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otubes: a novel adsorbent cum
photocatalyst for efficient removal of antibiotics
and dyes from wastewater†

Krishan Kumar and Man Singh *

Herein, we designed a novel scaffold of graphene oxide (GO) nanotubes via coating of bimetallic

neodymium-doped ZnS (Nd:ZnS@GO) for the potential removal of antibiotics and organic fluorescent

dyes (OFDs) from wastewater. The GO nanosheets were transformed into nanotubes by unequal charge

distribution, which tended them to align in order to minimize surface strain. Nd:ZnS@GO was deployed

for fast adsorptive removal of antibiotics and complete photocatalytic degradation (PCD) of OFDs.

Nd:ZnS@GO demonstrated superior scavenging efficiency (960 mg g−1 for tetracycline and 1117.76 mg

g−1 for oxytetracycline) compared with previously reported metal-based nanocomposites. The

adsorption process followed pseudo-first-order kinetics and the Freundlich isotherm model for both the

antibiotics. Benefitting from its fast kinetics, Nd:ZnS@GO could remove pollutants for up to five cycles

without losing its adsorption efficiency. The exceptional adsorption capacity was mainly attributed to

non-covalent interactions, such as hydrogen bonding, p–p stacking, and cation–p bonding. After

adsorption, Nd:ZnS@GO was regenerated and further used for the PCD of tetracycline (TC),

oxytetracycline (OTC), methylene blue (MB), brilliant blue-green (BBG), brilliant blue-red (BBR), methyl

orange (MO), and quinonoid phenolphthalein (QHIn). This study reveals the synthesis of GO nanotubes

as promising and effective adsorbents cum photocatalysts for the adsorption and PCD of OFDs and

antibiotics for the first time.
1. Introduction

Over the past few decades, water pollution has emerged as an
unavoidable environmental challenge, posing signicant
threats to aquatic ecosystems, biodiversity, and human health
while disrupting socio-economic activities that are reliant on
clean water resources.1,2 The prominent cause of water pollution
is the discharge of large amounts of wastewater into the aquatic
environment and freshwater bodies.3 Wastewater from the
pharmaceutical industry, including expelled materials and
expired medicines, are the main sources of water pollution.4

Nowadays, antibiotics are used globally as antibacterial drugs
for treating diseases in animals and humans. However, only
30% of the medicine is effectively absorbed into the patient's
body, and the rest of the drug is excreted through defecation
and urinary discharge. This release of antibiotics into water
bodies implies a harmful impact on aquatic species and on
human health.5 The TC and OT are most common drugs
frequently used for animals as well as human health due to
rsity of Gujarat, Sector-30, Gandhinagar,

@gmail.com; Mansingh50@hotmail.com
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their low cost production and broad activity. Due to the excess
production and consumption of TC and OTC, their concentra-
tion in aquatic systems has reached up to 20 ppm.6 The annual
consumption of TC is 5500 tons in the U.S. and European
countries alone.7 Continuous release of antibiotics into the
aquatic environment leads to antibiotic resistance in microor-
ganisms, which may also lead to incurable diseases. Further-
more, TC and OTC can led to health issues like gastrointestinal
diseases, vomiting, and diarrhoea.8 So, the sequestration of
these antibiotics from water is a foremost requirement for the
good health of society.

On the same note, broad class of organic uorescent dyes
(OFDs): textiles, dyeing,9 printing,10 paper and leather colour-
ing,11 plastic and polymer colouring, laser technology,12 optical
brighteners in paper and textiles, sensing and detection like
chemical sensors, biosensors,13 environmental monitoring,
food quality control, security, and authentication: counterfeit
detection, security inks, and coatings,14 optical authentica-
tion.15 Most OFDs exhibit pleasant bright colours, inhibit
sunlight penetration and cause inadequate photosynthesis in
aquatic organisms.16 Excess release of OFDs also hampers the
biological (BOD) and chemical oxygen demands (COD) in
aquatic plants.15 Furthermore, they are highly toxic to both
animals and humans when consumed at higher concentrations.
At present, various extensive methods are used for the removal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of pollutants from wastewater, such as adsorption,17 advanced
oxidation,18 electrochemical degradation,19 biological degrada-
tion,20 photo-Fenton oxidation,21 Fenton oxidation ozonation,21

photocatalysis,22 and UV treatment.23 Among them, adsorption
and PCD processes are the most promising routes to eliminate
pharmaceutical drugs and OFDs from wastewater without
generating secondary pollutants in a sustainable manner.
Currently, a wide variety of porous adsorbents/photocatalysts
like activated carbon,24 graphene oxide,25 metal–organic
frameworks (MOFs)26,27 and covalent-organic frameworks
(COFs),16 and nano-scale zero-valent metal oxides3 are used for
the removal and degradation of organic pollutants.28 However,
conventional adsorbents/photocatalysts are limited in their
practical application for removing contaminants from waste-
water due to their short-term durability, low thermal resistance,
lack of biocompatibility, and functionality.29 In this scenario,
nanocomposites of transition metal suldes with GO garnered
noteworthy attention owing to their high thermochemical
stability, structural stiffness,30 and controlled modulation of
photo functionalities.31,32 Qin et al., in 2017, reported ZnS
composite with reduced graphene oxides (RGO) for efficient
photodegradation of methyl orange.33 Similarly for the other
applications like H2/O2 storage34 effluent adsorption, CO2

capture,35 and photocatalysis. Zhigang Li et al. and Mufeedah
Muringa Kandy et al. also reported carbon-based materials as
a powerful photocatalyst for hydrogen production and photo-
catalytic reduction of CO2 into valuable solar fuels.36,37 Vikram
U. Pandit et al. reported a coupled semiconductor photocatalyst
of 6,13-pentacenequinone/TiO2 (PQ/Ti) for the degradation of
methylene blue (MB) dye under visible light irradiation.38,39

However, metal-doped nanotubes (MBNs) represent an
emerging class of porous crystalline materials withmultifaceted
applications.40,41 They have garnered considerable interest in
adsorption and photocatalytic degradation (PCD) studies owing
to their exceptional attributes, such as ultra-high porosity,17

extensive surface area, tunable pore size and geometry, and
facile functionalization capabilities.42 Their well-ordered porous
structures and outstanding thermal stability make them excel-
lent candidates for a wide range of applications.43,44 The func-
tionalization of 2D-GO sheets with novel nanomaterials offers
a promising strategy to enhance adsorption and PCD efficien-
cies.45 The GO sheets contain oxygenated functional groups
such as carboxyl (COOH), aldehyde (CHO), epoxy (COC), and
hydroxyl (OH) groups,42–46 which impart signicant potential for
applications in catalysis, adsorption, and energy storage due to
their high surface area, wide bandgap, and chemical
stability.47,48 Additionally, ZnS's hydrophobic nature and
aggregation tendency, combined with the p–p interactions
within GO sheets, further enhance the efficient removal of OFDs
from aqueous solutions.49

In this study, novel bimetallic Nd:ZnS@GO nanotubes have
been designed and prepared via doping and coating processes.
Consequently, the bimetallic ZnS is integrated with GO sheets
to form nanotubes, improving their adsorption and PCD
performance. Surface-modulated nanotubes have shown
potential adsorption behavior with photocatalysis due to their
superior semiconductor properties. Nd:ZnS@GO as
© 2025 The Author(s). Published by the Royal Society of Chemistry
a semiconductor nanomaterial with higher thermal stability
acts as a photosensor for environmental remediation. More-
over, a higher surface-area-to-volume ratio of Nd:ZnS@GO
facilitates the maximum adsorption owing to a reduced elec-
tron–hole pair recombination rate due to their smaller particle
sizes. Therefore, heterostructures are expected to exhibit
enhanced adsorption kinetics compared to the bulk nano-
material. To date, no GO-based nanotubes have been reported
for PCD and adsorption of OFDs and antibiotics under visible
light. Thus, strategy for GO sheets to GO nanotubes could be
a novel contribution due to high capability of morphological
transformation through charge induced surface strained
wrapping phenomenon.

2. Experimental section
2.1. Materials

Graphite akes (Gt, <45 mm, $99.99%), conc. sulphuric acid
(H2SO4, 98%), hydrogen peroxide (H2O2,$85 wt% in H2O), zinc
chloride (ZnCl2,$98.9%), neodymium chloride (NdCl3, 99.9%),
iron(II) sulde (FeS, 99.9%), tetracycline ($98%), oxytetracycline
($98%), methylene blue (MB, $95%), brilliant blue-green
(BBG, $70%), brilliant blue red (BBR, $98%), methyl orange
(MO, $95%), and phenolphthalein (97%) were procured from
Sigma-Aldrich. Potassium permanganate (KMnO4, $98%),
hydrogen chloride (HCl, 36%), and sodium hydroxide (NaOH,
99%) were obtained from Rankem, petroleum ether (40–60)
from SRL, and absolute alcohol (99.9%) from Scvuksmandli
Ltd, India.

2.2. Synthesis of zinc sulde (ZnS)

ZnS was synthesized by following the previously reported
methodology.50 ZnCl2 (50 mg, 0.487 mmol) was dissolved in
100 mL deionized water in a 250 mL round-bottom ask. A
NaOH solution (2.5 mmol) was added dropwise with constant
stirring at 25 °C. A white precipitate was collected and ltered to
obtain Zn(OH)2. ZnS was formed in successive steps by
continuously passing H2S in a solution of Zn(OH)2. ZnS was
obtained as a white precipitate aer the removal of the residual
entities.51

2.3. Synthesis of neodymium doped zinc sulde (Nd@ZnS)

ZnS (20 mg, 0.213 mmol) was homogenized with NdCl3$6H2O
(5 mg, 0.0199 mmol) in 100 mL deionized water and continu-
ously stirred for 12 hours. The resultant material is noted as
bimetallic ZnS (Nd@ZnS). The resultant material was washed
multiple times with water (3 times) to remove the unreacted
residue and dried at 60 °C for three hours (Scheme S1†).

2.4. Synthesis of graphene oxide (GO)

The GO was synthesized from Gt akes (3.00 g) and KMnO4

(9.00 g) according to a previously reported procedure.42 An
oxidizing mixture of H2SO4 : H3PO4 (8.5 : 1.5 ratio) was poured
dropwise in an RB ask placed on an ice bath. The resultant
product was stirred at 55 °C at 650 rpm in an oil bath for 12
hours. A mixture of graphite oxide (GtO) was obtained, and ice-
RSC Adv., 2025, 15, 14620–14631 | 14621
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cold water was mixed with the reaction mixture, followed by the
addition of 3 mL H2O2 (30%) and stirring for 10 min.52 The
resultant product was washed with Milli-Q water, dil. HCl and
absolute alcohol, followed by centrifugation at 8000 rpm for
10 min. A brown-colour GtO was extracted in a Petri dish and
dried at 60 °C for 12 h. The GO sheet was sonicated for two
hours at 28 kHz for exfoliation, and a brownish suspension was
obtained (Fig. S1†).

2.5. Synthesis of Nd:ZnS@GO nanotubes

20 mg/100 mL GO and 10 mg/100 mL Nd@ZnS were separately
monodispersed to generate cavitation for effective function-
alization.42 Both the solutions were mixed and stirred for 12 h
at 60 °C in an RB ask. Aer mixing, a dark black product
settled at the bottom. The obtained product was ltered and
washed with copious amounts of ethanol and water, followed
by centrifugation at 8000 rpm for 10 min. The black product
was dried under vacuum at 80 °C for 12 h. The product
formation was conrmed by SEM and HR-TEM analysis
(Fig. 3).

GO y / GO*, Nd@ZnS + GO* / Nd:ZnS@GO (1.0)

3. Characterization

UV-visible band spectra were recorded with Shimadzu UV1800
double beam spectrophotometer, X-ray diffraction (XRD)
patterns were recorded with Bruker Advance-D8 diffractometer
with Cu Ka radiation (l = 0.15406 nm, 40 kV, 40 mA), and BET
spectra were recorded using a Surfer system-standard, (Thermo
Scientic). Thermal stability analysis and DSC were performed
by TGA on an EXSTAR TG/DTA 7300 analyzer and a DSC 6000,
PerkinElmer, respectively, in a N2 environment. The morphol-
ogies were analysed with HR-TEM and SEM with JEOL JEM 2100
TEM HR LaB6 Version, JEOL, and EVO 18, (Carl Zeiss) respec-
tively. Raman spectra and Atomic Force Microscopy were
recorded via VGS, 50–4000 cm−1, 4 K with liquid He and
(AFM5100 N) respectively.

3.1. Optimisation of adsorption parameters

Initially, the pH was optimised by varying it from pH 2 to 10 of
a 100 ppm solution of TC and OTC by adding an arbitrary
amount of adsorbent in 10 mL of the solution. The ideal dose
for maximum adsorption was obtained by varying the adsorbent
amount from 10 to 30 mg at optimised pH. The adsorption
isotherm was evaluated by varying the concentration from 100
to 800 ppm of TC and OTC with the ideal adsorbent dose and
pH. Kinetic study for adsorption process of adsorbent was
examined its efficiency in the periodic interval of time.

3.2. Adsorption calculation

The amount of the drugs adsorbed on Nd:ZnS@GO surface is
noted as adsorption removal capacity. The adsorption efficiency
and adsorption capacity (qe) were calculated by using the
following equations:
14622 | RSC Adv., 2025, 15, 14620–14631
Adsorption efficiency ð%Þ ¼ C0 � Ce

C0

� 100 (1.1)

qe
�
mg g�1

� ¼ C0 � Ce

M
� V (1.2)

where C0 (mg L−1) is the initial concentration and Ce (mg L−1) is
the equilibrium concentration of the drugs, while M (g) is the
mass of dried drugs, and V (L) is the volume of solution.

qe ¼ qtKLCe

1þ CeKL

and qe ¼ KFCe

1
n (1.3)

lnðqe � qtÞ ¼ ln qe � k1t;
t

qt
¼ 1

k2qe2
þ t

qe
(1.4)

KL (L mg−1) is the Langmuir equilibrium constant describing
the affinity of drugs towards Nd:ZnS@GO. KF and 1/n (0 < 1/n <
1) are the Freundlich constant corresponding to the adsorption
capacity and linear index, respectively.53

3.3. Photocatalytic degradation (PCD) of OFDs via using
regenerated Nd:ZnS@GO nanotubes

Aer performing multiple adsorption–desorption cycles, the
PCD activity of the regenerated B:ZnS@GO was analysed by
conducting PCD experiments of TC, OTC, and OFDs. The PCD
experiments were performed with 100 mL (20 ppm) of TC, OTC,
QHIn, MB, BBR, BBG, and MO separately by using 1 mg
Nd:ZnS@GO photocatalyst under visible light.

3.4. Calculation of quantum yield for OFDs

The degradation rate for OFDs is calculated as

Degradation rate ð%Þ ¼ C0 � Ct

C0

� 100 (1.5)

C0 is the initial OFD concentration at time t = 0, and Ct is the
concentration of reduced OFDs at tmin. The quantum yields for
the OFDs were calculated, following our previously reported
study.46 The absorbance of UV-visible band spectra has been
used to calculate the quantum yield using Einstein's eqn (1.6):

E = mc2, (1.6)

Abs ¼ 3lc; Dc ¼ Dabs

3l
(1.7)

where m is the mass derived from eqn (1.6), Dc is the change in
concentration, Dabs is the change in absorbance, and c is the
speed of light/photon (3 × 108 m s−1).

4. Results and discussion

The development of bimettalic GO nanotubes was achieved
through the charge-induced strained wrapping phenomenon.
Nd@ZnS with high surface charge density and enriched Lewis
acidic sites electronically interacted with the oxygenated func-
tional groups of GO nanosheets. Nd@ZnS with positive surface
charge (+25.61 mV) strongly interacted with the outer surface of
the GO sheet (−30.12 mV) via coulombic interactions (vide infra)
(Fig. 1f). Unbalanced charge dipoles induced on GO sheets tend
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FT-IR spectrum of GO, (b) comparative FT-IR spectra of GO (red) and Nd:ZnS@GO (black), (c) P-XRD pattern of Nd:ZnS@GO, with the
inset showing the P-XRD pattern of Nd@ZnS, (d) comparative N2 adsorption–desorption isotherm of Nd@ZnS and Nd:ZnS@GO at 77 K, (e)
comparative Raman spectrum of GO (red) and Nd:ZnS@GO (black), and (f) comparative zeta potential of GO (red), Nd@ZnS (blue), and
Nd:ZnS@GO (black).
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to minimize the surface energy via restructuring the current
morphology. Nd@ZnS composite GO sheets turn into multiwall
nanotubes via minimizing the charge-induced strain on the
surfaces (Scheme S2†). The synthesized material was initially
investigated by Fourier transform infrared spectroscopy (FT-IR).
The GO, and Nd:ZnS@GO at 1071, 1400, 1250, 1750, and 1626
cm−1 ascribed C–O–C, –CHO, >CO, –COOH, and –OH, func-
tional gropus respectively.42 The broader peak of –OH at
3428 cm−1 indicates the free water molecules with GO and
Nd:ZnS@GO. The bending vibrations of –OH, epoxide (–O–),
© 2025 The Author(s). Published by the Royal Society of Chemistry
and skeletal rings of GO occur at 1626 cm−1 with a small
stretching vibration hump at 1372 cm−1 owing to tertiary C–OH.
Nd:ZnS@GO has aligned the FGs to quench the p / p* tran-
sitions and residual potential charges (Fig. 1a and b). Crystal-
linity and diffraction planes were investigated with X-ray
diffraction (XRD). The XRD patterns are broadened with three
signicant peaks corresponding to the (111), (220), and (311)
planes, indicating a standard cubic bulk ZnS lattice, agreeing
with standard JCPD card no. 77-2100.54 The ZnS can be indexed
as a cubic zinc blend structure, as its constituents are uniformly
RSC Adv., 2025, 15, 14620–14631 | 14623
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distributed on the lattice surfaces. The Nd dopant does not
affect the ZnS crystallinity rather than reducing the intensity
and broadened the d-spacing with similar diffraction peaks and
planes (Fig. S2a†). The Gt peak has shied from 26.2° to 10° and
the (002) to (001) plane with GO via reducing an interplanar
distance of 8.8 Å, attributed to the oxygenated FGs (Fig. S2b†).48

The Nd@ZnS get coated with the GO sheet on varying the
characteristic planes due to the stronger affinities of metal
coordination to the functional sites attributed to the wrapping
role. Moreover, the ZnS and Nd@ZnS have prevented the
aggregation and restacking of the GO sheet due to their good
crystallinity, causing the shiing of the signicant GO peak.
Thus, the Nd@ZnS nanorods are uniformly distributed on GO
nanotubes. Broader ZnS peaks showed the size effect of NRs
calculated by the Debye–Scherrer equation.

D ¼ 0:94l

b cos q
(1.8)

where b is the full-width at half maximum (FWHM) intensity
and l is the wavelength. Based on the FWHM of the diffracted
peaks of ZnS and Nd@ZnS, the average particle size was∼7 nm.
The electrostatic charges around Nd@ZnS have interacted with
the FGs and aligned with a symmetric pattern without dis-
rupting the pristine ZnS matrices. Interplanar distances of
Nd:ZnS@GO enhanced, unlike ZnS and Nd@ZnS alone. The
broadening of the peaks attributed to the mechanical agitation
consequently leads to the delamination and exfoliation of the
GO sheet (Fig. 1c). Aer coating with the GO sheet, the struc-
tural integrity of Nd:ZnS@GO is maintained due to the exfoli-
ated sheet. However, the intensity of Nd:ZnS@GO has
decreased, unlike Nd@ZnS. The porosity of Nd@ZnS and
Nd:ZnS@GOwas obtained from N2 adsorption–desorption at 77
K, and the average surface area, pore diameter, and pore volume
are 103.177 m2 g−1, 2.457 nm, and 0.124 cm3, respectively, for
Nd@ZnS and 169.119 m2 g−1, 1.438 nm and 0.143 cm3,
respectively, for Nd:ZnS@GO, calculated from non-local density
functional theory (NLDFT) (Fig. S2c and d†). The isotherms well
resemble the IUPAC classication type II isotherm due to
macroporous nanorods and nanotubes with sharper edges,
hollow cylindrical nanotubes, and broader diameter (Fig. 1d).

The higher N2 adsorption–desorption with Nd:ZnS@GO
infers their higher surface area to accommodate the interstitial
cavities. The higher surface area with respect to the pore volume
and size depicts structural stability due to doping and coating.
The Nd:ZnS@GO with different spacial orientations and
charges on the surface, which have further enhanced the N

2
-

adsorption almost 4 times compared to Nd@ZnS. Raman
spectroscopy investigated the defects on GO and Nd:ZnS@GO
surfaces. The GO and Nd:ZnS@GO have displayed two major
peaks at ∼1354 and ∼1598 cm−1, consistent with the D and G
bands of graphitic C in the GO sheet, respectively. These bands
indicate the functionalization of the GO sheet. The D band is
due to the disordered states, and the G band shows the
stretching vibrational mode E2g from sp2 of C bonded atoms.42

Raman band intensity ratio (I
D
/I

G
< 1) indexed as an indicator for

estimating the defects in graphitic C of GO sheets.55 The I
D
/I

G
< 1

for Nd:ZnS@GO is higher than that of the pristine GO that
14624 | RSC Adv., 2025, 15, 14620–14631
predicts an additional defect introduced on the GO surface
(Fig. 1e). The ZnS lattice was independently generated by
sharper lattice planes with higher intensity. The shied peaks
of GO in Nd:ZnS@GO from 1598 to 1404 cm−1 and 1750 to
1636 cm−1 indicate an effective functionalization of GO sheets
on doping and coating. The residual potential charges of the
intensities associated with the Nd@ZnS and GO sheets have
ascribed the functionalization of the ZnS lattice. The Nd@ZnS,
GO, and Nd:ZnS@GO with +25.61, −30.12, and −24.19 mV
surface charges, respectively, analyzed by DLS (Fig. 1f). This has
predicted the functionality of the resultant GO nanotubes.
Negative surface charges of GO and Nd:ZnS@GO inferred
a uniform distribution of oxygenated FGs. The negative surface
charge of GO sheet has been accompanied by a accessible
morphology towards the electropositive Nd@ZnS with
maximum proximity between the oxygenated FGs and Nd@ZnS
charge density due uniform electrostatic attraction. The GO
sheet with huge oxygenated FGs wrapped the Nd@ZnS as
nanotubes. The morphological and structural attributes of
Nd:ZnS@GO composite were investigated using SEM analysis.
Bifunctional nanomaterials attain a nano-tubular morphology
(Fig. 2a and b). EDS and elemental mapping showed all
constituent elements of the composite (Fig. 2c and d). In
agreement with SEM, HR-TEM analysis also evidenced the
distinct formation of graphene oxide nanotubes (Fig. 2). AFM
topographical images of GO revealed ∼1.5 nm thickness in the
selected area from the distribution spectra reported in
a previous study.42 The average roughness of Nd:ZnS@GO was
found to be 1.54, indicating the role of doping and coating
agents (Fig. S5†). The lmax = 285 nm of ZnS shied to lmax =

315 nm on doping with Nd3+, inferring a symmetric alignment
of the dopant throughout the lattice.56 Hence, the transition of
4f electrons with ZnS lattice at lmax = 315 nm seems that the
S2− strongly attracted towards the Nd3+ by facilitating the elec-
tronic cloud of ZnS lattice that causing to generate the lmax =

315 nm with Nd@ZnS (Fig. S2e and f†).
Thermal stability was investigated with TGA/DTG, and

weight loss rates were determined for the ZnS, Nd@ZnS, and
Nd:ZnS@GO. Thermograms have inferred that enhanced
thermal stability is a prerequisite for higher reusability in
a photochemical reaction. On increasing the T/K, the lattice of
catalysts get disrupted on attaining the thermal energy. As the
uniformly distributed constituents have been inferred an
alignment of 3d and 4f electrons within the matrices. The GO
sheet showed sharper weight loss transitions due to uniformly
distributed oxygenated FGs onto surfaces.52 The thermogram of
ZnS indicates 47.15, 33.17, and 19.68% weight losses at 104,
596, and 700 °C, respectively, where the 1st weight loss transi-
tion is due to moisture, while the 2nd and 3rd transitions are
due to disruptions of the main lattice. The 18.96, 26.38, 20.02,
and 34.66% weight losses at 100, 300, 391, and 700 °C,
respectively, for Nd@ZnS supports the role of the dopant in
producing an extra peak. 26.55, 32.37, 20.59, and 20.40% weight
losses at 94, 211, 388, and 700 °C, respectively, for Nd:ZnS@GO
inferred the role of the coating agent on the Nd@ZnS lattice
(Fig. S4†). Thus, the dopant has been uniformly distributed on
the ZnS surfaces, supported by FE-SEM (Fig. S3†). The Nd
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a and b) SEM images, (c and d) EDS and elemental mapping, (e and f) HRTEM image with the SAED pattern in the inset, and (g) AFM
topographical image with the 3-D perspective of Nd:ZnS@GO in the inset.
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dopant has enhanced the ZnS lattice's thermal stability, which
favors the enhancement of the reusability.57 The GO sheet
showed a sharp weight loss transition due to uniformly
distributed oxygenated FGs.52 The ZnS, Nd@ZnS, and
Nd:ZnS@GO show the Zn compositions of 3.66, 2.595, and
2.506 mg L−1, respectively, while for Nd@ZnS and Nd:ZnS@GO,
the Nd compositions are 1.268 and 1.260 mg L−1, respectively.
The results show that Nd has been doped and agglomerated
with the ZnS lattice (Table S1†).
4.1. Formation of GO nanotubes

The morphological formulation of GO's nanotubes was ratio-
nalized through the surface charge-induced-strained wrapping
phenomenon and its conrmation was investigated by various
instrumental techniques. The 2D-GO nanosheets were trans-
formed into nanotubes aer being amalgamated with
neodymium-doped ZnS nanorods. This transformation is
driven by coulombic interactions, where the negatively charged
and polarised surface functional sites of the GO are preferably
oriented towards high-density Lewis acidic sites of positively
charged Nd@ZnS tominimize the combined surface charge and
surface energy.58 However, upon wrapping the Nd@ZnS nano-
rods, the strong electrostatic interactions led to a signicant
change in the spatial morphology shown in Scheme S2.† This
study represents the rst successful synthesis of GO nanotubes,
© 2025 The Author(s). Published by the Royal Society of Chemistry
offering a novel morphological adaptation with enhanced
adsorption and photosensing functionality. These nanotubes
were subsequently employed in adsorption and photocatalytic
degradation experiments targeting TC, OTC, and OFDs in
industrial effluents. The GO nanotubes exhibited high effi-
ciency in adsorption and PCD due to their increased surface
area, improved charge separation, and structure-function
synergism between GO and Nd@ZnS. This innovative
approach highlights the potential of using surface charge-
induced morphological changes in nanomaterials for
improved environmental remediation applications, specically
in the adsorption and degradation of persistent organic
pollutants.59
4.2. Adsorption studies for tetracycline (TC) and
oxytetracycline (OTC)

The adsorptive removal of TC was investigated by a UV-Vis
spectrophotometer as TC shows adsorption in the visible
range at lmax of 368 nm (Fig. 3a). At the onset, the pH for the
adsorption process was tested. As shown in Fig. 3c, the
synthesized composite material was able to maximize the
adsorption of the drug at around neutral pH. Nonetheless, an
increase in the basicity of the solution leads to electrostatic
repulsion between anionic forms of the drug and negatively
charged nanocomposites, leading to a decrease in adsorption
RSC Adv., 2025, 15, 14620–14631 | 14625
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Fig. 3 (a and b) Time dependent UV/Vis spectra, effect of (c and d) pH
and (e and f) Nd:ZnS@GO dosage, (g and h) adsorption isotherms, (i
and j) pseudo first-order kinetics model, and (k and l) reusability for TC
and OTC, respectively.

14626 | RSC Adv., 2025, 15, 14620–14631
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efficiency. Furthermore, the ideal dose of the adsorbent was
optimized at 20 mg L−1 (Fig. 3e). The adsorption isotherm for
TC was analysed by varying the adsorbate concentration with
the optimized dose of the adsorbent (20 mg L−1) and pH of the
solution. The maximum adsorption capacity (Qm) of TC
adsorption is 960 mg g−1, which ranks the best among the
previously reported values (Fig. 3g and Table S2†). The
adsorption isotherm for TC was well established by the
Freundlich isotherm on multilayer adsorption with high
adsorption capacity even though the electronic charge was
balanced. Fast adsorption of TC was attributed to a high kinetic
rate constant followed by a pseudo rst order mechanism
(Fig. 3i). Nanocomposite applicability for water purication was
done by multicyclic adsorption desorption behaviour upto ve
cycles without losing its adsorption efficiency (95%) (Fig. 3k).
Similarly, the adsorption of OTC was also investigated by
initially optimizing the suitable pH environment to maximize
the capacity of the adsorbent by using an UV-Vis spectropho-
tometer (Fig. 3b and d). The ideal dose of Nd:ZnS@GO for OTC
at optimized pH was estimated to be ∼20 mg L−1 (Fig. 3f). The
maximum adsorption capacity for adsorption of OTC at opti-
mized pH and dose reached up to 1117.76 mg g−1, indicating
a superiority of the synthesized nanomaterial. The adsorption
process mainly following the Freundlich isotherm indicated
a multilayer adsorption process (Fig. 3h). Fast adsorption
behavior of the adsorbent was evidenced by its high kinetic rate
constant following the pseudo-rst order reaction mechanism
(Fig. 3j). Aer maximum adsorption, Nd:ZnS@GO is easily
recyclable up to ve cycles without losing its adsorption effi-
ciency (Fig. 3l). The adsorption capacity of Nd:ZnS@GO has
reached up to 1117.76 mg g−1 and 960 mg g−1 for OTC and TC,
respectively. Nevertheless, ZnS has shown sluggish adsorption
behavior due to the dense core lattice of the metal coordination
network. Nd@ZnS was also ineffective for the entrapment of
targeted pollutants as the void of ZnS was already occupied by
Nd. Additionally, GO sheets have shown some adsorption
affinity with an adsorption capacity of 420–450 mg g−1 for both
the antibiotics. This adsorption ability was inferior and might
be attributed to the uneven distribution of functional sites and
the interaction with the targeted pollutant. Thus, Nd:ZnS@GO
nanotube is an excellent adsorbent in graphene chemistry, as
both the drugs exhibit 100% removal efficiencies within 45–
60 min. Moreover, Nd:ZnS@GO adsorbent dosage (0.05 ±

20 mg L−1) showed a similar behavior with both the antibiotics,
attributed to the hydrophilic amide (CONH2), phenolic hydroxyl
groups, and hydrophobic diketo substructure with the conju-
gated rings (Fig. S7†). Thus, the NaCl, KCl, KBr, Na

2
SO

4
, Na

2
CO

3
,

MgCl
2
, and CaCl

2
using ∼50 fold of each salt that were added to

the solutions of antibiotics and Nd:ZnS@GO to examine the
inuence of metal ions on adsorption. The competitive
adsorption experiments revealed that Nd:ZnS@GO had
demonstrated remarkable selectivity for antibiotics with
a removal efficiency of >98% (Fig. S15†). These salts have
slightly (∼0.6%) affected the removal efficiency compared to the
results obtained without using salts, which may be due to the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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screening effect.6 The salts could not remove water molecules
either from the drug or the Nd:ZnS@GO nanotubes with the
least change in zeta potential. That widens the adsorption
capacity and its recycling ability of wastewater having multiple
salts. The experiment demonstrates the strong affinity of drug
molecules for the charged Nd:ZnS@GO nanotubes and vali-
dates their application prospects. Benetting from fast kinetics,
Nd:ZnS@GO could remove pollutants for up to ve cycles
without losing its adsorption efficiency. Aer adsorption
experiments were completed, the post-characterization
included P-XRD, FT-IR, TGA/DTG, HR-TEM, and EDS
(Fig. S6†). These analyses have authenticated the versatility of
GO nanotubes. The research work was mainly designated to
investigate the effect of doping and coating of ZnS on
morphological attributes. The fabricated composite material
was fully enriched with multiple polar functionalities on a wide
porous network. The practical usability for adsorption of anti-
biotic pollutants was targeted and thoroughly studied. Never-
theless, the photocatalytic activity was only studied for the
regenerated material obtained aer multiple adsorption–
desorption cycles. Aer the loss of the ordered architecture, the
material was still able to show signicant photocatalytic
activity.
4.3. Photocatalytic degradation (PCD) of antibiotics and
OFDs with regenerated Nd:ZnS@GO nanotubes

Aer performing multiple adsorption–desorption cycles, the
regenerated B:ZnS@GO was deployed for conducting PCD
experiments for TC, OTC, and OFDs. The PCD experiments were
performed with 100 mL (20 ppm) of TC, OTC, QHIn, MB, BBR,
BBG, and MO separately by using 1 mg Nd:ZnS@GO photo-
catalyst under visible light. 100% degradation of effluents
occurred within 1.00–2.00 h (Fig. 4 and S7†). The adsorption
and PCD activities were mutually compared, and it was found
that Nd:ZnS@GO was bifunctional: acting as an adsorbent cum
Fig. 4 (a–g) PCD process of OFDs (20 ppm each) using regenerated Nd

© 2025 The Author(s). Published by the Royal Society of Chemistry
photocatalyst. Nd:ZnS@GO has generated negative (e−) and
positive (h+) holes on exposing the photons (visible light) that
approaches to the decient sites of the pollutants and get
photodegraded (Fig. 4). Nd:ZnS@GO absorbed photons with
energy equal to or greater than the energy difference between
the valence and conduction bands on exciting hole pairs for
decient sites.42 The PCD mechanism of OFDs involves
a complex interplay of light absorption on generating e− and h+

as charge carriers for redox reactions.60 Nd:ZnS@GO is exposed
to photons; it absorbs the solar energy and excites e−/ h+ pairs
from the valence to the conduction band. The holes pair of
Nd@ZnS in conduction band are transferred to GO sheets,
while the holes remain in the Nd@ZnS lattice, facilitating
a charge separation for the PCD of pollutants. It allows the GO
sheets' electrons to reduce the effluent molecules to their
reduced form and settle at the bottom (Fig. 4).

The holes of Nd@ZnS oxidize the water molecules to form
hydroxyl radicals (cOH), which react with the reduced dye
molecules, forming a degraded dye product.41 Nd:ZnS@GO
absorbs solar energy more efficiently and provides a high redox
potential to enable the PCD of OFDs. The GO plays an essential
role in PCD on account of charge separation, prevents holes
from rebounding, and provides a high surface area for photo-
chemical reactions. Nd:ZnS@GO has photodegraded the MB,
BBG, BBR, MO, and QHIn with 98, 98.7, 98.2, 97.6, and 98%F in
60, 100, 50, 120, and 40 min, respectively. The chemical struc-
ture of OFDs inuences the reactivity of dyes in the PCD
(Fig. S9†).
4.4. Reusability of regenerated Nd:ZnS@GO

The bare Nd:ZnS@GO and with reduced OFDs elucidate the
linkages and resultant structural state of dyes. The weight loss
and morphology together conrm the overall transitions or
structural modications of Nd:ZnS@GO aer PCD (Fig. S11 and
S12†). Aer complete degradation of OFDs, the residue infrared
:ZnS@GO (1 mg) under visible light.

RSC Adv., 2025, 15, 14620–14631 | 14627
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high heat-gaining capacity compared to the pristine
Nd:ZnS@GO nanotubes due to engaged functional sites. 26.55,
32.37, 20.59, and 20.40% weight loss at 94, 211, 388, and 700 °C,
respectively, for Nd:ZnS@GO inferred mass transitions of
lattices before and aer PCD. The weight loss before and aer
PCD elucidates the authenticity of the Nd:ZnS@GO lattice that
predict its maximum reusability (Fig. S11†). The PCD activities
Fig. 5 Photodegradation of (a) MB, (b) BBG, (c) BBR, (d) MO, and (e) QHI
the dark and in the presence of light.

14628 | RSC Adv., 2025, 15, 14620–14631
analysed with FT-IR of bare and reduced OFDs, where the
reduced OFDs indicate no characteristic stretching frequency
was observed aer PCD. The 5-times reusability of Nd:ZnS@GO
plays a crucial role in photocatalysis, enhancing adsorption and
PCD efficiencies with 99.8–45% yield. Aer PCD of OFDs, the
unaltered morphology and functional sites signify the integrity
of Nd:ZnS@GO (Fig. S12 and S13†).
n using regenerated Nd:ZnS@GO as the catalyst (f) and PCD kinetics in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.5. Plausible mechanism for antibiotic adsorption

The successful entrapment of antibiotics was thoroughly
conrmed by various instrumental analyses. The zeta potential
(x) of composite rapidly decreased due to electrostatic interac-
tion of adsorbate (Fig. S6i†). Moreover, p–p interaction and H-
bonding synergistically favored the multilayer adsorption of
antibiotic pollutants.49 The x of the adsorbent (−24.19 mV)
quickly went down to −20.83 mV aer TC adsorption and to
−13.22 mV aer OTC adsorption (Fig. 1f). Even aer high
ingurgitation of the targeted contaminants, the SEM studies
show no structural collapse and support similar morphologies.
The comparative EDX analysis before and aer the adsorption
process shows combined mapping of corresponding elements
from the nanotube adsorbent and adsorbates (TC and OTC)
(Fig. S6†). The physical and chemical attributes of the nanotube
adsorbent aer regeneration were also conrmed by several
analyses like FT-IR, P-XRD, SEM, HR-TEM, etc. Fig. S6b† shows
all stretching frequencies of the nanocomposite, supporting
high recovery. A similar P-XRD pattern showed structural
integrity and regenerated SEM and TEM images revealed the
structural robustness as no collapse was observed. Conclusively,
a series of experiments well established the bimetallic GO
nanotubes as a robust platform for promising capture of
antibiotics.

4.6. Plausible mechanism for PCD of OFDs

Adsorption of water-soluble OFDs increases with an increase in
hydrophobicity/hydrophilicity due to the wrapped 2D-GO of
Nd:ZnS@GO surfaces. The 2D-GO nanosheets have been coated
with B@ZnS lattice four to enhance the surface area for
maximum PCD. On exposure to sunlight, the valence band
electrons of Nd@ZnS get excited to the conduction band. The
2D-GO nanosheets have transferred the photogenerated hole
pairs at the interface of Nd@ZnS by resisting recombination.
Fig. 6 Plausible mechanism for the adsorption and photocatalytic degra

© 2025 The Author(s). Published by the Royal Society of Chemistry
The hole pairs occupying 2D-GO nanosheets and the conduc-
tion band of Nd@ZnS can form oxygen-based superoxide radi-
cals (O2c

−) (eqn (1.9)). The enhanced PCD activity of the
bimetallic nanocomposite was rstly conrmed from EPR
spectroscopy. Fig. S14† demonstrates an intense signal aer the
exposure to the visible light for 10 min and no signal was
observed under the dark condition, favourably corroborating
the electron hole pair generation under visible light irradiation
(Fig. S14†). On protonation, the O2c

− have produced the
hydroperoxyl radicals (HO2c

−) by generating the hydroxyl radi-
cals (OHc) (eqn (2.0)).

The hole pairs present in the valence band of Nd@ZnS acted
as an oxidizing agent for oxidizing OFDs.61 The holes also
reacted with adsorbed water molecules and oxygenated the
functional groups of 2D-GO nanosheets, producing the cOH
(eqn (2.1)). The hole pairs and cOH both interface the decient
sites of OFDs, resulting degradation via O2

− and OH− ions to
OFD molecules by reducing and decomposing the pollutants.15

The functional sites of OFDs before and aer reduction,
analyzed with FT-IR, have indicated eco-friendly byproduct
residue (Fig. S13†). The OFD molecules containing different
numbers of FGs have initiated different reactions, releasing
various intermediate products affecting PCD efficiency. The
MO, BBG, and BBR dyes possess powerful electron-withdrawing
sulfonic groups. The MO, BBG, and BBR dyes show almost the
same reactivity for oxidation by hydroxyl radicals.62 Also, the
QHIn and MB having hydroxyl and ketonic groups have
increased the resonance and, consequently, the PCD activities.
The sulfonic and hydroxyl groups of OFD molecules enabled
them to be more reactive in the PCD process (Fig. S9†). The MO
shows a milder PCD due to stronger azo and sulphonic groups
than the OFDs. The MO and BBG both underwent PCD in 120
and 100 min compared to the MB and BBR in 60 and 50 min,
respectively (Fig. 5). The hole pairs generated from Nd:ZnS@GO
dation of pollutants.

RSC Adv., 2025, 15, 14620–14631 | 14629
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have taken longer time with the stronger azo (–NN–) and one
SO

3

− of MO and BBG with two SO
3

− and a quaternary nitrogen
(N+–) that causing undesired electron-electron collisions by
delaying a PCD process. Thus, the azo-substituted dye is less
reactive than sulfonic-substituted dyes in PCD (Fig. S9†). A
schematic of the plausible mechanism for PCD of OFDs with
B:ZnS@GO is shown in Fig. 6.

Nd:ZnS@GO + hn / Nd@ZnS(h+) + 2D-GO(e−) (1.9)

O2 + 2D-GO(e−) / + O2c
− (2.0)

OH2 + Nd@ZnS(h+) / cOH (2.1)

O2c
− + H2O / HO2c + OH− (2.2)

2D-GO(e−) + HO2c + H+ / H2O2 (2.3)

2D-GO(e−) + H2O2 / cOH + OH− (2.4)

OH− + Nd@ZnS(h+) / Nd@ZnS + cOH (2.5)

5. Conclusion

A novel nanotubular architecture of graphene oxide (GO), doped
with neodymium–zinc sulde (Nd@ZnS) nanorods, was
synthesized to yield a highly functionalized adsorptive-
photocatalytic hybrid. The material exhibited exceptional anti-
biotic adsorption capacities of 960 mg g−1 for tetracycline and
1117.76 mg g−1 for oxytetracycline, governed by pseudo-rst-
order kinetics and best described by the Freundlich isotherm
model. The oxygenated surface functionalities and nanotubular
morphology facilitated selective and multilayer capture of
pollutants through hydrogen bonding, p–p stacking, and
cation–p interactions. Nd:ZnS@GO retained its adsorption
efficiency over ve regeneration cycles without signicant
performance loss. The physical and chemical properties of the
nanotube composite were thoroughly veried from a series of
experiments. The nanocomposite residue le aer saturated
adsorption–desorption cycles was further deployed for photo-
catalytic activity. Owing to their semiconducting nature, the
residual nanotubes were able to achieve robust photocatalytic
degradation of multiple organic dyes, including methylene
blue, brilliant blue-green, brilliant blue-red, methyl orange,
phenolphthalein, and both tetracycline derivatives, achieving
quantum yields exceeding 90–99%.
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