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AbstractThe presence of antibiotics in aquatic environments poses significant environmental and health risks, requiring advanced treatmentstrategies for their removal. In this study, we report the straightforward hydrothermal synthesis of high surface area ortho-Nb2O5and its dual role as both an adsorbent and photocatalyst for the removal of tetracycline (TC) from wastewater. The structural andmorphological properties of ortho-Nb2O5 were systematically investigated using XRD, FTIR, FESEM-EDS, and BET surface areaanalysis. The ortho-Nb2O5 synthesized at 72 hours (Nb2O5_72) exhibited a high BET surface area of 242.42 m2/g, mesoporosity, anda bandgap of 3.28 eV, enabling efficient UV-driven photocatalysis. Adsorption studies revealed a high TC removal capacity of 32mg/g at equilibrium. Under UV irradiation, ortho-Nb2O5 achieved significant photocatalytic degradation of TC.
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1. INTRODUCTION

The extensive use of antibiotics in human and veterinary medici
ne has led to their widespread occurrence in various environ-
mental compartments (Serwecińska, 2020; Almansour et al.,
2021; Mishra et al., 2025; Thakur et al., 2025) . Among these,
tetracyclines (TC) represent one of the most frequently de-
tected classes due to their broad-spectrum efficacy and persis-
tence (Almansour et al., 2021) . However, their environmen-
tal presence has raised significant concerns regarding public
and ecological health. One of the most critical implications is
the promotion of antibiotic-resistant bacteria (Hamdan et al.,
2024) . TC, even at subinhibitory concentrations, can exert se-
lective pressure that promotes the emergence and propagation
of resistance genes. This phenomenon not only undermines
the efficacy of existing antimicrobial therapies but also poses a
substantial risk to global public health (Haseeb et al., 2023) .

Beyond resistance, tetracycline can disrupt native micro-
bial communities in soil and aquatic environments, impairing
vital ecological processes such as soil respiration and nitrifi-
cation (Filliping et al., 2008) . These disruptions can cascade
through ecosystems, affecting nutrient cycling and biodiversity.
Moreover, tetracycline has been associated with adverse effect

on aquatic and terrestrial organisms, including endocrine dis-
ruption and other toxicological response (Daghrir and Drogui,
2013). The persistence of tetracycline is exacerbated by their
chemical stability and resistance to biodegradation. With a
reported half-life of approximately 500 days in soil, these com-
pounds can accumulate over time, leading to long term con-
tamination (Antos et al., 2024) .

Conventional wastewater treatment systems are often inad-
equate for their removal, resulting in their continued release
in the environment thought effluents form pharmaceutical in-
dustries, municipal sewage, and agricultural runoff (Nie et al.,
2024) . Therefore, several advanced treatment technologies
are being investigated to mitigate TC contamination (Rivera-
Utrilla et al., 2018) . Methods such as advanced oxidation pro-
cesses (AOPs), adsorption technique, and photocatalytic degra-
dation have demonstrated potential in laboratory-scale studies
(Koundle et al., 2024) . However, these technologies require
further development and optimization to ensure effectiveness
and economic viability at industrial scales.

The presence of antibiotics in aquatic environments poses
serious environmental and health risks, particularly due to their
persistence and contribution to antibiotic resistance (Asif et al.,
2024; Ni et al., 2024; Yao et al., 2024) . Tetracycline (TC),
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an antibiotic commonly used in both medical and veterinary
applications, is frequently found in wastewater environments
(Asif et al., 2024) . TC is resistant to biodegradation, making
it persistent in the environment and difficult to remove using
conventional wastewater treatment systems, which leads to its
accumulation in soil and water. Moreover, one of the most
critical impacts of its presence is the promotion of antibiotic-
resistant bacteria, which poses a significant threat to public
health. Unfortunately, conventional water treatment meth-
ods often fail to completely remove TC, making it necessary
to explore advanced degradation strategies (Yao et al., 2024) .
Among the commonly used methods (Taher et al., 2021a) ,
photocatalysis has emerged as an effective and sustainable solu-
tion for wastewater treatment, as it can address complex and
persistent organic contaminants (Saadati et al., 2016; Leong
et al., 2022) .

Recently, niobium pentoxide (Nb2O5) has emerged as a
promising photocatalytic material due to its moderate bandgap
( 3.2 eV), high stability, and acid-functional surface (Ahmad
et al., 2024) . A distinct structural variant, known as ortho-
Nb2O5, features a deformed orthorhombic crystalline struc-
ture composed of NbO6 octahedra and Nb6O21 pentagonal
units forming microporous, nano-rod-shaped architectures.
This material, hydrothermally synthesized from ammonium
niobium oxalate, exhibits an exceptionally high surface area,
abundant Brønsted and Lewis acid sites, and a unique combi-
nation of adsorption and photocatalytic properties (Nakajima
et al., 2017) . Our previous study demonstrated its bifunctional
role as an efficient adsorbent and UV-active photocatalyst for
methylene blue (MB) removal, with adsorption capacities ex-
ceeding 75 mg/g and complete photocatalytic regeneration
under UV light (Taher et al., 2021b) . However, its potential ap-
plication in degrading more structurally complex and persistent
pharmaceutical pollutants such as tetracycline (TC) has not yet
been explored. Given its strong surface acidity, ion-exchange
capability, and reusability, ortho-Nb2O5 represents a novel, un-
derutilized photocatalyst platform for the mineralization of
recalcitrant antibiotic residues in water environments.

In this work, we report the simple hydrothermal synthesis
of ortho-Nb2O5 using ammonium niobium oxalate as a pre-
cursor and evaluate its bifunctional role as an adsorbent and
photocatalyst for removing tetracycline from wastewater (Taher
et al., 2021b) . We systematically investigate the impact of syn-
thesis conditions on the material’s properties. We assessed the
adsorption and photocatalytic performance to provide insights
into Nb2O5’s dual functionality in antibiotic removal. This
study aims to establish Nb2O5 as a viable material for remov-
ing emerging contaminants from wastewater, contributing to
the advancement of sustainable water treatment technologies.

2. EXPERIMENTAL SECTION

2.1 Materials
Ammonium niobium oxalate hydrate (NH4[Nb(O)(C2O4) 2(H2
O) 2]·nH2O) was purchased from Sigma-Aldrich (Germany)
and used as the niobium precursor without further purification.

Tetracycline hydrochloride (TC) was obtained from Merck
(Germany) and used as the target pollutant in adsorption and
photocatalytic experiments. All other chemicals were of ana-
lytical grade and used as received. Deionized (DI) water was
used throughout all synthesis and experimental procedures.

2.2 Hydrothermal Synthesis ofOrtho-Nb2O5
The Nb2O5 was synthesized using the hydrothermal method
described in previous literature (Nakajima et al., 2017) . In brief,
six mmol of ammonium niobium oxalate hydrate (NH4[Nb(O)
(C2O4) 2(H2O) 2]·nH2O), Sigma-Aldrich, Germany) was dis-
solved in 40 mL of deionized water under vigorous stirring.
The solution was then transferred to a Teflon-lined stainless-
steel autoclave (100 mL capacity), which was heated at 175◦C
for a predetermined reaction time (24 – 72 hours). After cool-
ing to room temperature, the resulting solid was filtered, washed
several times with DI water, and dried overnight at 80◦C.The
obtained materials was labelled as Nb2O5_X, where X refers
to the hydrothermal time.

2.3 Materials Characterization
The phase composition and crystallinity of the synthesized
ortho-Nb2O5 were examined using X-ray diffraction (XRD)
(Rigaku Smartlab and Cu-K𝛼 radiation). Functional groups
and surface chemistry were analyzed using FTIR (Shimadzu IR
Spirit-X, Japan). Morphological and elemental characteristics
were investigated through field-emission scanning electron mi-
croscopy (FESEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS). Specific surface area, pore volume, and pore
size distribution were determined using nitrogen adsorption-
desorption isotherms based on the BET method with a Mi-
cromeritics ASAP 2020. Optical properties were assessed via
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) using
a Shimadzu UV-2600, and the band gap energy was estimated
through Tauc plot analysis.

2.4 Photocatalytic Degradation of Tetracycline
A custom photoreactor equipped with a UV lamp was used
for adsorption and degradation studies. Photocatalytic experi-
ments involved 100 mL of a tetracycline solution (10 mg/L)
containing 0.1 g of Nb2O5 catalyst. The suspension was stirred
magnetically in the dark for predetermined times to achieve
adsorption-desorption equilibrium and was then exposed to UV
light for up to 120 minutes. Aliquots were regularly withdrawn,
filtered, and analyzed. The concentration of tetracycline in
the solutions was measured using a UV-Vis spectrophotometer
(Shimadzu UV-2600) at its maximum absorbance wavelength
of 357 nm.

3. RESULTS AND DISCUSSION

3.1 Materials characterization
The phase composition and crystallinity of the synthesized or-
tho-Nb2O5 samples were evaluated by X-ray diffraction (XRD),
and the results are shown in Figure 1a. All samples exhibit dis-
tinct diffraction peaks that match well with the orthorhombic
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Figure 1. XRD Pattern (A), Crystallite Size Variation (B), FTIR Spectra (C), and SEM Images (D-F) of Nb2O5 Synthesized at
Different Durations (24, 48, and 72 h)

Nb2O5 phase (JCPDS No. 30-0873) (Nakajima et al., 2017) ,
indicating successful formation of the desired crystalline struc-
ture. The absence of impurity peaks further suggests high
phase purity across all samples.

Prominent reflections at 2𝜃 ≈ 22.7◦ and 45.2◦, correspond-
ing to the (001) and (002) planes, respectively, are associated
with the layered stacking along the c-axis of the orthorhombic
structure (Rianjanu et al., 2024b) . These planes are known to
be indicative of the development of long-range order within the
Nb2O5 lattice. As the hydrothermal synthesis time increases,
the diffraction peaks become progressively sharper and more
intense, reflecting an increase in crystallite size and overall
structural ordering.

The average crystallite size of the ortho-Nb2O5 samples was
estimated using the Scherrer equation based on the FWHM of
the dominant (001) reflection, as shown in Figure 1b. A slight
but consistent reduction in crystallite size was observed with
increasing hydrothermal treatment time, suggesting a progres-
sive refinement of crystalline domains. This trend may reflect
the interplay between nucleation and growth kinetics under
hydrothermal conditions, where extended durations promote
the formation of more uniform and well-faceted crystallites.

Interestingly, the reduction in crystallite size with prolonged
synthesis time can be correlated with enhanced surface area
and a higher density of surface-active sites, both of which are
favorable for catalytic applications. Smaller crystallite dimen-
sions also shorten the diffusion path lengths for charge carriers,
which can help suppress bulk recombination processes and

improve photocatalytic efficiency (Wang et al., 2013) . This
observation aligns with previous reports that underscore the
role of nanostructural control in optimizing the physicochem-
ical properties of Nb2O5-based materials for photocatalytic
and adsorption applications (Santos et al., 2021; Taher et al.,
2021b; Ahmad et al., 2024) .

The FTIR spectra (Figure 1c) display characteristic vibra-
tional modes associated with Nb–O stretching, typically ob-
served in the range of 800–1000 cm-1, confirming the for-
mation of Nb2O5 frameworks (Taher et al., 2021b) . Broad
absorption around 3400 cm-1 and a band near 1630 cm-1 are
attributed to O–H stretching and bending vibrations, indica-
tive of surface hydroxyl groups and adsorbed water. These
hydroxyl species are known to influence surface reactivity and
facilitate charge carrier trapping during photocatalysis. Subtle
shifts in peak positions and intensities among the samples imply
changes in the local bonding environment, likely induced by
variations in crystallinity and surface hydroxylation resulting
from different hydrothermal treatment durations.

The surface morphology of the synthesized ortho-Nb2O5
samples, observed via SEM (Figures 1d–f), reveals notable
changes as a function of hydrothermal treatment time. The
Nb2O5_24h sample displays irregularly shaped and loosely
aggregated particles, indicative of incomplete crystal growth
and limited particle fusion at shorter synthesis durations. In
contrast, the Nb2O5_48h sample exhibits more defined and
granular morphologies with visible textural porosity, suggest-
ing improved nucleation and particle coalescence. At an ex-
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Figure 2. Surface Morphology and Elemental Composition of Nb2O5_72h Sample. (A) FESEM Image at 6,000× Magnification
Showing Aggregated Particle Clusters. (B) Elemental Mapping Confirming the Homogeneous Distribution of Niobium (Nb),
Oxygen (O), and Trace Nitrogen (N) Across the Sample Surface. (C) EDS Spectrum Indicating the Presence of Nb and O with
No Detectable Impurities. (D–F) High-Magnification FESEM Images at 18,000×, 50,000×, And 100,000×, Respectively,
Revealing Fibrous and Rod-Like Nanostructures with High Surface Roughness and Interparticle Porosity

tended duration of 72 hours, the Nb2O5_72h sample shows
pronounced particle growth, with smoother surfaces and denser
agglomeration, reflecting advanced crystal maturation and re-
duced surface defects.

This morphological evolution-shifting from loosely aggre-
gated domains to more compact and interconnected particle
networks-can significantly influence the surface area, pore struc-
ture, and interfacial contact with target molecules. Such fea-
tures are particularly important for photocatalytic and adsorp-
tive applications, where mass transfer and active site accessi-
bility are critical. Given these observations, further analysis
will focus on the Nb2O5_72h sample, which combines im-
proved crystallinity and well-developed morphology, making
it a promising candidate for advanced photocatalytic perfor-
mance.

The surface morphology of the Nb2O5_72h sample was
further examined using field emission scanning electron mi-
croscopy (FESEM) at various magnifications (Figures 2a, d–f).
At lower magnification (6,000×, Figure 2a), the material ap-

pears as large, dense aggregates composed of interconnected
nanoscale particles. Higher-magnification images (18,000×
to 100,000×; Figures 3d–f) reveal a more detailed fibrous or
rod-like morphology with well-developed surface texture and
significant interparticle voids (Rianjanu et al., 2024a) . The
observed anisotropic nanostructures may facilitate improved
surface area and enhance photocatalytic performance by pro-
moting charge separation and providing more active sites for
surface reactions.

Elemental mapping via energy-dispersive X-ray spectrosco
py (EDS) confirms the homogeneous distribution of niobium
(Nb) and oxygen (O) throughout the sample, with no signs of
elemental segregation (Figure 2b). A minor signal for nitrogen
(N) is also observed, possibly arising from residual precursors
or environmental adsorption during sample handling. The
corresponding EDS spectrum (Figure 2c) shows two dominant
peaks at ∼2.16 keV and ∼0.52 keV, corresponding to Nb and O,
respectively, further confirming the high purity of the Nb2O5
phase. The fibrous rod-like morphology, combined with uni-
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Figure 3. Textural and Optical Properties of Nb2O5_72h Sample. (A) Nitrogen Adsorption–Desorption Isotherm Showing A
Type IV Hysteresis Loop, Characteristic of Mesoporous Structures. The Specific Surface Area Was Determined To Be 242.432
M2 G-1 Based on BET Analysis. Inset: BJH Pore Size Distribution Showing Predominant Mesopores Centered Around 10–15
Nm. (B) Tauc Plot Derived from UV–Vis Diffuse Reflectance Spectra Used to Estimate the Optical Band Gap. The
Extrapolated Linear Region Indicates A Band Gap Energy (Eg) Of 3.28 Ev. Inset: Corresponding UV–Vis DRS Spectrum

form elemental distribution and high crystallinity, suggests that
the Nb2O5_72h sample has matured into a structurally ro-
bust and compositionally homogeneous material (Taher et al.,
2021b) . These features are expected to contribute positively
to its performance in photocatalytic or adsorption-based envi-
ronmental applications

The specific surface area and porosity characteristics of the
Nb2O5_72h sample were investigated using nitrogen adsorpti
on-desorption isotherms, as shown in Figure 3. The isotherm
profile exhibits a typical type IV curve with a hysteresis loop
in the relative pressure range of 0.4 – 0.9, indicative of meso-
porous structures (Kouznetsova et al., 2019) . The Brunauer-
Emmet-Telle (BET) analysis reveals a high surface area of
242.43 m2/g, which is significantly larger than those of con-
ventional Nb2O5 materials reported in the literature ((Athar
et al., 2012; Huang et al., 2016) . The Barett-Joyner-Halenda
(BJH) pore size distribution (inset) shows a predominant meso-
pores range centered around 10 – 15 nm, which is favorable
for molecular diffusion and enhanced photocatalytic activity.

The optical properties of Nb2O5_72h sample were further
examined by UV-Vis diffuse reflectance spectroscopy (DRS),
and the band gap energy (Eg) was estimated using the Tauc plot
method. (Figure 4b). The absorption edge appears near 380
nm, and the extrapolation of the linear region of the (F(R)hv)
0.5 plot yield an optical band gap of 3.28 eV. This value is
consistent with that orthorhombic Nb2O5 and confirms its
intrinsic semiconducting nature (Taher et al., 2021b) . Although
the band gap lies within the UV range, the high surface area
and mesoporosity may synergistically enhance light absorption,
charge carrier separation, and surface reactions kinetics.

Table 1. Comparison of Adsorption Capacities of Various Ma-
terials Reported in Literature for Tetracycline (TC) Removal

Materials
Adsorption

capacity (mg/g)
References

N-doped TiO2 27.82
(Zou et al.,

2018)
MIL-125(Ti) 41.4 (Dai et al., 2025)

TP207 5.039
(Gong et al.,

2022)
Orthorhombic

Nb2O5
32.3 This work

3.2 Adsorption and Photocatalytic Activity
Figure 4a illustrates the effectiveness of ortho-Nb2O5 in remov-
ing tetracycline (TC) under both dark conditions (adsorption)
and ultraviolet (UV) irradiation (photocatalysis). The results
indicate that ortho-Nb2O5 exhibits significant adsorption prop-
erties and notable photocatalytic activity. This performance
surpasses several previously reported multifunctional materials
that exhibit both adsorption and photocatalytic activity. A com-
parison of adsorption capacities from related studies is summa-
rized in Table 1, highlighting the competitive efficiency of the
synthesized ortho-Nb2O5 in removing tetracycline from aque-
ous environments. Based on the obtained kinetic modeling
(Figures 4b-d), it followed the pseudo-second-order model (Ri-
anjanu et al., 2024b) . This suggests that the adsorption process
was chemically controlled through surface interactions rather
than simply physical sorption. After reaching the equilibrium
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Figure 4. Adsorption and Photocatalytic Degradation of Tetracycline Using Nb2O5. (A) Effect of Contact Time Under Dark
(Adsorption) and UV Irradiation (Photocatalysis). (B) Pseudo-First Order (PFO) Kinetic Model for Adsorption. (C)
Pseudo-Second Order (PSO) Kinetic Model for Adsorption. (D) Langmuir-Hinshelwood Kinetic Model for Photocatalytic
Degradation

removal capacity under dark conditions (75 min), additional
removal capacity was achieved when the reactor was irradiated
with UV light, reaching 48 mg/g within 180 minutes. Pseudo-
first-order kinetics modeling was applied to the obtained data,
indicating a good fit (Figure 4e).

The further photocatalytic degradation of TC over ortho-
Nb2O5 was investigated at various initial concentrations (10,
15, 20, and 25 mg/L) to assess the impact of pollutant loading
on degradation efficiency. As shown in Figure 4f, the photo-
catalytic degradation efficiency decreases as TC concentration

increases. This trend can be attributed to the greater availabil-
ity of active sites and lower molecular competition at reduced
TC concentrations, which facilitates more effective interactions
between the pollutant and the catalyst surface (Taher et al.,
2021b) .

Upon UV light irradiation, the ortho-Nb2O5 photocata-
lyst is activated by absorbing photons with energy equal to or
greater than its band gap (∼3.28 eV), leading to the excitation
of electrons (e-) from the valence band to the conduction band
and the simultaneous formation of holes (h+) in the valence
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band. These charge carriers subsequently participate in redox
reactions where the photogenerated holes can directly oxidize
tetracycline molecules or react with surface-adsorbed water to
generate highly reactive hydroxyl radicals (•OH). Meanwhile,
the excited electrons reduce dissolved oxygen molecules to
form Superoxide radicals (•O2

–). Both •OH and •O2
– are

key reactive oxidative species (ROS) that contribute to the
degradation of TC into less harmful intermediates or complete
mineralization products. This proposed mechanism is con-
sistent with previous findings on Nb2O5-based photocatalysts
(Rianjanu et al., 2024a) .

4. CONCLUSIONS

This study demonstrates the potential of hydrothermally syn-
thesized ortho-Nb2O5 as a bifunctional material for tetracycline
removal through adsorption and photocatalysis. The optimized
ortho-Nb2O5 exhibited a high surface area, mesoporosity, and
a suitable band gap (3.28 eV), enabling efficient UV-driven
photocatalysis. Adsorption studies followed pseudo-second-
order kinetics, suggesting chemisorption, while photocatalytic
degradation was well-fitted to a pseudo-first-order model. The
material’s dual functionality makes it a promising candidate for
sustainable wastewater treatment applications.
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