variety of methods can be employed to eliminate DOX from
water, including electrocoagulation,9,10 ozonation,11 electro-
otation,9,12 constructed wetlands,13 photocatalytic degrada-
tion,14,15 Fenton degradation,16,17 and adsorption.18 Among these
methods, adsorption is a particularly popular choice because of
its cost-effectiveness and high efficiency.19,20 Researchers have
explored the adsorption and removal of DOX using various
materials, such as cationic resins,21 chitosan particles,22

aluminum oxide, activated carbon, single-walled and multi-
walled carbon nanotubes,23 biodegradable sorbents,24 covalent
organic framework-based membranes,25 graphene as represen-
tative two-dimensional (2D) carbon materials,26,27 and
graphene-based nanomaterials.28 While adsorption offers
advantages in removing antibiotics, the process is oen
expensive and time intensive because most adsorptive materials
have limited efficiency and are difficult to regenerate.29 To
overcome these limitations, developing a low-cost, high-
efficiency, and reusable adsorptive material is crucial.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of DOX44

Property Values

Molecular formula C22H24N2O8

Molecular weight 444.4 g mol−1

Specic gravity 1.6
Melting temperature 201 °C
Boiling temperature 762 °C
Water solubility 630 mg L−1

Dissociation constant (pKa) pKa1 = 3.02, pKa2 = 7.97,
pKa3 = 9.15

Polar surface area 181.62 Å2

Molecular structure
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Graphene oxide (GO)-based nanocomposites stand out as
excellent candidates because of their superior ability to remove
antibiotics.30–32 GO contains abundant oxygen-bearing func-
tional moieties (hydroxyl, carbonyl, carboxyl, and epoxide)
distributed on its surface and edges.30,33,34 It has an extensive
surface area along with a planar conguration enriched with p-
electrons.34–36 Owing to its remarkable physical and chemical
properties, GO has gained signicant attention across diverse
research elds.37 However, pristine graphite and GO remain
expensive, and their worldwide accessibility is relatively
limited.38 This challenge can be overcome by producing GO
from electronic waste, particularly discarded dry-cell batteries.
In our previous work, we successfully demonstrated the
synthesis of GO from the graphite electrodes of used dry-cell
batteries.30,33,39,40 These waste graphite electrodes serve as
a promising and sustainable precursor for GO synthesis,
offering a dual benet of cost reduction and effective electronic
waste management.

The efficiency of GO can be enhanced through the incorpo-
ration of different metal and organic materials.41 Metals such as
Fe, Zn, TiO2, and Au are commonly used to increase the effi-
ciency of GO. Among these materials, Fe is particularly special
because of its nontoxic nature and its ability to easily combine
with other materials, such as carbon frameworks, activated
carbon, and graphene. It enhances the biocompatibility,
stability, and adsorption capacity of the composite. Fe ions act
as coordination centers, forming stable chelate complexes with
the oxygen and nitrogen donor groups of DOX (–OH, –NH2, –
C]O). This chelation, together with hydrogen bonding and
electrostatic interactions, strengthens DOX binding to the
composite surface, signicantly improving its removal effi-
ciency.42 Sorbitol, a naturally occurring sugar alcohol, is an
excellent organic modier for enhancing the performance of
GO. It contains multiple hydroxyl (–OH) groups, which can
strongly interact with the oxygen-containing functional groups
on GO via hydrogen bonding, leading to better dispersion and
stability of GO sheets in aqueous media. Therefore, function-
alizing GO with sorbitol enhances hydrophilicity and hydrogen-
bonding sites, promoting efficient DOX adsorption and
composite stability while maintaining eco-friendly, low-cost
attributes.43 To the best of our knowledge, no prior study has
reported the synthesis of GO/Fe-SBT nanocomposite for the
adsorption of antibiotics from wastewater.

The present study aims to develop and evaluate a novel, eco-
friendly and highly effective GO/Fe-SBT nanocomposite for the
efficient removal of DOX from aqueous solutions. The synthe-
sized material was characterized via X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and energy-dispersive X-ray spectroscopy (EDX) to
conrm its structural, morphological and compositional
features. The objectives are to increase the adsorption efficiency
through surface functionalization; to investigate the inuence
of key operational parameters such as pH, contact time,
adsorbent dosage, and concentration; and to evaluate the
kinetics, isotherms, stability and reusability of the synthesized
adsorbent. Overall, this work seeks to provide a cost-effective,
© 2026 The Author(s). Published by the Royal Society of Chemistry
eco-friendly and sustainable strategy for antibiotic remedia-
tion and water purication applications.

2. Experimental
2.1 Chemical reagents

Doxycycline (98% purity, CAS No: 3219-99-6) was obtained from
Sigma-Aldrich. A summary of its chemical and physical prop-
erties is provided in Table 1. Formic acid (FA) and MS-grade
acetonitrile (ACN) were purchased from AppliChem GmbH,
Germany. Potassium permanganate (KMnO4; CAS No: 772264-7)
with 99.0% purity and sulfuric acid (H2SO4; 95–97%, CAS: 7664-
93-9) were obtained from Scharlau, Spain. Ethanol (C2H5OH;
98%, CAS No. 64-17-5) and hydrochloric acid (HCl; 37%, CAS
No. 7647-01-0) were obtained from AppliChem, Germany.
Phosphoric acid (H3PO4; 85%, CAS: 7664-38-2) was obtained
from JANSSEN CHEMICA, Belgium, and hydrogen peroxide
(H2O2; 30%, CAS: 7722-84-1) was obtained from Sigma-Aldrich.
Throughout the study, all the solutions were prepared with
deionized (DI) water with a resistivity of 18 MU cm.

2.2 Instruments

For the analysis of the DOX samples, an Agilent liquid chro-
matographic apparatus (1290 Innity II) coupled with a triple-
stage quadrupole mass analyzer (6420LC/TQ) was used.
Molecular separation was accomplished through a ZORBAX
RRHD Eclipse Plus C18 analytical column (dimensions: 2.1 ×

100 mm, particle diameter: 1.8 mm). The dual-component
mobile medium comprised 0.1% formic acid dissolved in
aqueous solution (A) and acetonitrile (B) and was transported at
a steady volumetric rate of 0.45 mL min−1. Isocratic gradient
elution was executed utilizing equal proportions (50% each) of
components A and B. Target compound detection employed
positive-mode electrospray ionization (ESI+) within liquid
chromatography–tandem mass spectrometric analysis (LC–MS/
MS). Multiple reaction monitoring (MRM) was implemented
using a parent ion (M + H+) at m/z 445.2, producing fragment
ions at m/z 428.4 and 154.0. The corresponding collision
RSC Adv., 2026, 16, 4214–4227 | 4215
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energies (CEs) were set at 20 eV and 35 eV, with a dwell voltage
of 110 V applied for both transitions. The atomic composition
and topographical features of GO/Fe-SBT were examined
through transmission electron microscopy (TEM, Talos F200X
G2, Thermo Fisher Scientic) at an acceleration potential of 200
kV. The samples were subsequently analyzed by scanning
electron microscopy (SEM, EVO 18, Carl Zeiss AG, Germany)
operating at 15 kV and integrated with energy-dispersive X-ray
spectroscopy (EDX). Infrared absorption spectra of GO and
GO/Fe-SBT were captured with a SHIMADZU IRPrestige-21
spectrometer to identify chemical moieties within the
samples. X-ray diffraction (XRD) data were recorded via an X-ray
diffractometer (SmartLab SE, Rigaku, Japan) equipped with
a Cu Ka radiation source (l = 1.541 Å).

2.3 Collection of graphite powder and GO synthesis

The used dry-cell batteries were sourced from local recycling
centres and electronics repair shops. The recovery process for
extracting graphite from these batteries has been thoroughly
described in our previous reports.39,45 GO was prepared from
reclaimed graphite powder following a modied Hummers
procedure.39,46,47 In brief, 1 g of graphite powder was dispersed
into a 9 : 1 solution of concentrated H2SO4 (120 mL) and H3PO4

(14 mL) under continuous agitation. Aerwards, 6 g of KMnO4

was carefully introduced while maintaining magnetic stirring.
The reaction mixture was then kept at 50 °C for 6 h until a dark
green color appeared. The mixture was subsequently allowed to
cool to ambient temperature and transferred into an ice bath,
where 400 mL of water was slowly incorporated, followed by the
Scheme 1 Illustration of the fabrication process for the GO/Fe-SBT com

4216 | RSC Adv., 2026, 16, 4214–4227
dropwise addition of 3 mL of 30% H2O2 under stirring to
neutralize the unreacted KMnO4. Since the process was
exothermic, the temperature was strictly controlled at approxi-
mately 0 °C via an ice bath. The obtained dispersion was
centrifuged at 4000 rpm, and the solid residue was successively
rinsed with 30% HCl solution to remove residual metal ions,
further with water to reduce chloride traces, and nally with
ethanol to eliminate remaining contaminants. Finally, the ob-
tained GO was subjected to vacuum drying at 45 °C for 48 h.

2.4 Fabrication of GO/Fe-SBT

Initially, 80 mg of graphene oxide was suspended in 50 mL of DI
water and subjected to ultrasonication for 35 minutes. More-
over, 0.02 mol (7.998 g) of Fe2(SO4)3$7H2O and 0.01 mol (2.781
g) of FeSO4$7H2O were dissolved in 100 mL of DI water and
ultrasonicated for 35 minutes under ambient conditions. In
parallel, 80 mg of sorbitol was solubilized in 50 mL of DI water.
The graphene oxide dispersion, aqueous sorbitol, and Fe2+/Fe3+

ion solution were subsequently mixed in a round-bottom ask
and subjected to thermal treatment in an oil bath maintained at
85 °C. A 2.0 M sodium hydroxide solution was introduced
dropwise to raise the pH to approximately 11, and the reaction
mixture wasmaintained at 85 °C with continuous agitation for 2
hours. Aer cooling to ambient temperature, the precipitate
was repeatedly rinsed with DI water until a neutral pH was
achieved, followed by washing with ethanol. Finally, the
product was dried in a vacuum oven at 60 °C for 18 hours to
obtain the GO/Fe-SBT composite. A schematic representation of
the preparation process is shown in Scheme 1.
posite.

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

To conduct adsorption isotherm analysis, an accurately
measured and preweighed amount of the GO/Fe-SBT composite
was dispersed in 20 mL of DOX solution in a 250 mL conical
ask at a controlled room temperature (298 K). To prevent any
potential degradation or secondary adsorption due to light
exposure, all sample asks were wrapped in aluminum foil
during the experiments. The asks were subsequently agitated
at 250 rpm in a temperature-controlled shaker to provide
adequate interaction duration for the adsorption process to
reach a steady state. Aerward, the suspensions were centri-
fuged at 4500 rpm for 5 min, allowing the solid material to be
isolated from the liquid phase. The obtained liquid phases were
passed through 0.22 mm CHROMAFIL® Xtra syringe lters to
remove any residual solid particles. For each concentration,
duplicate samples were prepared via the same procedure, except
that the adsorbent was omitted from the control samples. The
concentrations of DOX before and aer the adsorption process
were analyzed via LC–MS/MS. The adsorption behavior of DOX
at various pH values was assessed over a wide pH range (3–10)
following the same procedure as previously described. The pH
of each solution was adjusted by the addition of 0.1 M NaOH or
HCl. The inuence of adsorbent dosage (1, 1.5, 2, 3, 5, 7, and 10
mg) at 298 K was analyzed to identify the optimal amount of
adsorbent. In the kinetic studies, the contact time was varied
between 1 and 30 min, whereas in the thermodynamic analysis,
the initial concentration of DOX ranged from 0.2 to 5 ppm and
was assessed at three different temperatures (25, 30, and 40 °C).
The percentage of DOX removed, the quantity of DOX adsorbed
at any specic time interval (qt), and the maximum adsorption
capacity at equilibrium (qe) were determined through the
application of eqn (1)–(3) as follows:40,47

Removal percentage ¼ ðC0 � CtÞ
C0

� 100% (1)

qt ¼ ðC0 � CtÞ
M

� V (2)
Fig. 1 (a) FTIR spectra of GO and the GO/Fe-SBT nanocomposite; (b) X

© 2026 The Author(s). Published by the Royal Society of Chemistry
qe ¼ ðC0 � CeÞ
M

� V (3)

Here C0, Ct, and Ce denote the starting concentration, concen-
tration at time t, and nal equilibrium concentration of the
DOX solution, respectively, all expressed in mg L−1. The
parameter V refers to the solution volumemeasured in liters (L),
whereasM indicates the adsorbent mass expressed in grams (g).

2.6 Determination of point of zero charge (pHpzc)

The pHpzc of the GO/Fe-SBT was evaluated by employing the
solid addition method.48 In this method, a series of 50 mL
solutions of 0.01 M KCl were prepared, and their initial pH
values (pHi) were adjusted between 2.0 and 12.0 using 0.1 M
HCl or 0.1 M NaOH. A xed amount of the synthesized GO/Fe-
SBT (5 mg) was then introduced into each ask, and the
suspensions were agitated until equilibrium was achieved. The
equilibrium pH (pHe) of the solutions was then recorded, and
the difference between the initial and equilibrium values was
calculated as DpH = pHi − pHe.

3. Results and discussion
3.1 Characterization of GO/Fe-SBT

3.1.1 FTIR spectral analysis. The FTIR spectra presented in
Fig. 1(a) offer valuable information about the structural char-
acteristics andmolecular composition of GO and the GO/Fe-SBT
composite. The spectrum of GO exhibited characteristic peaks
at 3441 cm−1 corresponding to O–H stretching, whereas the
C]O stretching peak at 1741 cm−1 conrmed the presence of
carboxyl groups.49 The strong band at 1633 cm−1 is attributed to
aromatic C]C stretching, and the peak at 1058 cm−1 is
assigned to C–O–C epoxy stretching.50 Additionally, several
pronounced bands in the 1000–1450 cm−1 region correspond-
ing to C–O stretching and bending vibrations of epoxy and
hydroxyl groups further conrmed the successful oxidation of
GO.50 Aer composite formation, signicant spectral changes
are observed in GO/Fe-SBT. The O–H stretching peak shis from
RD patterns of GO and the GO/Fe-SBT nanocomposite.

RSC Adv., 2026, 16, 4214–4227 | 4217
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3441 to 3367 cm−1, indicating hydrogen bonding interactions,
whereas the carbonyl peak shis from 1741 to 1712 cm−1,
suggesting coordination between functional groups.47 New Fe–
O vibration bands appearing at 632, 509, and 480 cm−1 conrm
the integration of iron oxide nanoparticles into the GO frame-
work.51 The enhanced C–H stretching peaks at 2857, 2926, and
2962 cm−1, along with additional C–O vibrations at 1022, 1095,
and 1195 cm−1, provide clear evidence of the integration of
sorbitol into the composite structure.52 The persistence of the
1633 cm−1 band indicates that the graphene framework
remains intact. Overall, these spectral features conrm the
successful incorporation of Fe nanoparticles and sorbitol onto
the GO surface.

3.1.2 XRD analysis. Fig. 1(b) shows the XRD patterns,
which reveal the crystallographic properties of the synthesized
GO and the GO/Fe-SBT composite. In the XRD prole of pristine
GO, sharp peaks appeared at 2q = 11.88°, 26.5°, and 42.45°,
which are indexed to the (001), (002), and (100) planes of gra-
phene oxide, respectively.50,53 The prominent peak at 11.88°
conrms the successful oxidation of graphite with an interlayer
spacing of approximately 7.4 Å.54 The expansion of the interlayer
distance from 3.4 Å in graphite is attributed to the intercalation
of oxygenated functional groups within the interlayer region.55
Fig. 2 (a) SEM images of GO; and (b and c) the GO/Fe-SBT nanocompo

4218 | RSC Adv., 2026, 16, 4214–4227
As observed in the XRD pattern, the GO/Fe-SBT composite
presents a complex set of diffraction peaks, which indicate the
coexistence of sorbitol-functionalized graphene-derived carbon
structures and crystalline iron oxide nanophases. Distinct
diffraction peaks appear at 2q = 29.285°, 45.948°, 58.716°, and
62.638°, indexed to the (220), (400), (511), and (440) planes,
respectively, indicating well-crystallized magnetite (Fe3O4)
nanoparticles (JCPDS card no. 19–0629).56 The XRD pattern also
reveals sharp reections at 2q = 25.629°, 32.285°, 40.855°,
47.789°, 49.792° and 63.001°, which correspond to the (012),
(104), (113), (116), (024) and (300) planes, respectively, and are
consistent with the hematite (a-Fe2O3) phase of iron oxide
(JCPDS card no. 39-1346).57 These peak assignments indicate
that mixed-phase iron-oxide nanoparticles formed within the
GOmatrix. The low-angle peaks at 2q= 16.043° and 17.659° can
be reasonably attributed to coordination interactions between
Fe ions and sorbitol molecules. These diffraction features are
characteristic of crystalline iron–polyol complexes, where the
multiple hydroxyl groups of sorbitol chelate iron, giving rise to
broad signals in the ∼15–20° region.58 This evidence strongly
indicates the formation of Fe-sorbitol interactions within the
composite matrix.
site; (d) EDX spectra of the GO/Fe-SBT nanocomposite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.1.3 SEM and EDX analysis. The SEM images presented in
Fig. 2(a–c) reveal the morphology of GO and the GO/Fe-SBT
nanocomposite. The image in Fig. 2(a) shows that the synthe-
sized graphene oxide has a wrinkled, sheet-like structure with
distinct folds and overlapping thin akes. The sheets are
randomly stacked and agglomerated, forming a layered
network. The surface appears rough and ridged, presumably
resulting from oxygen-bearing functional moieties introduced
during oxidation that alter the fundamental structural plane.30

The SEM image of the GO/Fe-SBT composite (Fig. 2(b and c))
reveals densely packed, irregularly shaped particles aggregated
into a compact network. The particles display a rough surface
texture, which may result from the incorporation of iron oxide
nanoparticles into the wrinkled graphene oxide sheets, which
are further stabilized by sorbitol functionalization. The effective
anchoring of iron oxide onto the graphene oxide surface
enhances the available surface area and provides numerous
reactive sites. The corresponding EDX spectrum in Fig. 2(d)
conrms the elemental composition of the GO/Fe-SBT
Fig. 3 (a) TEM micrograph of the GO/Fe-SBT nanocomposite; (b) par
resolution images showing the lattice fringes of the Fe3O4 nanoparticles a

© 2026 The Author(s). Published by the Royal Society of Chemistry
composite. The high oxygen content can be attributed to the
oxygen-bearing functional moieties of graphene oxide and
sorbitol, as well as the presence of iron oxide. The substantial Fe
content conrms the successful incorporation of iron oxide
nanoparticles, whereas the carbon signal arises from the gra-
phene oxide backbone and the sorbitol modier. These results
collectively verify the successful synthesis of the GO/Fe-SBT
composite with a uniform distribution of its constituent
elements.

3.1.4 TEM analysis. The TEM image of the GO/Fe-SBT
nanocomposite (Fig. 3(a)) reveal that iron oxide nanoparticles
are uniformly distributed and anchored onto the wrinkled,
sheet-like structure of graphene oxide, indicating that sorbitol
functionalization effectively prevents excessive agglomeration
and promotes homogeneous dispersion. The nanoparticles
exhibit a nearly spherical morphology with an average size of 5-
8 nm, as shown in the particle size distribution histogram
(Fig. 3(b)). The HRTEM image (Fig. 3(c)) further conrms the
crystalline nature of the nanoparticles, with a distinct lattice
ticle size distribution histogram derived from TEM analysis; (c) high-
nd (d) SAED pattern corresponding to the GO/Fe-SBT nanocomposite.
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fringe spacing of 0.235 nm corresponding to the (400) plane of
magnetite (Fe3O4), which is consistent with the XRD results.
The selected area electron diffraction (SAED) pattern (Fig. 3(d))
displays sharp concentric diffraction rings indexed to the (012),
(113), (116), (440), and (511) planes of iron oxide, conrming the
polycrystalline nature of the nanoparticles. These diffraction
patterns support the ndings from the XRD study, conrming
that both crystalline magnetite and hematite phases are present
together within the composite material.
3.2 Adsorption of DOX by the GO/Fe-SBT nanocomposite

3.2.1 Effect of the adsorbent dose. A key objective of the
adsorbent dosage experiments is to optimize the amount of
material used, ensuring that no excess adsorbent is wasted once
equilibrium is achieved. DOX adsorption behavior in response
to adsorbent dosage was evaluated by altering the GO/Fe-SBT
amount between 1 and 10 mg while keeping all other experi-
mental conditions constant. The ndings presented in Fig. 4(a)
Fig. 4 (a) Effect of GO/Fe-SBT composite dosage on DOX removal from
speed= 250 rpm), (b) effect of time on removal efficiency (dose= 0.1 g L−

of pH on removal efficiency (dose = 0.1 g L−1, t = 5 min, Co = 200 ppb
removal efficiency (dosage = 0.1 gL−1, t = 5 min, pH = 5, T = 25 °C, sha

4220 | RSC Adv., 2026, 16, 4214–4227
reveal that the adsorption curve follows two distinct stages,
beginning with a rapid increase and progressing to steady linear
growth. During the initial rapid increase phase, the removal
efficiency of DOX improved signicantly from 84.73% to 96.82%
as the adsorbent dose increased from 1 mg to 2 mg. The
increase in adsorbent quantity improved the accessibility of the
reactive sites, thus promoting the attachment of DOXmolecules
to the adsorption surface more efficiently.53 However, when the
dose surpassed 3 mg, no additional improvement in removal
efficiency was observed, implying equilibrium conditions. The
dose that ensured high adsorption without excessive adsorbent
consumption was 0.1 g L−1. Therefore, 0.1 g L−1 of GO/Fe-SBT
was employed in the subsequent experimental trials.

3.2.2 Effect of contact time. The contact duration is amajor
determinant of adsorption and reects the underlying mecha-
nism. To examine its impact on DOX removal, a series of trials
with contact times between 1 and 30 min were conducted under
constant conditions (25 °C, 0.1 g L−1 adsorbent, pH 5, C0 =
aqueous solution (t = 5 min, pH = 5, Co = 200 ppb, T = 25 °C, shaking
1, pH= 5,Co= 200 ppb, T= 25 °C, shaking speed= 250 rpm), (c) effect
, T = 25 °C, shaking speed = 250 rpm), (d) effect of concentration on
king speed = 250 rpm).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.2 ppm, 250 rpm). As illustrated in Fig. 4(b), the removal effi-
ciency increased rapidly at the beginning, reaching approxi-
mately 91.67% within the rst minute. This efficiency increased
sharply to over 96.35% within the rst ve minutes, aer which
it gradually stabilized and remained nearly constant up to 30
minutes. The rapid adsorption observed in the initial stages
results from the plentiful accessible active sites present at the
GO/Fe-SBT interface, which promotes quick molecular interac-
tions between the adsorbent and DOX molecules. With
increasing time, the active sites progressively become occupied,
leading to saturation and a subsequent reduction in removal
efficiency.59 Notably, adsorption equilibrium was attained
rapidly, within 5 minutes; therefore, 5 minutes was determined
to be the optimum contact time for adsorption. This behavior
indicates that, beyond a certain duration, adsorption is highly
efficient and essentially time independent, which is advanta-
geous for practical applications.

3.2.3 Effect of pH. The solution pH signicantly affects
antibiotic adsorption by altering the adsorbent surface charge
and the ionization state of the adsorbate. In this study, DOX
adsorption onto a GO/Fe-SBT nanocomposite was investigated
Fig. 5 (a) Linear pseudo-first-order kinetics model (b) linear pseudo-se
intraparticle diffusion model (GO/Fe-SBT = 0.1 g L−1, t = (1–30) min, pH

© 2026 The Author(s). Published by the Royal Society of Chemistry
over a pH range of 3-10. The results are presented in Fig. 4(c). As
shown, the removal efficiency increased from 90.60% at pH 3 to
a maximum of 95.42% at pH 5, indicating that mildly acidic
conditions are most favorable for DOX adsorption onto the GO/
Fe-SBT composite. The point of zero charge (pHpzc) of the GO/
Fe-SBT nanocomposite was determined to be 5.3, implying
that the composite surface carries a net positive charge below
this value and a negative charge above it. At pH 3, DOX exists
mainly in cationic form (DOX3+/DOX+), while the protonated
composite surface is also positively charged, leading to strong
electrostatic repulsion and lower adsorption.60 As the pH
increases toward 5.0, DOX gradually converts into its zwitter-
ionic form, while the surface charge of the composite becomes
less positive. This facilitates favorable interactions between the
partially negative groups of DOX and the composite surface,
which are further reinforced by hydrogen bonding and p–p

stacking, resulting in the highest adsorption at pH 5. Beyond
the pHpzc, the adsorbent surface acquires a negative charge,
while DOX progressively converts to anionic species (DOX−,
DOX2−). This charge incompatibility enhances electrostatic
repulsion between the adsorbent and adsorbate, resulting in
cond-order kinetics model (c) Elovich kinetic model (d) Weber-Morris
= 5, C0 = 200 ppb, T = 25 °C, shaking speed = 250 rpm).

RSC Adv., 2026, 16, 4214–4227 | 4221
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a gradual decline in adsorption efficiency with increasing pH.
Consequently, considering the above analysis and the highest
recorded removal efficiency, pH 5 was determined to be the
most favorable condition for the adsorption process.

3.2.4 Effect of concentration. The initial adsorbate
concentration strongly inuences both removal efficiency and
Table 2 Kinetic model-derived parameters

Kinetics model (linear) Parameters Value

Pseudo-rst-order qe (mg g−1) 0.06212
k 1(min−1) 0.18107
R2 0.62053

Pseudo-second-order qe (mg g−1) 1.93850
k2 (g mg−1 min−1) 8.17053
R2 0.99997

Elovich a (mg g−1 min−1) 1.063 × 1027

b (g mg−1) 35.48616
R2 0.77446

Weber-Morris
intraparticle diffusion

ki (mg g−1 min−1/2) 0.01852
Ci (mg g−1) 1.85322
R2 0.58054

Fig. 6 Isotherm studies of GO/Fe-SBT by the (a) Langmuir isotherm, (b)

4222 | RSC Adv., 2026, 16, 4214–4227
adsorption capacity. The availability of adsorbate molecules in
solution affects the accessibility of binding sites, the activity of
functional groups and the extent of various interaction mech-
anisms. The effect of initial DOX concentration on the adsorp-
tion performance of the GO/Fe-SBT nanocomposite was
evaluated over a concentration range of 0.2 to 5 mg L−1. As
shown in Fig. 4(d), the removal efficiency reached a maximum
of 99.15% at an adsorbate concentration of 0.2 mg L−1, but
declined to 69.65% when the concentration increased to
5 mg L−1. The observed trend implies that lower initial
concentrations provide the adsorbent with enough active sites,
thereby enhancing the adsorption efficiency.47 However, as the
concentration of DOX increases, the adsorption sites become
saturated, and the mass transfer resistance increases, which
reduces the overall efficiency.33 Thus, the GO/Fe-SBT nano-
composite achieves optimal adsorption at 0.2 mg L−1.

3.2.5 Kinetic studies. For a detailed elucidation of the
adsorption mechanism, the obtained experimental data were
analyzed within the framework of different kinetic models,
including the Lagergren pseudo-rst-order, Ho's pseudo-
second-order, Elovich, and Weber-Morris intraparticle
Freundlich isotherm, and (c) Temkin isotherm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparative study of isothermmodel parameters (Langmuir,
Freundlich, and Temkin) for DOX adsorption by GO/Fe-SBT

Isotherm model Parameters 25 °C 30 °C 40 °C

Langmuir qm (mg g−1) 41.61 39.06 38.05
KL (L mg−1) 3.17 2.56 2.44
R2 0.9822 0.9248 0.8706

Freundlich n 2.32 1.84 2.06
KF (mg1−1/n L−1/n g− 1) 27.72 26.01 23.17
R2 0.9896 0.9685 0.9831

Temkin KT (L g−1) 255.33 66.50 95.31
b (J mol−1) 554.26 439.29 532.46
2
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diffusion models. These kinetic models are illustrated graphi-
cally in Fig. 5, and their corresponding linearized equations are
provided in eqn (4)–(7):53

ln(qe − qt) = ln qe − k1t (4)

t

qt
¼ 1

k2qe2
þ t

qe
(5)

qt ¼ 1

b
lnðabÞ þ 1

b
ln t (6)

qt=kit
0.5 + Ci (7)

Here, qe denotes the amount of adsorbate adsorbed at equilib-
rium (mg g−1), whereas qt represents the adsorption capacity at
a given time t (mg g−1). k1 is the rate constant of the pseudo-
rst-order kinetic model, expressed in min−1, and k2 refers to
the rate constant of the pseudo-second-order model, with units
of g mg−1 min−1. The constant a represents the initial adsorp-
tion rate (mg g−1 min−1), whereas b is associated with surface
coverage and the activation energy of the chemisorption process
(g mg−1). ki denotes the rate constant for the intraparticle
diffusion model, expressed in mg g−1 min−1/2. The parameter Ci

is a constant that reects the boundary layer effect and is
proportional to its thickness, expressed in mg g−1.

The kinetic parameters derived from various models are
compiled in Table 2. Among these, the pseudo-second-order
kinetic model, depicted in Fig. 5(b), demonstrates the best t
to the experimental data, as evidenced by a superior correlation
coefficient (R2) of 0.999. This indicates strong agreement
between the observed results and the theoretical linear form of
the model. The excellent t to second-order kinetics implies
that the adsorption process is predominantly governed by
chemisorption, where chemical interactions between the
adsorbate and the adsorbent surface play a key role in the rate-
determining step.

3.2.6 Isotherm studies. Isothermal adsorption analysis
serves as an essential tool for assessing the adsorption effi-
ciency of an adsorbent. Additionally, it offers important infor-
mation about the fundamental molecular mechanisms
governing adsorbate–adsorbent interactions. The isothermal
adsorption study was carried out at three different temperatures
(25, 30, and 40 °C) using DOX concentrations ranging from 0.2
to 5 mg L−1. Equilibrium adsorption results were evaluated
using the Langmuir, Freundlich, and Temkin isotherm models.
The corresponding graphical plots are shown in Fig. 6, and the
linear forms of these isotherms (eqn (8)–(10)) are outlined
below:33

Langmuir equation :
Ce

qe
¼ 1

KLqm
þ Ce

qm
(8)

Freundlich equation : ln qe ¼ ln KF þ 1

n
ln Ce (9)

Temkin equation : qe ¼ RT

b
ln KT þ RT

b
ln Ce (10)
© 2026 The Author(s). Published by the Royal Society of Chemistry
Here, qe refers to the amount of antibiotic adsorbed at equi-
librium per unit mass of adsorbent (mg g−1), whereas Ce indi-
cates the concentration of the antibiotic remaining in the
solution at equilibrium (mg L−1). The constant R represents for
the molar gas constant, which is 8.314 J mol−1 K−1 and qm
represents the theoretical maximum amount of DOX that can be
adsorbed per unit mass of the GO/Fe-SBT composite. In the
Langmuir isotherm model, the constant KL (L mg−1) represents
the adsorption energy and the affinity between the adsorbate
and adsorbent. In contrast, for the Freundlich isotherm, KF

(mg1−1/n L−1/n g−1) indicates the adsorption capacity, whereas
the exponent 1/n reects the degree of surface heterogeneity. In
the Temkin isotherm model, KT (L g−1) denotes the equilibrium
binding constant, whereas b (J mol−1) corresponds to the
Temkin constant associated with the heat of adsorption.

The analysis of isotherm parameters obtained from the
linearized expressions of the Langmuir, Freundlich, and Tem-
kin models, as presented in Table 3, indicates that the
Freundlich model most accurately describes the DOX adsorp-
tion behaviour on the GO/Fe-SBT composite. This nding is
validated by the greater R2 value (0.99) of the Freundlich model
than those of the Langmuir (0.98) and Temkin (0.78) models.
These ndings suggest that the adsorption phenomenon
involves multilayer molecular accumulation on the adsorbent
material. The adsorbent surface has a heterogeneous distribu-
tion of active binding sites, enabling adsorption via ion
exchange mechanisms involving functional groups such as –

COO− and –OH. Furthermore, the Freundlich parameter n,
indicating adsorption favorability, exceeded unity across all the
tested temperatures, with values of 1.84, 2.06, and 2.32 at 25 °C,
30 °C, and 40 °C, respectively. This nding demonstrated that
DOX adsorption onto the GO/Fe-SBT nanocomposite represents
a favorable and effective process. Linear Langmuir analysis
yielded maximum adsorption capacities (qm) of 41.61, 39.06,
and 38.05 mg g−1 at 25 °C, 30 °C, and 40 °C, respectively.

3.2.7 Stability and reusability studies. Adsorbent stability
and reusability are vital characteristics that are fundamental to
achieving economic viability and environmental sustainability.
Therefore, the stability and reusability of the adsorbent were
evaluated over seven successive adsorption–desorption cycles.
Aer DOX adsorption was complete, the GO/Fe-SBT material
was efficiently restored by methanol washing treatment. In this
process, the adsorbent was separated by centrifugation, washed
R 0.7798 0.8655 0.7926
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Fig. 7 Study of the stability and reusability of GO/Fe-SBT
nanocomposite.
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three times with methanol under ultrasonic agitation to desorb
the retained DOX molecules, and then dried under vacuum
oven at 60 °C for reuse in the subsequent cycle.32 As shown in
Fig. 7, the adsorbent retained more than 94% of its removal
efficiency aer seven consecutive regeneration cycles, exhibit-
ing only a modest decline. This minor loss is primarily attrib-
uted to system-related losses occurring during repeated
adsorption–desorption cycles, with a small contribution from
Fig. 8 Adsorption mechanism of DOX on the GO/Fe-SBT nanocompos

4224 | RSC Adv., 2026, 16, 4214–4227
partial surface fouling. Post-cycle FTIR and SEM-EDX analyses
(Fig. S1 and S2) conrmed that the composite retained its
overall functional groups, surface morphology and elemental
composition. Only a slight decrease in FTIR band intensities
was observed, indicating minor surface changes without
signicant structural degradation. These results collectively
demonstrate that GO/Fe-SBT possesses strong structural and
morphological stability, making it suitable for multiple
adsorption cycles and enabling cost-effective regeneration.

3.2.8 Adsorption mechanism. The structure of DOX incor-
porates various ionizable functional units, notably alcohol,
phenol, and amino functionalities. This enables the compound
to adopt different ionic states, including anions, cations and
zwitterions. It has multiple acid dissociation constants (pKa)
and assumes a zwitterionic state at intermediate pH.61 Below pH
3.02 (pKa1 = 3.02), DOX is predominantly in its protonated
cationic form (DOX+). At pH values between 3.02 and 7.97 (pKa2
= 7.97), zwitterionic species (DOX0) are favoured. From pH 7.97
to 9.15 (pKa3 = 9.15), the monoanionic form (DOX−) predom-
inates, whereas at pH values above 9.15, the molecule is largely
deprotonated to the dianion (DOX2−) owing to proton loss from
the phenolic diketone moiety and the tricarbonyl system.62 The
type of chemical interaction between DOX and the adsorbent is
inuenced by the charge present on the molecule. Under mildly
acidic to near-neutral conditions, zwitterionic DOX molecules
interact with the oxygen-rich surface of GO/Fe-SBT through
electrostatic attraction and hydrogen bonding between the
protonated –NH2 groups of DOX and the deprotonated –COO−

or –OH groups of GO and sorbitol.44 The noticeable shi and
broadening of the O–H stretching band in the FTIR spectrum
ite.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Adsorption capacity and equilibrium time of different adsorbents for DOX removal

Adsorbent
Adsorption capacity,
qm (mg g−1)

Equilibrium
time (min)

Temperature
(°C) pH Ref.

Cobalt oxide 4.484 — 40 6 66
Magnetic Fe3O4@chitosan carbon
microbeads

4.816 — 25 11 67

Graphene oxide/hydrogel composite 6.77 180 15 7 68
Electrogenerated adsorbents (EGAs) 9.130 210 — 7.65 69
GO supported Ni–Fe nano adsorbent 13.02 20 25 5 53
Rice husk ash 17.74 85.85 — 6 70
Eutectic solvent functionalized activated
carbon

30.35 240 30 7.5 71

rGO/nZVI composite 31.614 60 25 7 72
Graphene nanosheet 110 200 — 6-7 73
GO/Fe-SBT nanocomposite 41.61 5 25 5 Present study
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aer adsorption (Fig. S1) support the formation of extensive
hydrogen-bonding networks between DOX and surface func-
tional groups. Additionally, the aromatic rings of DOX can
engage in p–p interactions with the conjugated graphene
domains of GO, which enhances the affinity of DOX for the
nanocomposite surface. The persistence of Fe–O bands in the
FTIR spectra (Fig. S1) indicates that the iron oxide nanoparticles
remain structurally stable, continuing to serve as active coor-
dination centers during adsorption. This enables DOX to form
chelate complexes via Fe–O inner-sphere coordination, thereby
enhancing binding strength. Similar mechanisms involving Fe-
mediated coordination, p–p stacking and hydrogen bonding
have been reported in related graphene and metal oxide-based
adsorbents.63–65 These combined effects contribute to the high
adsorption capacity and rapid removal efficiency of the GO/Fe-
SBT nanocomposite. The probable adsorption mechanism is
shown Fig. 8.

3.2.9 Comparison of the GO/Fe-SBT adsorbent with other
adsorbents. Table 4 compares GO/Fe-SBT nanocomposite with
several reported adsorbents for DOX removal. Most of the listed
adsorbents show lower adsorption capacities or require longer
equilibrium times. In contrast, GO/Fe-SBT reaches a high
adsorption capacity of 41.61 mg g−1 and attains equilibrium in
only 5 minutes, highlighting its rapid and efficient adsorption
performance.
4. Conclusion

In summary, an eco-friendly and highly effective GO/Fe-SBT
nanocomposite was successfully synthesized and demon-
strated exceptional performance in DOX removal from aqueous
solutions. The adsorption process exhibited remarkable effi-
ciency, achieving 96.82%DOX removal within 5minutes at pH 5
using an adsorbent dosage of 0.1 g L−1. Kinetic studies revealed
that adsorption followed pseudo-second-order kinetics (R2 =

0.999), indicating that chemisorption was the dominant
mechanism, whereas isotherm analysis showed the best t with
the Freundlich model (R2 = 0.989), conrming multilayer
adsorption on heterogeneous surfaces. The nanocomposite
exhibited a maximum adsorption capacity of 41.61 mg g−1,
© 2026 The Author(s). Published by the Royal Society of Chemistry
driven by synergistic mechanisms such as hydrogen bonding,
electrostatic attractions, p–p interactions and metal coordina-
tion between DOX and the oxygen-rich functional groups of the
composite. The GO/Fe-SBT nanocomposite also demonstrated
superior performance compared to reported adsorbents in
terms of adsorption capacity and equilibrium time. Further-
more, it exhibited excellent reusability, retaining more than
94% removal efficiency aer seven regeneration cycles. These
results highlight the strong potential of the GO/Fe-SBT nano-
composite as an efficient and sustainable adsorbent for DOX
removal from aqueous systems.
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