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ABSTRACT

The development of effective photocatalysts for multi-pollutant wastewater remediation
remains a significant environmental concern. In this study, Nb-doped ZnO photocatalysts
with different Nb concentrations (0-6%) were synthesized using a hydrothermal process to
systematically examine the influence of dopant concentration on materials characteristics
and photocatalytic performance. According to X-ray diffraction analysis Nb incorporation
preserved the hexagonal wurtzite ZnO structure with only slight lattice parameter changes,
suggesting limited substitutional doping. Morphological observations showed that mod-
erate Nb doping slightly enhanced particle structure and reduced agglomeration. The
photocatalytic activity was evaluated through the degradation of ciprofloxacin (CIP) and
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methylene blue (MB) under UV irradiation, both in single and mixed pollutant systems. In

single systems, the catalysts achieved high degradation efficiencies of up to 93.09% for CIP

and 92.03% for MB after 120 min. In the mixed system, the efficiencies slightly decreased due to competitive interactions, reaching up to 87.57%
(CIP) and 84.08% (MB). Kinetic analysis indicates pseudo-first-order behavior, with apparent rate constants (k) of approximately 0.0218 min~—"
(CIP) and 0.0199 min—" (MB) for the optimally doped Nb4-ZnO sample, which are comparable to those of pristine ZnO. The findings highlight
the critical role of dopant concentration in tailoring structural and electronic properties, providing valuable insights into Nb-dopant optimization
strategies for efficient multi-pollutant photocatalytic wastewater remediation.
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1. INTRODUCTION

The rapid development of industrial activities is causing the
continuous release of multi pollutants into aquatic environ-
ments, which causes great threats to both ecosystem and
human health. In the pharmaceutical industry, ciprofloxacin
(CIP) antibiotics are known as a micropollutant which ex-
ists in aquatic environments in the range of 150 pg/L to 21
mg/L [1,2]. In CIP, piperazinyl (-NH;) and quinolone (-O-
CHs, -O-CHF,) functional groups are present, which makes it
hazardous to the aquatic ecosystem [3]. Another most found
pollutant is methylene blue (MB), which is a frequently used
dye in the textile and paper industries. MB exhibits high
chemical stability and strong resistance to biodegradation,
making it difficult to remove through conventional treatment
methods [4,5]. These industries are among the major con-
tributors to dye-containing effluents, with textile and leather
sectors alone accounting for approximately 17-20% of global
water pollution, as reported by the World Bank. MB exhibits
high chemical stability and strong resistance to biodegrada-
tion, making it difficult to remove through conventional treat-
ment methods [6,7]. The coexistence of such pharmaceuticals
and dyes highlights the urgency of developing efficient and
sustainable strategies for the remediation of multi-pollutant
wastewater.

Several approaches have been explored for the treatment
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of MB- and CIP-contaminated water, including coagulation-
flocculation, membrane separation, adsorption, and ad-
vanced oxidation processes (AOPs) [8,9,10,11]. Nevertheless,
these conventional methods often exhibit limited efficiency
in completely removing persistent pollutant molecules and
may involve secondary pollution or high operational costs
[9,10,11]. However, advanced oxidation processes have at-
tracted increasing interest, among which photocatalytic ox-
idation stands out as an effective AOP due to its ability to
generate highly reactive oxidative species, enabling the deep
degradation and mineralization of the multi-pollutant com-
ponents under light irradiation [8].

Semiconductor-based photocatalysis has emerged as a
promising method for breaking down pollutants, as it is able
to mineralize the toxic compounds under light exposure with-
out producing harmful byproducts [1]. Among these ma-
terials, zinc oxide (ZnO) stands out as a widely researched
photocatalyst due to its affordability, safety, high photosensi-
tivity, and strong oxidation potential. Yet its broad band gap
and quick recombination of light-induced electrons and holes
greatly restrict its photocatalytic performance. Thus, simple
and rational modification of ZnO is essential to overcome
these intrinsic limitations and improve its photocatalytic per-
formance [2,5,12,13].

Recently, elemental doping has been widely employed
as an effective strategy to address the limitations of ZnO by
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Figure 1. X-ray diffraction (XRD) patterns of niobium (Nb)-doped zinc oxide (ZnO). (a) Full XRD spectra showing pure ZnO and
Nb-doped samples (Nb2-ZnO, Nb4-ZnO, Nb6-ZnO) compared with the standard ZnO reference pattern (PDF#36-1451). (b)
Magnified view of the main diffraction peak showing peak shift with Nb doping concentration.

altering its electronic structure and defect sites [14,15,16,17].
Niobium (Nb) stands out as a dopant due to its higher va-
lence state (Nb°*) compared to Zn%*, which creates donor
levels and boosts charge carrier density [18,19]. Embedding
Nb in the ZnO lattice should improve the crystal structure,
optical traits, and charge dynamics, ultimately boosting pho-
tocatalysis. However, excessive dopant incorporation may
also act as recombination traps, leading to a decline in pho-
tocatalytic activity. Therefore, tuning the concentration is
crucial to enhance photocatalytic performance [13,18,19,20].

Hydrothermal synthesis provides a versatile and control-
lable approach in fabricating doped ZnO materials under
relatively mild conditions with well-defined morphology, in-
creased crystallinity, and uniform distribution of dopant parti-
cles [21]. Despite several previous studies on Nb-doped ZnO
photocatalysts, a systematic study focusing on the role of Nb
dopant concentration in tailoring the structural and photocat-
alytic properties of hydrothermally synthesized ZnO remains
limited. In particular, the correlation between dopant con-
centration, structural evolution, and photocatalytic activity
remains insufficiently understood.

Herein, Nb-doped ZnO nanoparticles were synthesized
using the hydrothermal method. By varying the Nb concen-
trations, the changes of their structural and optical properties
due to the Nb influences were comprehensively investigated.
To demonstrate their potential for broad-spectrum pollutant
removal, the as-synthesized photocatalysts were assessed
through the photocatalytic degradation of multi-pollutant,
including ciprofloxacin (CIP) and methylene blue (MB). A
comprehensive analysis of the role of Nb dopant on structural
characteristics and photocatalytic performance of ZnO pro-
vides valuable insights about dopant optimization strategies
for achieving efficient multi-pollutant removal.

2. MATERIALS AND METHODS

2.1 Materials

Zinc nitrate hexahydrate (Zn(NOs),-6Hp0O, 98%, Sigma-
Aldrich) was used as the zinc precursor. Polyvinylpyrroli-
done (PVP) and urea (Sigma-Aldrich) were employed as a
surfactant and precipitating agent, respectively. Ammonium
niobate(V) oxalate hydrate (99%, Sigma-Aldrich) was used
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as the Nb dopant source. Ciprofloxacin (CIP) and methylene
blue served as multi-pollutant model for photocatalytic eval-
uation. All chemicals were used as received without further
purification.

2.2 Synthesis of Nb-ZnO nanophotocatalysts

Nb-doped ZnO (Nb-ZnO) materials were synthesized via a
hydrothermal method with Nb doping ratios of 0, 2, 4, and 6%
(refer to molar ratio of Nb relative to Zn). For all samples, zinc
nitrate hexahydrate (Zn(NOj3),-6H,0) was used as the Zn
precursor with a constant mass of 2.380 g. Urea (CO(NHy),)
and polyvinylpyrrolidone (PVP, (C4H9NO),) were added as
the precipitating agent and surfactant, respectively. Ammo-
nium niobate(V) oxalate hydrate (C4H4NNbOg-4H,0) served
as the Nb dopant source, with masses of 0, 0.06, 0.12, and
0.18 g corresponding to Nb ratios of 0, 2, 4, and 6% (denoted
as ZnO, Nb2-ZnO, Nb4-ZnO, and Nb6-ZnO). The ZnO pre-
cursor solution was prepared by dissolving Zn(NOs),-6H,0,
urea, and PVP in 35 mL of deionized water and stirring for
20 min until homogeneous. The Nb precursor was separately
dissolved in 35 mL of deionized water and stirred for 20 min.
The Nb-containing solution was then slowly added to the
ZnO precursor solution according to the desired Nb ratio un-
der continuous stirring to avoid agglomeration. The resulting
mixture was transferred into a Teflon-lined autoclave and
subjected to hydrothermal treatment at 175 °C for 24 h. After
cooling, the product was collected by vacuum filtration, dried
at 100 °C for 6 h, and calcined at 600 °C for 2 h with a heat-
ing rate of 3 °C min~! to obtain Nb-ZnO nanophotocatalyst
powder.

2.3 Materials characterization

The crystalline structure of the synthesized samples was ana-
lyzed using X-ray diffraction (XRD) on a Rigaku SmartLab
SE Basic diffractometer equipped with Cu Ka radiation (A =
1.5406 A). The diffraction patterns were recorded over a 20
range of 10° to 80° with a scanning rate of 2°/min. The aver-
age crystallite size was estimated using the Scherrer equation.
The surface morphology and elemental composition of the
samples were examined using scanning electron microscopy
(SEM-EDS) on a JEOL JSM-6510 microscope.
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Figure 2. Scanning electron microscopy (SEM) images pure and niobium (Nb)-doped zinc oxide (ZnO) nanostructures. (a)
Pure ZnO, (b) Nb2-ZnO, (c) Nb4-ZnO, and (d) Nb6-ZnO at two different magnifications (top row: 3000, scale bar = 5 pm;
bottom row: 10000 %, scale bar = 1 pm) showing the morphological changes with increasing Nb doping concentration.

2.4 Photocatalytic dye degradation measurements

The photocatalytic performance of the synthesized Nb-doped
ZnO samples was investigated by monitoring the degrada-
tion of Ciprofloxacin (CIP, an antibiotics), methylene blue
(MB, a cationic dye) and a mix CIP-MB solution under UV
light irradiation. In each experiment, 50 mg of photocatalyst
was dispersed in 100 mL of an aqueous pollutant solution
with an initial concentration of 5 mg L~1. The suspension
was continuously stirred during UV exposure to maintain
uniform dispersion. Photocatalytic experiments were carried
out using four 10 W Philips TUV lamps (A ~ 254 nm) to pro-
vide uniform irradiation. At 30 min intervals, 3.5 mL aliquots
were collected and immediately filtered using syringe filters
to remove catalyst particles. The residual pollutant concen-
tration was determined by measuring the absorbance of the
filtrate at 664 nm using a Shimadzu UV-1280 UV-Vis spec-
trophotometer.

3. RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns presented in Figure
1a confirm that all synthesized samples exhibit a hexagonal
wurtzite crystal structure corresponding to zinc oxide (ZnO),
as evidenced by the excellent match with the standard refer-
ence pattern (PDF#36-1451). No additional peaks associated
with crystalline niobium (Nb) oxide phases or other impuri-
ties were detected across all doping concentrations (Nb2-ZnO,
Nb4-ZnO, and Nb6-ZnO), indicating that the wurtzite struc-
ture is preserved regardless of Nb content.

The magnified view of the (101) diffraction peak in Fig-
ure 1b reveals a small shift toward lower 26 values upon the
introduction of Nb. The pure ZnO sample exhibits the (101)
peak at 26 = 36.287°, while the Nb-containing samples show
peak positions at 36.259°, 36.260°, and 36.261° for Nb2-ZnO,

© 2026 The Authors | CC-BY 4.0 @ ®

Table 1. Crystallographic parameters and reliability factors
of pure and niobium (Nb)-doped zinc oxide (ZnO) samples
obtained from Rietveld refinement of X-ray diffraction (XRD)
data.

ZnO crystallographic Reliability
Sample parameters factors
a(A) cA)  Rep Reyp X GoF
ZnO 0.325062 0.520856  9.09 8.16 1.2409 1.1140

Nb2-ZnO  0.325078
Nb4-ZnO  0.325094
Nb6-ZnO  0.325075

0.520964 891 7.83 12949 1.1379
0.521021 9.19 7.89 13567 1.1648
0.520908 9.31 829 1.2612 1.1230

Nb4-ZnO, and Nb6-ZnO, respectively. According to Bragg's
law, a shift to lower 26 corresponds to a slight increase in
interplanar d-spacing. However, the nearly identical peak po-
sitions across all three Nb concentrations despite a threefold
increase in Nb content from Nb2 to Nb6, suggest that this
shift does not follow a systematic, concentration-dependent
trend as would be expected for progressive substitutional
doping. This behavior may indicate that only a highly limited
amount of Nb is incorporated into the ZnO lattice, with a
significant fraction of Nb is not incorporated into ZnO possi-
bly residing as amorphous niobium oxide on the surface or
segregated at grain boundaries, which would remain unde-
tectable by XRD. The significant charge mismatch between
Nb>* and Zn?* further supports this interpretation, as direct
substitution would require extensive charge compensation
mechanisms, making large-scale incorporation energetically
unfavorable.

The crystallographic parameters obtained from Rietveld
refinement, summarized in Table 1, show only minor varia-
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Figure 3. Time-dependent UV-Vis absorbance spectra of ciprofloxacin (CIP) recorded under UV irradiation in the presence of (a)

ZnO, (b) Nb2-ZnO, (c) Nb4-ZnO, and (d) Nb6-ZnO. The photocatalytic degradation performance of ZnO and Nb-doped ZnO

samples, (e) degradation profiles of CIP concentration over time, (f) pseudo-first-order kinetic fitting plots, and (g) kinetic rate
constants normalized to mass of catalysts.

tions in the a and c lattice parameters across all samples, con-
sistent with the limited peak shift observed. The goodness-of-
fit (GoF) values close to unity and low chi-square (x?) values
across all samples confirm the reliability of the refined struc-
tural data and the adequacy of the hexagonal wurtzite model
for describing both pure and Nb-containing ZnO.

The SEM images (Figure 2) show that Nb doping clearly
affects the shape of ZnO particles. Undoped ZnO with high
surface energy is characterized by large, irregular agglomer-
ates made of closely spaced particles, as seen in pristine ZnO
(Figure 2a) [14]. The introduction of Nb at low to moderate
concentrations (Nb2-ZnO and Nb4-ZnO) stimulated the loss
of agglomerates and generated the homogeneous structure
as shown in Figure 2b-c, while the particle surfaces seem
finer and more porous. Furthermore, Nb4-ZnO in Figure 2d
shows the relatively more uniform morphology shape, show-
ing the Nb inclusion efficiently restricts grain development
and promotes the production of smaller particles. This mor-
phological refinement shows a strong relationship between
dopant concentration, and microstructural alterations.

The morphology collapses at greater Nb concentration
(Nb6-ZnO), as shown by the production of irregular and
dense agglomerates. Lattice distortion or dopant segregation
is caused by excessive Nb incorporation, which surpasses
the solubility limit of Nb in the ZnO lattice. These actions
promote particle coalescence and raise surface energy, which
causes re-agglomeration. These findings imply that there may

© 2026 The Authors | CC-BY 4.0 @ ®

be an ideal concentration of Nb at which grain development
is successfully suppressed without causing phase separation
or structural instability. As a result, Nb4-ZnO is the most
advantageous composition for attaining improved surface
properties and controlled microstructure, both of which are
essential for photocatalysis applications. The reduction ag-
glomeration in Nb4-ZnO promote high surface area, may
contribute to improved accessibility of active sites, although
photocatalytic performance is also strongly governed by elec-
tronic effects [22].

Figure 3 depicts the degradation behavior of
Ciprofloxacin (CIP) photocatalytic over pure ZnO and
Nb-doped ZnO catalysts under UV irradiation. The typical
UV-Vis absorption peaks of CIP progressively diminish
with longer irradiation times, as illustrated in Figures 3a-d,
demonstrating the efficient photocatalytic breakdown of
CIP. Compared to pristine ZnO, the Nb-doped samples
exhibit a comparative reduction in absorbance intensity,
suggesting a relatively low enhancement in photocatalytic
activity upon Nb incorporation. The temporal evolution of
CIP concentration (C/Cy), presented in Figure 3e, shows a
continuous decline for all samples throughout the irradiation
period. Although Nb-doped ZnO demonstrates comparable
or slightly improved degradation behavior relative to
undoped ZnO, the differences among the samples are not
pronounced.

Figure 3f displays the kinetic analysis of the degradation
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Figure 4. Time-dependent UV-Vis absorbance spectra of methylene blue (MB) recorded under UV irradiation using (a) ZnO, (b)
Nb2-ZnO, (c) Nb4-ZnO, and (d) Nb6-ZnO photocatalyst. The photocatalytic degradation performance of ZnO and Nb-doped
ZnO samples, (e) the profiles of concentration decay, (f) pseudo-first-order kinetic analysis, and (g) mass-normalized kinetic rate

constants.
process. According to the linear fitting of In(Cy/C) against the presence of pristine ZnO and Nb-doped ZnO photocata-
irradiation time, pseudo-first-order reaction kinetics govern lysts. The characteristic MB absorption peak at around ~664
CIP degradation across all catalysts [18]. For detail com- nm steadily decreases with irradiation duration for all sam-
parison, Figure 3g summarizes the corresponding apparent ples, suggesting efficient photocatalytic breakdown rather
rate constants normalized to catalyst mass. ZnO and Nb4- than mere adsorption. In contrast to pristine ZnO [4,5], Nb-
ZnO exhibit comparable rate constants (k=0.0218 min~! and doped ZnO exhibits a faster fall in absorbance intensity than

k=0.0218 min—}, respectively), while Nb2-ZnO and Nb6-ZnO pristine ZnO, proving the Nb incorporation enhances the
show slightly lower values (k=0.0196 min~! and k=0.0196 photocatalytic activity of ZnO toward MB degradation. The

min~?, respectively). The apparent rate constants (k) for CIP concentration declines profiles of all catalysts (Figure 4¢) fur-
degradation are relatively close for all samples, with only ther support this tendency by demonstrating continued MB
minor differences observed between Nb4-ZnO and Nb6-ZnO. degradation under UV light after the first dark adsorption
This indicates that the effect of Nb doping on the intrinsic phase. The most noticeable degrading efficiency among the
reaction kinetics is limited, and the observed variations are doped samples is shown by Nb4-ZnO and Nb6-ZnO, which
not practically significant. Furthermore, the corresponding achieve lower residual MB concentrations in the same dura-
efficiencies were 93.09%, 91.26%, 92.27%, and 90.44% for ZnO, tion of irradiation time. This enhancement can be associated
Nb4-ZnO, Nb2-ZnO and Nb6-ZnO, respectively. This sug- to the substitution of Nb>* for Zn?*, since it adds more donor
gests that Nb doping does not significantly enhance the intrin- states, raises the density of charge carriers, and facilitates the
sic degradation rate of CIP but helps maintain comparable more effective separation of photogenerated electron-hole
activity at an optimal doping level. The absence of substantial pairs. In contrast, Nb2-ZnO exhibits noticeably poorer per-
improvement may be attributed to the limited incorporation formance, indicating the advantageous electrical change is
of Nb into the ZnO lattice, as indicated by XRD analysis. limited by inadequate dopant concentration [19,20,23].
Additionally, the reduction of performance in heavy Nb dop- To quantitatively analyze the degradation kinetics,
ing causes a modest decrease in activity, which is probably pseudo-first-order kinetic fitting was applied (Figure 4f). The
caused by the partial blockage of active sites or the creation high correlation values (R? > 0.97) and a linear relationship
of recombination centres. between In(Cy/C) and irradiation duration, MB degradation
Figures 4a-d present the time-dependent UV-Vis absorp- is confirmed to follow pseudo-first-order kinetics for all sam-
tion spectra of methylene blue (MB) during UV irradiation in ples [4,18]. The calculated apparent rate constants (k) are
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Figure 5. Photocatalytic degradation of mixed ciprofloxacin (CIP) and methylene blue (MB) solution using pure and
niobium (Nb)-doped zinc oxide (ZnO). UV-Vis absorption spectra at different irradiation times for (a) ZnO, (b) Nb2-ZnO, (c)
Nb4-ZnO, and (d) Nb6-ZnO. (e, f) Degradation profiles (C/Cy) of CIP and MB, respectively. (g, h) Pseudo-first-order kinetic

fitting with corresponding R? values for CIP and MB, respectively.

0.0210, 0.0150, 0.0199, and 0.0208 min~! for ZnO, Nb2-ZnO,
Nb4-ZnO, and Nb6-ZnO, respectively. These values indicate
that the photocatalytic activities of Nb4-ZnO and Nb6-ZnO
are comparable to that of pristine ZnO, while Nb2-ZnO ex-
hibits a noticeably lower rate constant. The degradation ef-
ficiencies for MB were 91.74%, 82.29%, 90.67%, and 92.03%
for ZnO, Nb2-ZnO, Nb4-ZnO, and Nb6-ZnO, respectively.
This suggests that Nb doping does not lead to a significant
enhancement in the intrinsic degradation rate of MB, and
that the effect of dopant concentration is relatively moder-
ate. The absence of a clear improvement may be attributed
to the limited incorporation of Nb into the ZnO lattice, as
suggested by XRD and EDS analyses, as well as the possible
formation of defect states that can act as recombination cen-
ters at non-optimal doping levels. By excluding the effects of
catalyst loading, the mass-normalized kinetic rate constants
(Figure 4g) further support these findings. ZnO, Nb4-ZnO,
and Nb6-ZnO exhibit comparable values, while Nb2-ZnO
remains the lowest. These results indicate that Nb doping
does not produce a pronounced increase in photocatalytic
performance toward MB degradation, but rather maintains
comparable activity within an optimal doping range.

Figure 5 illustrates how pure ZnO and Nb-doped ZnO
catalysts photocatalytically degrade mixed CIP-MB solutions
when exposed to irradiation. The typical absorption peaks
of CIP and MB gradually diminish with increasing irradia-
tion time, as demonstrated by the UV-Vis absorption spectra
(Figure 5a-d), confirming the progressive destruction of both
pollutants. The peak intensity decreases in all samples, with
Nb4-ZnO showing a marginally greater reduction, suggest-
ing a slight improvement in photocatalytic performance. This
slightly enhanced performance of Nb4-ZnO for the mix CIP-
MB pollutant is further demonstrated by the degradation

© 2026 The Authors | CC-BY 4.0 @ ®

patterns (C/Cp) shown in Figure 5e-f. All catalysts exhibit
adsorption during the dark equilibrium phase, but when ex-
posed to light, photocatalytic removal takes over. The sample
with the lowest residual concentration after 120 minutes is
Nb4-ZnO, indicating that catalytic performance is maximized
by modest Nb incorporation. On the other hand, performance
is marginally reduced by excessive doping (Nb6-ZnO), most
likely because of the increased defects sites formation which
serving as charge recombination area.

After 120 min of irradiation, the degradation efficiencies
for MB are 84.08%, 78.54%, 82.04%, and 77.57%, while for
CIP they are 87.57%, 80.29%, 86.99%, and 76.99% for ZnO,
Nb2-ZnO, Nb4-ZnO, and Nb6-ZnO, respectively. These re-
sults indicate that ZnO and Nb4-ZnO exhibit relatively higher
degradation performance in the mixed system, whereas Nb2-
ZnO and Nb6-ZnO show slightly reduced efficiencies. The
overall decrease in degradation efficiency compared to single-
pollutant systems can be attributed to competitive interac-
tions between CIP and MB for active sites and reactive species.
Under the applied conditions, the degradation of both CIP
and MB follows pseudo-first-order reaction behaviour, as con-
firmed by the pseudo-first-order kinetic plots (Figure 5g-h),
which show good linear correlation and high R? values (usu-
ally >0.85) [18]. Nb4-ZnO exhibits the highest apparent rate
constant for both contaminants among all samples, indicating
its exceptional photocatalytic effectiveness.

Compared to those systems in Table 2, Nb-doped ZnO in
this study exhibits comparable photocatalytic performance
rather than a significant enhancement, which may be associ-
ated with the limited incorporation of Nb into the ZnO lattice.
Nevertheless, the results demonstrate that Nb doping can
maintain stable activity, particularly under mixed-pollutant
conditions, emphasizing its potential for practical wastewater
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Table 2. Comparison of photocatalytic performance of pure
metal-doped ZnO samples from previous studies.

Dopant  Pollutants  Performance ref

Nb CIP-MB

k=0.0218 min~! at 120 min
irradiation (CIP/single pollu-
tant) k=0.0199 min~! at 120
min irradiation (MB/single
pollutant)

k=0.0274 min~! at 120 min  [24]
irradiation (MB/single pollu-

tant

k=0.0081 min~! at 120 min  [24]
irradiation (MB/single pollu-

tant

k=0.0058 min~! at 120 min  [24]
irradiation (MB/single pollu-

tant

k=0.0036 min~! at 120 min  [24]
irradiation (MB/single pollu-

tant

k=0.0163 min~! at 120 min  [24]
irradiation (MB/single pollu-

tant

This work

Cu MB

Ni MB

Co MB

Fe MB

Mn MB

treatment applications.

4. CONCLUSION

This study successfully synthesized Nb-doped ZnO photo-
catalysts via a simple hydrothermal method and systemati-
cally investigate the dopant concentration contributions on
the structural evolution and multi-pollutant photocatalytic
performance. Following Nb incorporation, the synthesized
photocatalyst retained the hexagonal wurtzite structure of
ZnO with decreased agglomeration and more homogeneous
microstructure. Photocatalytic evaluation demonstrates that
all samples exhibit high degradation efficiencies in single-
pollutant systems, reaching up to ~92% for MB and ~93%
for CIP after 120 min. In the mixed CIP-MB system, the ef-
ficiencies decrease slightly to ~82-84% for MB and ~86-87%
for CIP for the best-performing samples, due to competitive
interactions between pollutants. Kinetic analysis confirms
pseudo-first-order behavior, with comparable apparent rate
constants among the samples (e.g., k 2 0.0199 min~! for MB
and 0.0218 min—! for CIP for Nb4-ZnO), indicating that Nb
doping provides only moderate influence on intrinsic reaction
rates. Among the studied samples, Nb4-ZnO demonstrates
relatively stable and balanced photocatalytic performance,
particularly under multi-pollutant conditions. Overall, these
findings highlight the importance of Nb dopant optimization
in achieving stable and effective ZnO-based photocatalysts
for wastewater treatment applications, especially in complex
pollutant environments.
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