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agnetic graphene oxide and office
waste paper-derived fibrillated cellulose into
a composite adsorbent for effective tetracycline
elimination
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Utilizing office waste paper for environmental treatments has garnered significant interest from the research

community, as it addresses both waste management and the development of low-cost sustainable

adsorbents. In this study, a novel approach was developed by integrating office waste paper-derived

fibrillated cellulose (PFC) with magnetic graphene oxide (M-GO) to develop a composite adsorbent for

the removal of tetracycline (TC) from aqueous solutions. PFC was isolated via an alkali-acid treatment

process; graphene oxide (GO) was synthesized using a modified Hummers' method and subsequently

functionalized with magnetite nanoparticles to produce M-GO. The M-GO/PFC composite was then

prepared using an ultrasound-assisted mixing technique, followed by lyophilization. Materials were

characterized using Fourier-transform infrared (FTIR) spectroscopy, X-ray powder diffraction (XRD),

Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), field-emission scanning electron

microscopy (FE-SEM), energy-dispersive X-ray (EDX) spectroscopy, N2 adsorption–desorption isotherms,

and vibrating sample magnetometry (VSM). The effects of solution pH, adsorbent dose, and ionic

strength on TC removal by the composite adsorbent were systematically investigated. Adsorption

kinetics was analyzed using the pseudo-first-order, pseudo-second-order, and Elovich models,

suggested to fit well with the pseudo-second-order kinetic model with an initial rate of 18.09 mg

g−1 min−1. Adsorption isotherms were evaluated using the Langmuir, Freundlich, Sips, and Temkin

models, of which the Sips model best described the experimental data, yielding a maximum adsorption

capacity of 130.11 mg g−1. Recyclability testing was carried out through five successive adsorption–

desorption cycles, indicating a stable adsorption performance of the composite adsorbent with 12.9%

decrease between the first and the fifth cycle. These findings suggest that the M-GO/PFC composite is

a promising and effective adsorbent for the removal of TC and potentially other water-soluble antibiotics

from aqueous environments.
1. Introduction

Antibiotics have been drastically overused in medical treat-
ments and aquaculture since penicillin was rst discovered in
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1928.1,2 The tremendous remains of antibiotics are annually
released into water bodies, causing serious threats to aquatic
ecosystems and human health, including the spread of water-
borne diseases.1,3 Among commonly used antibiotics,
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tetracycline (TC) is widely consumed due to its strong antimi-
crobial effects.4–6 However, a signicant portion of TC is not
absorbed by humans and animals, resulting in its excretion into
the environment through urine and feces.7–9 Due to its poor
biodegradation and eco-toxicity, this residue can accumulate
and pollute soil, surface water, and groundwater, in turn esca-
lating the growth of antibiotic-resistant pathogens.5,10 Accord-
ing to the literature, TC concentrations have been reported to
reach approximately 15 mg L−1 in water bodies and 3 mg L−1 in
wetlands.11 Therefore, it is essential to treat and eliminate TC
from agro-medical effluents to protect both ecosystem integrity
and public health.3,12 Various methods such as photocatalytic
degradation,9 membrane ltration,13 adsorption,4,14 electro-
chemical degradation,15 and advanced oxidation techniques,16

have been employed to deal with the presence of TC contami-
nation. Among these techniques, adsorption with the features
of simplicity, cost-effectiveness, and easy control, is favorably
used for removing TC.3,17 Besides, the variety and exibility of
adsorbents such as carbon-based materials,18–22 zeolites,23,24 clay
minerals,25–27 and synthetic resins,28,29 highlight the strength of
the adsorption method in antibiotic removal studies, fostering
the incorporation of existing adsorbents and the development
of novel materials to date.

Apart from popular adsorbents as aforementioned, repur-
posing ubiquitous waste paper into value-added products can
do wonders for environmental and economic benets, reect-
ing the inclinations of green chemistry and sustainability in
wastewater treatment.30–32 Globally, tons of paper are produced
and used, leading to massive waste paper thrown away on
a daily life basis, especially office waste paper from workplaces,
institutions, and industries.33 Although paper consumption
varies by country, global consumption of paper and cardboard
is estimated at approximately 55 kg per capita annually, with
North American, Northern European, and East Asian countries
leading the way.34 According to ndings by Anelia Milbrandt
et al.,35 an estimated 110 million tons of paper and cardboard
waste were generated in the United States in 2019. Of this total,
approximately 56%was landlled, 6%was combusted, and 38%
was recycled. Despite ongoing recycling efforts, waste paper
continues to contribute signicantly to both municipal and
industrial waste streams.36 Moreover, the recycling process of
waste paper oen results in low-quality paper due to ber
shortening and residual ink contamination.37 It is vital to nd
alternative methods for recycling waste paper. One of prospec-
tive alternatives is to convert waste paper into brillated cellu-
lose based on its high cellulosic content.38 The converted
cellulose from waste paper is highly crystalline, which is
a plausible and inexpensive source for obtaining bio-based
cellulose to supplement conventional cellulose sources.39 The
converted brillated cellulose not only upgrades the value of
waste paper but also enhances the adsorption capacity with its
oxygen-rich functional groups.40–42 In addition, it features the
exceptional properties of large specic surface area, high
porosity, low toxicity, good stability, biodegradability, and ex-
ible incorporation with other materials such as graphene-based
materials43–45 or metal oxides,46,47 making it one of the most
promising adsorbents.38,48
© 2025 The Author(s). Published by the Royal Society of Chemistry
In recent years, graphene and its derivatives have gained
prominence as high-performance adsorbents for a wide range
of contaminants.49–52 Graphene consists of a monolayer of
carbon atoms arranged in a two-dimensional (2D) honeycomb
lattice.53 Graphene features the unique physicochemical char-
acteristics of mechanical robustness, chemical stability,
outstanding thermal and electrical conductivity, extensive
specic surface area, remarkable light transmittance, and
versatility for integration with diverse materials.10,51 Graphene
oxide (GO) is a frequently utilized derivative of graphene,
retaining many of its desirable properties while offering the
benet of cost-effective synthesis compared to pristine gra-
phene.49 Moreover, GO contains oxygenated functional groups,
such as hydroxyl (O–H), carbonyl (C]O), carboxyl (COOH), and
epoxy (–O–), which enhance its adsorption capacity and hydro-
philicity.54,55 The features of GO facilitate its dispersion and
combination with other hydrophilic agents in aqueous media,
making it a highly favorable adsorbent.49–51 Notwithstanding,
the excellent dispersion of GO in water can limit its reusability,
as it tends to form stable colloidal suspensions.1,56,57 To address
this limitation, incorporating GO and brillated cellulose
derived from office waste paper is expected to enhance the
adsorption capacity of the composite adsorbent while mini-
mizing the risk of secondary environmental pollution.
Furthermore, the supplementation of magnetite nanoparticles
to the GO-based composite enables the material to be easily
magnetically separated for recyclability.58,59 A desirable inte-
gration of each purpose-driven component into a ternary
composite adsorbent would bring a huge signicance for
eliminating antibiotics in aqueous solutions.

In an effort to advance the development of innovative and
eco-friendly adsorbents from abundant waste sources, this
study demonstrates the incorporation of PFC with M-GO, tar-
geting its use in the TC elimination. This aims to harness the
unique potentials of each component for the desirable
adsorption capacity and the convenient recovery of the
composite. The characterization was analyzed to assess the
formation of the materials. The effects of solution pH, adsor-
bent dose, and ionic strength on the adsorption capacity were
investigated. The adsorption isotherm, adsorption kinetic, and
adsorption mechanism were also studied and proposed to gain
a comprehensive understanding of the adsorption process. The
recyclability study was conducted to assess the reusability of the
composite adsorbent.

2. Experimental
2.1. Chemicals and materials

Potassium permanganate (KMnO4, 99%), potassium nitrate
(KNO3, 99%), sodium hydroxide (NaOH, 97%), hydrochloric
acid (HCl, 36%), sulfuric acid (H2SO4, 98%), phosphoric acid
(H3PO4, 85%), iron(II) sulfate heptahydrate (FeSO4$7H2O, 99%),
iron(III) chloride hexahydrate (FeCl3$6H2O, 99%), sodium
hypochlorite (NaOCl, 30%), ammonia solution (NH4OH, 30%),
hydrogen peroxide (H2O2, 30%), and ethanol (C2H5OH, 99%)
were originated from Xilong Scientic Co. Ltd and used without
further purication. Graphite powder (particle size < 20 mm) was
RSC Adv., 2025, 15, 22138–22153 | 22139
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View Article Online
sourced from Sigma-Aldrich Chemie GmbH. Office waste paper
was collected from a local company in Vietnam. Distilled water
was used throughout all experimental procedures.

2.2. Synthesis of GO suspension

GO was obtained by the modied Hummers' method.60 Briey,
3 g graphite powder (Gi) was gradually added to an acid mixture
of 360 mL of 98% H2SO4 and 40 mL of 85% H3PO4 under the
conditions of constant magnetic stirring and low temperature
(<20 °C). Then, 18.0 g of KMnO4 was slowly added to the
mixture, which was then maintained at 50 °C under constant
stirring for 12 h. Aerward, 500 mL of distilled water was
carefully added, followed by the dropwise addition of 15 mL of
H2O2 to terminate the oxidation process. The solution was
alternately centrifuged and washed until the decanted water
obtained a neutral pH. The resulting paste was dried at 60 °C for
24 h to produce solid graphite oxide. This solid was then dis-
solved in distilled water at a concentration of 2 mg mL−1 and
sonicated at 360 W to yield a GO colloidal suspension.

2.3. Synthesis of M-GO

The synthesis of Fe3O4 particles was carried out following the
method described by Hoang et al.61 In brief, the solution of
Fe2+ : Fe3+ with the molar ratio of 1 : 2 was obtained when mix-
ing the same volume of 1.38 M Fe2+ and 2.76 M Fe3+ solutions.
Next, 30% NH4OH solution was supplemented to the mixed
solution until reaching pH 10.0 and constantly stirring for 1 h.
Subsequently, a magnet was used to separate the resulting
precipitates, followed by centrifuging and washing until the
decanted water reached a neutral pH. The obtained Fe3O4 was
then dried at 60 °C under vacuum for 12 h. Thereaer, the
magnetic Fe3O4 and the GO colloidal suspension (2 mg mL−1)
with the same mass were mixed under the ultrasonic power of
360 W for 30 min to produce M-GO.

2.4. Isolation of PFC

PFC was isolated from office waste paper through alkali treat-
ment followed by acid hydrolysis.37,38,62,63 Office waste paper was
cut into small pieces and boiled with distilled water for 2 h. The
paper pulp was then soaked in a 5% NaOH solution and
maintained at 70 °C for 4 h to remove ink and other impurities.
The mixture was subsequently ltered and rinsed repetitively
with distilled water until a neutral pH was achieved. The lter
cake was bleached with a 2% NaClO solution at 60 °C for 1 h,
then ltered and washed three times with distilled water. The
bleached product was hydrolyzed with 40% H2SO4 at 80 °C for
1.5 h, followed by ltration and rinsing with distilled water until
the supernatant reached a neutral pH. The resulting PFC was
separated by centrifugation at 4000 rpm and stored in a refrig-
erator for later use.

2.5. Preparation of M-GO/PFC composite adsorbent

The M-GO/PFC composite adsorbent was prepared using an
ultrasound-assisted mixing method followed by lyophilization.
Specically, the as-prepared M-GO was dispersed into the PFC
22140 | RSC Adv., 2025, 15, 22138–22153
suspension at a 1 : 1 mass ratio (M-GO : PFC) and sonicated at
360 W for 30 min to obtain a homogeneous suspension with
a nal concentration of 4 mg mL−1. The resulting suspension
was then freeze-dried at −40 °C for 48 h to yield the M-GO/PFC
composite adsorbent.

2.6. Characterization

FTIR spectroscopy was conducted using a spectrum 100 FT-IR
spectrometer (PerkinElmer) to identify the functional groups
present in the materials, covering a wavenumber range of 400–
4000 cm−1. XRD analysis was performed to assess the crystal-
linity of the materials using an Aeris X-ray diffractometer
(Malvern Panalytical) with CuKa radiation (l = 0.154 nm),
scanned over a 2q range of 5–80° at a rate of 0.02° per second.
Raman spectroscopy was employed to investigate defects and
structural disorders in the carbonaceous and cellulosic mate-
rials, using an Express-Raman spectrometer (Bruker Senterra)
with a 532 nm excitation wavelength. The morphology and
elemental mapping of the materials were visualized using FE-
SEM images on TESCAN MIRA3 (Czech Republic) and EDX
spectroscopy on AMETEK EDAX, respectively, with an electron
voltage accelerating from 15.0 to 20.0 kV. N2 adsorption–
desorption isotherm with Barrett–Joyner–Halenda (BJH)
method was employed to determine the pore size distribution of
thematerials, conducted on a TOP-200 extensible multi-stations
gas adsorption analyzer (Altamira Instruments). Magnetic
hysteresis curves were outlined using a custom-built VSM
system under ambient conditions. XPS measurements were
used to determine the chemical composition of the materials,
utilizing an Axis Ultra X-ray photoelectron spectrometer (Kratos
Analytical).

2.7. Point of zero charge (pHpzc) identication

The pHpzc of the M-GO/PFC composite adsorbent was obtained
using the solid addition method.64,65 A series of Erlenmeyer
asks was prepared with initial pH values (pHi) ranging from
3.0–9.0, each containing 30 mL of 0.1 M KNO3 solution. The pHi

of each solution was calibrated using 0.1 M HCl and 0.1 M
NaOH solutions. Next, each ask was added 50 mg of the
composite adsorbent and shaken at 160 rpm for 24 h to reach
equilibrium. The equilibrium pH (pHe) was collected to calcu-
late DpH = pHi − pHe. Accordingly, a graph of DpH as a func-
tion of pHi was generated, and the pHpzc was determined at the
point where the graph intersected the axis of DpH = 0.

2.8. Batch adsorption study

Batch adsorption was investigated to evaluate the adsorption
performance of the as-prepared M-GO/PFC composite adsor-
bent in eliminating TC from water. Experiments were carried
out to evaluate the effect of each factor at different levels while
all other factors were kept constant, as described in our
previous studies.61,64,66,67 Specically, 15 mg of each composite
adsorbent was immersed in 30 mL TC solution in each Erlen-
meyer ask, maintaining the solid-to-liquid rate of 1/2 mg
mL−1. The asks were continuously shaken at 160 rpm for
a predetermined adsorption time. The composite adsorbents
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of (a) Gi, (b) GO, (c) Fe3O4, (d) PFC, (e) M-GO/PFC
composite, and (f) M-GO/PFC composite after the TC adsorption.

Fig. 2 XRD patterns of (a) Gi, (b) GO, (c) Fe3O4, (d) PFC, and (e) M-GO/
PFC composite.
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were separated using a magnet. The equilibrium TC concen-
tration was measured using UV-Vis spectrometry at 357 nm.
Each experiment consisted of a blank sample and three repli-
cates. There were ve investigated factors, including solution
pH, adsorbent dose, ionic strength, contact time (adsorption
kinetic), and initial TC concentration (adsorption isotherm).
The effects of solution pH, adsorbent dose, and ionic strength
were investigated with the pHi ranging from 3.0 to 8.0, the
adsorbent doses of 0.50, 0.67, 0.83, 1.00, 1.17 g L−1, and the
NaCl molarities of 0, 0.001, 0.01, 0.05, 0.1 mol L−1, respectively,
while the contact time (960 min) and the initial TC concentra-
tion (70 mg L−1) were kept constant. Aer selecting the appro-
priate pHi value, adsorbent dose, and NaCl molarity, the
adsorption kinetic was experimented at 10, 20, 60, 120, 240, and
360 min to choose an appropriate contact time, whereas the
adsorption isotherm investigation was carried out at the initial
TC concentrations of 30, 50, 70, 110, 150, 200, 300, 400 mg L−1.
The adsorption capacity (qe, mg g−1) and adsorption efficiency
(H, %) of the composite adsorbent were determined according
to eqn (1) and (2),68 respectively:

qe ¼ ðC0 � CeÞ � V

M
(1)

H ¼ ðC0 � CeÞ � 100

C0

(2)

where C0 and Ce (mg L−1) are the initial and equilibrium
concentrations of TC, respectively; M (g) is the composite
adsorbent mass; V (L) is the volume of TC solution.

2.9. Recyclability study

To evaluate the capability of the M-GO/PFC composite adsor-
bent to reuse, the recyclability test was carried out to calculate
the TC adsorption efficiency according to the eqn (2) for ve
consecutive cycles. Aer each adsorption run, the composite
adsorbent was magnetically collected and dried at 70 °C for 3 h.
For TC desorption, the adsorbent was immersed in 0.1 M NaOH
and shaken for 18 h, followed by washing with distilled water
and drying at 70 °C for 3 h. Subsequently, the regenerated
adsorbent was employed for the next adsorption–desorption
cycle.

3. Results and discussion
3.1. Characterization

To study the presence of functional groups in Gi, GO, Fe3O4,
PFC, and M-GO/PFC composite, the FTIR spectroscopy of each
material was analyzed and shown in Fig. 1. The abundance of
characteristic vibrations of GO in comparison to Gi indicates
that GO was formed by the oxidation of Gi, namely featuring
around 3450 cm−1 (O–H stretching), 1730 cm−1 (C]O stretch-
ing), 1630 cm−1 (C]C stretching), 1430 cm−1 (C–O–H bending),
1160 cm−1 (C–O–C stretching), and 1060 cm−1 (C–O
stretching).69–71 These functional groups were greatly benecial
to the compatibility of GO into hydrophilic matrices.72 In the
FTIR spectrum of Fe3O4, a distinct and intense absorption peak
at 580 cm−1 was attributed to the stretching vibration of Fe–O in
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fe3O4 molecules.73,74 This peak was also observed in that of the
M-GO/PFC composite, albeit with reduced intensity, indicating
the synthesis of Fe3O4 and its presence in the M-GO/PFC
composite were acquired. The FTIR spectrum of PFC dis-
played a wide absorption band in the region of 3420 cm−1 (O–H
stretching) and characteristic multi-peaks at 1160, 1110, and
1060 cm−1 ascribed to the C–O–C and C–O stretching vibrations
of the cellulose backbones.30,75 In addition, the absorption peak
around 2900 cm−1 corresponded to the C–H stretching vibra-
tion in the –CH2 group of cellulose,76–78 while a strong vibra-
tional peak at 1630 cm−1 represented the aromatic C]C
stretching vibration.40,79 These observations conrmed the
successful isolation of cellulose from office waste paper.38

Notably, the FTIR spectrum of the M-GO/PFC composite in
Fig. 1e possibly involved the vibrational modes of the PFC, GO
and Fe3O4, indicating the ample presence of the components in
the composite. This would play a signicant role in the TC
adsorption process.
RSC Adv., 2025, 15, 22138–22153 | 22141
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Fig. 2 reveals the XRD patterns of Gi, GO, Fe3O4, PFC, and M-
GO/PFC composite in the diffraction angle (2q) of 5–80°. The
characteristic peak of Gi at (002) crystal plane (2q = 26.50°) was
translated to that of GO at (001) crystal plane (2q = 10.73°),
corresponding to the enlarged interplanar spacing from 0.34 to
0.82 nm due to the oxidation of Gi to form GO.80,81 As can be
seen in the XRD patterns of Fe3O4 and M-GO/PFC composite,
the diffraction peaks at 2q values of 30.22°, 35.61°, 43.22°,
57.39°, and 62.91° were assigned to the (220), (311), (400), (511),
and (440) crystal planes of Fe3O4 particles, aligning with the
standard XRD pattern of Fe3O4 as documented in the literature
of JCPDS No. 19-0629.82 Moreover, the existence of these signals
in the XRD pattern of the M-GO/PFC composite signied the
embedment of Fe3O4 in the composite.73 The XRD pattern of
PFC witnessed the diffraction peaks at (110) crystal plane (2q =

15.55°), (200) crystal plane (2q = 22.53°), and (004) crystal plane
(2q = 34.39°), characterizing the crystallinity of cellulose as
noted in the literature of JCPDS No. 50-2241.83–85 The degree of
crystallinity of PFC could be assessed by crystallinity index (CrI)
using Segal method as the following equation:86

CrIð%Þ ¼ I200 � Iam

I200
� 100 (3)

where I200 and Iam are the heights of the peak at 2q= 22.53° and
the trough at 2q = 18.53°, representing the crystalline and
amorphous cellulose, respectively.

The CrI value of PFC was calculated at approximately
86.23%, which was relatively high in comparison to other waste
paper-derived cellulose in the literature.38,39,87,88 This affirms the
isolation of PFC using the alkali-acid treatments in this study
obtained the highly crystalline cellulose. In Fig. 2e, the crystal
planes of PFC were observed in the XRD pattern of the M-GO/
PFC composite, signifying the presence of this component in
the composite.

To analyze the defects of carbon-based materials in Gi, GO,
and the M-GO/PFC composite as well as the formation of
cellulose in PFC, the Raman spectroscopy of the materials is
Fig. 3 Raman spectra of (a) Gi, (b) GO, (c) PFC, and (d) M-GO/PFC
composite.

22142 | RSC Adv., 2025, 15, 22138–22153
presented in Fig. 3. For the carbonaceous materials, the G band
at the 1579 cm−1 Raman shi corresponds to the planar
vibration of sp2-bonded carbon atoms, whereas the D band at
1352 cm−1 stands for the sp3-bonded carbon atoms in disor-
dered states.81,89 As shown in Fig. 3a, the G band of pristine Gi
was predominate with an intense and sharp peak in comparison
to its D band, while those of GO were widened due to the
modication of sp2-hybridized to sp3-hybridized carbon atoms
in Fig. 3b.90 The D-to-G band intensity ratio (ID/IG) can be used
to assess the degree of defects, meaning that an increase in this
ratio indicates a higher degree of structural disorders.91,92 The
ID/IG ratio of Gi (0.103) surged to that of GO (1.038), conrming
the evolution of D band domains. This could be interpreted by
the intercalation of oxygenated groups between layers in Gi,
increasing the interlayer spacing as mentioned in the XRD
analysis. However, the ID/IG ratio of the M-GO/PFC composite
(0.953) as displayed in Fig. 3d was slightly lower than that of GO,
denoting a decrease in an average domain of sp3-hybridized
carbon atoms. This implies that the oxygen-containing func-
tional groups on the GO surface were more likely to interact
with corresponding functional groups of PFC to yield chemical
linkages such as hydrogen bonding.93 In other words, GO was
partially reduced by the integration with PFC into a composite
adsorbent. In the Raman spectrum of PFC in Fig. 3c, the peaks
at 1207, 1255, 1345, 1392, 1431, and 1528 cm−1 were ascribed to
the conformations of cellulose.94,95 This was in good agreement
with the XRD pattern analysis. Therefore, the Raman spectros-
copy reinforced the formation of GO, PFC, and the M-GO/PFC
composite.

The morphologies of GO, PFC, Fe3O4, and M-GO/PFC
composite were identied using the FE-SEM images (Fig. 4).
As illustrated in Fig. 4a and b, the FE-SEM images of the surface
and cross-section of GO depicted a thin-layer structure with
numerous pleats on its surface, possibly enlarging the specic
surface area of the GO sheets.92,96,97 This showcases that the
sonication process exfoliated graphite oxide to produce GO
sheets.98,99 With respect to the FE-SEM of the surface of PFC in
Fig. 4c, cellulose appeared as shortened rod-like brils with
a diameter range of 1–14 mm and the most frequency diameter
around 6–7 mm, measured by the imageJ soware (Fig. 4g). The
micron-sized brils were consistent with cellulose bers re-
ported in the literature, typically ranging from 5 to 10 mm
diameter.43,100 In the FE-SEM of the cross-section of PFC in
Fig. 4d, these brils were interwoven into separated layers with
a thickness of around 250 mm, scaffolding for the formation of
M-GO/PFC composite.38,43,76 The formation of spherical Fe3O4

particles with an average particle size of around 13 nm was seen
in Fig. 4e. These Fe3O4 particles had an inclination to agglom-
erate into Fe3O4 clusters. With regard to the FE-SEM image of
the M-GO/PFC composite in Fig. 4f, sheet-shaped lamellae were
distributed throughout the surface of the composite. The
formation of these lamellae could be elucidated from the inte-
gration of GO sheets and PFC, which was a scaffold for the
anchor of the spherical Fe3O4 particles on their surface. The
median pore diameters of PFC and the composite, determined
using the BJH method, were 16.4 nm and 7.5 nm, respectively.
The porosity of the composite could be ascribed to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FE-SEM surface images of (a) GO, (c) PFC, (e) Fe3O4, and (f) M-GO/PFC composite; FE-SEM cross-section images of (b) GO and (d) PFC;
(g) average PFC diameter distribution.
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sonication and lyophilization processes. The former was more
likely to generate the formation and the collapse of acoustic
cavitations, in turn producing localized high-energy spots.81
© 2025 The Author(s). Published by the Royal Society of Chemistry
This could benet the uniform dispersions of GO sheets and
Fe3O4 particles in the PFC matrix, which was attributable to the
prevention of GO restacking and Fe3O4 aggregation. Meanwhile,
RSC Adv., 2025, 15, 22138–22153 | 22143
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the latter involved the sublimation of water molecules to
preserve the porous structure of the composite, somewhat
promoting the adsorption by trapping polluted molecules into
pores, so-called pore-lling effects.101 From the observations of
the FE-SEM images, the morphology and the formation of GO,
PFC, Fe3O4, and M-GO/PFC composite were depicted and veri-
ed, which was consistent with the other characterization.

Fig. 5a–dmap the elemental distributions of C, O, Fe, andM-
GO/PFC composite. As shown in Fig. 5a and b, C and O species
were uniformly scattered throughout the surface of the
composite, demonstrating the dense carbon-based materials
with the presence of oxygen-rich functional groups on the
surface. Meanwhile, Fe species were anchored on the surface
with some clusters because of the agglomeration of magnetic
Fe3O4 particles, which could be observed in Fig. 5c and d. The
EDX spectrum of the M-GO/PFC composite in Fig. 5e displayed
Fig. 5 Elemental maps of (a) C, (b) O, (c) Fe, and (d) M-GO/PFC compo

22144 | RSC Adv., 2025, 15, 22138–22153
the existence of these elements at their characteristic peaks,
conrming the reliable synthesis of the M-GO/PFC composite
while minimizing impurities.62

The magnetism of the M-GO/PFC composite and pure Fe3O4

were compared in Fig. 6. Accordingly, the magnetic remanence
and coercivity in both hysteresis curves obtained a value of
approximately zero, signifying their superparamagnetic
nature.102 The saturation magnetization (Ms) of Fe3O4 was 54.0
emu g−1, which was more than double in comparison to that of
the composite (24.7 emu g−1). The reduction in the Ms value for
the composite could be attributed to the predominant presence
of non-magnetic components, namely GO and PFC. Nonethe-
less, the Ms value of the composite remained sufficient to
facilitate effective magnetic separation of the adsorbent from
the aqueous mixture aer use.
site; (e) EDX spectrum of M-GO/PFC composite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Magnetization hysteresis curves of Fe3O4 and M-GO/PFC
composite.

Fig. 7 (a) Effect of solution pH on the TC adsorption capacity, and (b)
the pHpzc of M-GO/PFC composite adsorbent.
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3.2. Batch adsorption studies

3.2.1. Effect of solution pH. The ionization degrees of the
functional groups on the surface of the adsorbent can be
controlled by attuning the solution pH. This adjustment
impacts the surface charge of the adsorbent in the solution and
ultimately determines the adsorption performance.65 The TC
speciation is also inuenced by the solution pH because of its
pKa values (3.3, 7.7, and 9.7).103 As pH value is less than 3.3, TC
predominantly exists in its cationic form (TCH3+). In the pH
range of 3.3–7.7, TC is a zwitterionic species (TCH2

±). Above the
pH 7.7, TC is found in anionic forms (TCH− and TC2−).6 To
investigate how the solution pH governed the TC adsorption
capacity of the M-GO/PFC composite adsorbent, the experiment
was conducted with the pHi values of 3.0–8.0. As shown in
Fig. 7a, the composite adsorbent demonstrated an enhance-
ment in the TC removal in the increment of the pHi from 3.0 to
4.0. Notably, the qe values showed no statistically signicant
difference in the pHi range of 4.0–5.0, using t-test (P = 0.18) at
a 95% condence interval (a = 0.05). However, the qe values
experienced a continuous decrease when the pHi rose from 5.0
to 8.0. To further interpret these results, the pHpzc of the M-GO/
PFC composite adsorbent was determined to be 3.1, as seen in
Fig. 7b. This means the adsorbent had a negatively charged
surface at the pHi value of more than 3.1 and vice versa. As
a result, the effect of the solution pH on the TC adsorption can
be elucidated by the electrostatic interactions between the
charged surface of the adsorbent and TC molecules. Speci-
cally, the cationic form of TC and the positively charged
adsorbent would repel at the pHi of less than 3.1, leading to
lower adsorption capacity. When the pHi increased to about 5.0,
the zwitterionic form (TCH±

2 ) became predominant.103 Conse-
quently, the electrostatic attraction between the positively
charged TC and the negatively charged adsorbent surface was in
favor, which in turn improved the adsorption capacity. When
the pHi value further increased to 8.0, the zwitterionic form
decreased together with the formation of anionic TCH−. This
© 2025 The Author(s). Published by the Royal Society of Chemistry
rooted electrostatic repulsion with the negatively charged
adsorbent surface, causing a decrease in the qe value. Based on
these results, the pHi of 5.0 was selected for subsequent
adsorption studies.

3.2.2. Effect of adsorbent dose. To examine the effect of
adsorbent dose on the TC elimination, the results are plotted in
Fig. 8. As can be seen in the graph, a continuous decrease in the
TC adsorption capacity of the composite adsorbent was wit-
nessed, dropping from the highest qe value of 93.36 ± 3.85 mg
g−1 at an adsorbent dose of 0.50 g L−1 to the lowest point of
59.52 ± 0.11 mg g−1 at 1.17 g L−1. This might be explained that
the dense density of the adsorbent at high dose obstructed the
available active sites.104–106 It is necessary to emphasize that the
high qe value at low dose would pave the way for widespread
applications, reducing the adsorption cost while minimizing
the hazards of secondary environmental pollution due to the
surplus adsorbent use.107 Therefore, the adsorbent dose of
0.50 g L−1 was selected for further studies.
RSC Adv., 2025, 15, 22138–22153 | 22145
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Fig. 8 Effect of adsorbent dose on the TC adsorption capacity.
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3.2.3. Effect of ionic strength. To investigate the effect of
ionic strength on the TC adsorption capacity and to gain insight
into the underlying adsorption mechanism, the experiment was
conducted using NaCl solutions with molarities ranging from
0 to 0.1 M (Fig. 9). These results reveal that the TC adsorption
capacity decreased slightly with increasing ionic strength. At
a pHi value of 5.0, TC existed as zwitterions (TCH2

±), while the
M-GO/PFC composite adsorbent possessed a negatively charged
surface. Thus, the TC removal could be primarily driven by the
electrostatic attraction between TC molecules and the adsor-
bent surface. However, the presence of NaCl in the solution may
suppress the electrostatic interactions of opposite charges
between the adsorbent and the adsorbate.67,108 When the ionic
strength increased, the excess presence of Na+ ions in the
solution might screen the negatively charged surface of the
adsorbent, while the zwitterionic species of TC could interact
with both Na+ and Cl− ions. Therefore, a suppression of
Fig. 9 Effect of ionic strength on the TC adsorption capacity.

22146 | RSC Adv., 2025, 15, 22138–22153
electrostatic attraction occurred, leading to a decline in the TC
adsorption capacity.109 Nevertheless, a humble decrease in the
adsorption capacity suggests that other adsorptionmechanisms
such as p–p stacking and hydrogen bonding may also play
a signicant role at high ionic strengths. Admittedly, the
aromatic rings of TC probably engaged in p–p stacking with the
honeycomb lattice of GO, whereas its functional groups were
prone to forming hydrogen bonds with their counterparts on
the adsorbent surface. Such interactions were less dependent
on the effect of ionic strength, sustaining the TC elimination
when the electrostatic interactions were impeded.

3.2.4. Investigation of adsorption kinetic. Studying
adsorption kinetic is essential for determining kinetic param-
eters, which are crucial for analyzing and optimizing the
adsorption performance.104,110 The adsorption performance of
the composite adsorbent was monitored over a contact time
ranging from 10 to 360 min. As shown in Fig. 10, the adsorption
capacity enhanced with longer contact time and reached equi-
librium aer 60 min. The experimental data were analyzed
using non-linear kinetic models, including the pseudo-rst-
order, pseudo-second-order, and Elovich models.111–113 The
corresponding equations, kinetic parameters, and correlation
coefficients for each model are presented in Table 1, while the
experimental data and model tting are illustrated in Fig. 10.
Among the models, the pseudo-second-order kinetic model
provided the best t to the experimental data, with the highest
correlation coefficient (R2 = 0.997). Based on the equation h =

k2qe
2 where k2 and qe were obtained from the adsorption kinetic

parameters of the pseudo-second-order kinetic model in Table
1, the initial adsorption rate was determined to be 18.09 mg
g−1 min−1. As illustrated in Fig. 10, the adsorption capacity
surged for the rst 10 min before slowing down and reaching
the equilibrium, which was attributable to promptly occupied
adsorption sites.114 This can be interpreted by the assumption
of multilayer adsorption onto the heterogeneous surface of the
composite.
Fig. 10 Adsorption kinetic models for the TC adsorption onto the M-
GO/PFC composite adsorbent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption kinetic parameters for the TC adsorption onto the
M-GO/PFC composite adsorbenta

Adsorption kinetic
models

Adsorption kinetic
parameters

Correlation
coefficients

Pseudo-rst-order k1(min−1) qe(mg g−1) R2

qt = qe(1 − exp(−k1t)) 0.11 83.92 0.982

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

qt ¼ qe
2k2t

qek2tþ 1

0.0023 87.74 0.997

Elovich a (g g−1min−1) b (mg−1g) R2

qt ¼ 1

b
lnð1þ abtÞ 2.89 0.13 0.996

a qe and qt: adsorption capacity at equilibrium and at time t; k1 and k2:
corresponding rate constants of adsorption kinetic models; a: initial
adsorption rate of the Elovich model; b: desorption rate of the Elovich
model.
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3.2.5. Investigation of adsorption isotherm. The equilib-
rium performance of the M-GO/PFC composite adsorbent was
studied through the adsorption isotherm, applying four widely
used non-linear models: Langmuir,115 Freundlich,116 Sips,117 and
Temkin.118 The effect of the initial TC concentration on the TC
adsorption capacity and the non-linear plots of the isotherm
models are described in Fig. 11. The equations of the isotherm
models and the corresponding isotherm parameters are
detailed in Table 2. As can be seen in the plots, the adsorption
capacity was in positive relation with the initial TC concentra-
tion. Among these models, the Sips isotherm model was the
best representation of the experimental data with the highest R2

value of 0.988, gaining the qm value of 130.11 mg g−1. Theo-
retically, the Sips model expresses features of both the
Freundlich and Langmuir equations.119 The nS value is used to
assess the surface heterogeneity of the adsorption and the
Fig. 11 Adsorption isotherm models for the TC adsorption onto the
M-GO/PFC composite adsorbent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
nature of the adsorption process. Specically, when nS equals to
1, the Sips model simplies to the Langmuir isotherm,
assumingmonolayer adsorption on a homogeneous surface. On
the contrary, when nS deviates from 1, it aligns more with the
Freundlich isotherm, reecting adsorption on a heterogeneous
surface with multilayer adsorption behavior.120,121 In this study,
the nS value of 0.47 was far lower than 1, indicating behavior
similar to the Freundlich model. Furthermore, the adsorption
isotherm ndings were consistent with the adsorption kinetic
results, conrming that TC adsorption took place on the
heterogeneous surface of the M-GO/PFC composite adsorbent.

3.2.6. Recyclability study. The recyclability is an indis-
pensable benchmark to assess the cost-effectiveness, efficiency,
and practicability of an adsorbent. In this regard, theM-GO/PFC
composite adsorbent was reused and regenerated through ve
successive adsorption–desorption cycles as displayed in Fig. 12.
The recyclability study pinpointed a slight decrease in the TC
adsorption efficiency from 88.33% aer the rst cycle to 75.38%
at the end of the study. Therefore, from the rst to the h
cycle, the TC adsorption efficiency decreased by 12.95%. It is
noticeable to compare this value with other counterparts,
showing that the degree of the decrease in the TC adsorption
efficiency in this study was lower than that of GO-TiO2

composite (18.80%),121 polyvinyl alcohol-copper alginate gel
beads (approximately 20%),122 and Y-immobilized GO-alginate
hydrogel (nearly 45%)123 aer four adsorption–desorption
cycles in the literature. This demonstrated a stable adsorption
performance of the M-GO/PFC composite adsorbent, likely
beneting from the magnetic property of the composite
adsorbent for the easy separation aer use.

3.2.7. Comparison of maximum adsorption capacity. The
data given in Table 3 compare the qm values obtained from the
Sips isothermmodel between various adsorbents from previous
ndings and in this study. It is obvious that the M-GO/PFC
composite adsorbent was comparable to other counterparts.
On the one hand, the qm value in this study (130.11 mg g−1) was
lower than those reported for other GO-based materials, such as
the GO-TiO2 composite (133.24 mg g−1), magnetic GO nano-
composite modied with polyvinylpyrrolidone (193.80 mg g−1),
and particularly, our previously developed magnetic GO/Fe3O4/
banana peel-derived cellulose composite aerogel (238.71 mg
g−1). It is also necessary to elaborate that the higher qm value
from our previous study could be attributed to the structural
advantages of the composite aerogel in comparison to the
composite adsorbent used in the present study. On the other
hand, the adsorption capacity reported here was nearly double
that of GO nanosheets (66.26 mg g−1) and three times higher
than that of the monodispersed starch-stabilized magnetic
nanocomposite (39.34 mg g−1). This result revealed a promising
potential of utilizing office waste paper for a facile preparation
of the composite adsorbent, leveraging the mass production of
the low-cost and eco-friendly waste paper-derived adsorbent
while maintaining the effective TC adsorption performance and
reusability based on the supplementations of GO sheets and
Fe3O4 particles into the PFC scaffold.

3.2.8. Proposed adsorption mechanism. The FTIR and XPS
spectra of the M-GO/PFC composite adsorbent before and aer
RSC Adv., 2025, 15, 22138–22153 | 22147
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Table 2 Adsorption isotherm parameters for the TC adsorption onto the M-GO/PFC composite adsorbenta

Adsorption isotherm models Adsorption isotherm parameters Correlation coefficients

Langmuir qm(mg g−1) KL(L mg−1) R2

qe ¼ qmKLCe

1þ KLCe

107.06 0.20 0.916

Freundlich KF(mg g−1) 1/nF R2

qe = KFCe
1/nF 49.27 0.15 0.957

Sips qm(mg g−1) bS(mg−1 L) nS R2

qe ¼ qmðbSCeÞnS
1þ ðbSCeÞnS

130.11 0.125 0.47 0.988

Temkin bT(kJ mol−1) AT(L mg−1) R2

qe ¼ RT

bT
lnðATCeÞ 0.20 21.03 0.980

a qe: equilibrium adsorption capacity; 1/nF: Freundlich adsorption intensity parameter: Ce: equilibrium concentration of adsorbate; KF: Freundlich
constant related to adsorption capacity; qm: maximum adsorption capacity; KL: Langmuir constant related to the energy of adsorption; bS: Sips
constant; nS: heterogeneity factor; bT: Temkin constant; AT: Temkin isotherm constant.

Fig. 12 Recyclability study of M-CO/PFC composite adsorbent.
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the TC adsorption were recorded to scrutinize the adsorption
mechanism. Regarding the FTIR spectra in Fig. 1f, the positions
of the characteristic peaks of PFC, GO, and Fe3O4 were
preserved, showing a stable architecture of the M-GO/PFC
composite adsorbent was maintained aer the TC adsorption.
The preservation of the components of the composite was
attributed to maintaining the ample oxygenated functional
Table 3 Comparison of maximum adsorption capacity according to the
study

Adsorbents

Magnetic graphene oxide/Fe3O4/banana peel-derived cellulose composite
Magnetic GO nanocomposite modied with polyvinylpyrrolidone
GO-TiO2 composite
GO nanosheets
Monodispersed starch-stabilized magnetic nanocomposite
M-GO/PFC composite

22148 | RSC Adv., 2025, 15, 22138–22153
groups and aromatic rings, which in turn might contribute to
electrostatic interactions between a negatively charged adsor-
bent surface and a positively charged form of TC, hydrogen
bonding, and p–p stacking.122 It is worth noting that a small
difference between the FTIR spectra of the M-GO/PFC
composite before and aer the adsorption could be explored
at the broadness of the peak at around 1630 cm−1. As in our
previous study about the TC adsorption onto a composite aer-
ogel, the vibrational peak of 1620 cm−1 was probably ascribed to
the N–H primary amine of TC.66 Thus, the broadened vibration
at around 1630 cm−1 aer the TC adsorption somewhat could
be related to the presence of TC. The XPS analyses of the M-GO/
PFC composite adsorbent before and aer the TC adsorption
were used to clarify the elemental composition and interac-
tions. As shown in Fig. 13a and d, all characteristic C 1s, O 1s,
and Fe 2p peaks from the three components (PFC, GO, and
Fe3O4) were observed in the XPS survey spectra of the composite
before and aer the TC adsorption. When examining the XPS
high-resolution spectra of C 1s and O 1s in Fig. 13b, c, e, and f, it
is noticeable that the deconvoluted peaks of the functional
groups of the composite were translated to higher binding
energy aer the adsorption. A possible explanation is that TC
molecules withdrew electrons from the composite through
hydrogen bonding, p–p stacking, and electrostatic interactions,
thereby reducing electron density around carbon and oxygen
atoms in the composite, eventually leading to an increase in the
Sips isotherm model for the TC removal from the literature and in this

qm (mg g−1) Reference

aerogel 238.71 66
193.80 (at 308 K) 124
133.24 (at 298 K) 121
66.26 (at 308 K) 125
39.34 (at 298 K) 126
130.11 This study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 XPS of (a) survey spectrum, (b) C 1s, and (c) O 1s of M-GO/PFC composite before the TC adsorption; XPS of (d) survey spectrum, (e) C 1s,
(f) O 1s, (g) Fe 2p, and (h) N 1s of M-GO/PFC composite after the TC adsorption.
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binding energy.127 The emergence of a new C 1s peak at 288.0 eV
(N–C]O) in the composite aer the TC adsorption (Fig. 13e)
conrmed the presence and interaction of TC molecules with
© 2025 The Author(s). Published by the Royal Society of Chemistry
the functional groups of the composite.127,128 Moreover, this
could be reinforced by the high-resolution spectrum of N 1s
peaks at 397.62 eV (C–NH2) and 399.58 eV (N–C]O) in
RSC Adv., 2025, 15, 22138–22153 | 22149
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Fig. 14 Proposed mechanism for the TC adsorption onto the M-GO/PFC composite adsorbent.
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Fig. 13h.122,129 In addition, the high-resolution spectrum of Fe 2p
peaks at around 710.2 eV (2p3/2) and 725.4 eV (2p1/2) in Fig. 13g
demonstrated the retention of Fe3O4,130–132 maintaining the
magnetic property of the composite aer the adsorption
process. To put it simply, the FTIR spectra and XPS ndings of
the M-GO/PFC composite were consistent in the ample func-
tionalities, the structural preservation, and the chemical
composition of the M-GO/PFC composite aer the TC adsorp-
tion. These results would be concrete evidence for the possible
adsorption mechanism of electrostatic interactions, hydrogen
bonding, and p–p stacking interactions.

The results of the TC adsorption study would be benecial
for the proposed adsorption mechanism. Admittedly, the TC
adsorption was favored in the solution pH enhancing the elec-
trostatic attraction between TC molecules and the charged
surface of the M-GO/PFC composite adsorbent. In this regard,
the proposed fundamental mechanism could be electrostatic
interactions. It is noteworthy that the TC elimination also
occurred at low pHi values, which was subject to electrostatic
repulsion. This implies that TC might also interact with the
composite adsorbent through other means such as p–p inter-
actions, hydrogen bonds, and pore-lling effects as aforemen-
tioned.133,134 To sum up, the electrostatic interactions, p–p

interactions, pore-lling effects, and hydrogen bonds may be
involved in the proposed TC adsorption mechanism on the M-
GO/PFC composite adsorbent, which is illustrated in Fig. 14.

4. Conclusions

The ndings of spectroscopy and morphology conrm that the
M-GO/PFC composite adsorbent was successfully created using
22150 | RSC Adv., 2025, 15, 22138–22153
the ultrasound-assisted mixing method combined with the
lyophilization. It is noteworthy that PFC derived from copious
office waste paper and M-GO were simply integrated into the M-
GO/PFC composite, aiming to enhance the TC adsorption
capacity and the reusability of the composite adsorbent. The
VSM analysis proved the magnetism of the composite adsor-
bent, facilitating the separation of the adsorbent from the
aqueous mixture. The analyses of solution pH, ionic strength,
FTIR, and XPS spectra aer the TC adsorption could be used as
concrete evidence for proposing the TC adsorption mechanism
of the adsorbent, possibly including the electrostatic interac-
tions, hydrogen bonds, p–p interactions, and pore-lling
effects. The adsorption kinetic and isotherm indicated that
TC was adsorbed on the heterogeneous surface of the as-
prepared adsorbent. The recyclability study revealed a stable
adsorption efficiency of the adsorbent aer ve consecutive
adsorption–desorption cycles. The M-GO/PFC composite
exhibits signicant potential as a promising adsorbent, offering
an effective strategy for converting leover solid waste into
valuable materials in antibiotics-containing wastewater
treatment.
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