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Abstract: The increasing presence of pharmaceutical pollutants, such as acetaminophen, in water
bodies poses a significant environmental challenge due to their persistence and potential toxicity. This
study investigated the enhanced photodegradation of acetaminophen using ZnO-NiO nanofibers
as superior photocatalysts. The nanofibers synthesized with varying NiO contents (designated as
ZN0.5, ZN1, ZN1.5, and ZN2), were characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), Raman, FTIR, Brunauer–Emmett–Teller (BET) analysis, and diffuse reflectance
spectroscopy (DRS) to elucidate their structural, morphological, and optical properties. Thermogravi-
metric analysis (TGA) indicated that the nanofibers exhibit high thermal stability, with major weight
loss attributed to the decomposition of the polymer matrix and residual organics. The BET analysis
revealed that the specific surface area remains stable after increasing the NiO content up to a certain
ratio. This stability correlates with the enhanced photocatalytic performance due to increased light
absorption and improved charge separation. The diffuse reflectance spectra and Kubelka–Munk
plots demonstrated a reduction in bandgap energy with higher NiO content, facilitating greater
visible light absorption. Photocatalytic experiments under visible light irradiation, in the presence of
peroxymonosulfate (PMS), showed that the ZN1.5 nanofibers achieved the highest acetaminophen
degradation rate, i.e., 92%, within 3 h. Mechanistic studies, supported by radical trapping experi-
ments, revealed that the improved photocatalytic efficiency is due to the synergistic effects of ZnO
and NiO heterojunctions, which enhance charge separation and reactive oxygen species (ROS) gener-
ation. This research highlights the potential of ZnO-NiO nanofibers as effective photocatalysts for the
degradation of pharmaceutical pollutants. The findings demonstrate that optimizing the composition
and structure of nanofibers can significantly improve their environmental remediation capabilities,
providing a promising solution for sustainable water treatment.

Keywords: environmental remediation; photocatalysis; pharmaceutical contaminants; nanomaterials;
zinc oxide; nickel oxide; water treatment
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1. Introduction

The presence of pharmaceutical pollutants in aquatic environments has emerged as
a pressing environmental concern [1,2]. Among these contaminants, acetaminophen, a
widely used analgesic and antipyretic agent, is frequently detected in surface water and
groundwater due to its extensive consumption and incomplete removal in conventional
wastewater treatment processes [3]. Studies have reported acetaminophen concentrations
ranging from 0.01 to 20 µg/L in surface water and up to 6 µg/L in groundwater [4]. In
wastewater, concentrations can be significantly higher, ranging from 50 to 1000 µg/L [5,6].
The persistence of acetaminophen in water bodies poses risks to aquatic life and potentially
to human health, necessitating the development of effective and sustainable remediation
strategies [5].

The removal of pharmaceutical pollutants from fresh water can be addressed through
several methods, including processes like flocculation, sedimentation, electrocoagulation,
filtration, and chlorination [4,7,8]. While effective for many contaminants, these methods
often fall short in fully removing pharmaceutical compounds, which can be highly soluble
and resistant to conventional treatments [6]. Advanced treatment technologies such as
Adsorption have been explored for the removal of pharmaceutical pollutants. Adsorption
methods are effective for removing a wide range of contaminants, including some pharma-
ceuticals, by adsorbing them onto materials like activated carbon [9–12]. Ozonation and
Advanced Oxidation Processes (AOPs) have also been investigated for the degradation of
pharmaceutical pollutants. These techniques utilize ozone, hydrogen peroxide, or UV light
to break down pollutants into less harmful compounds [13–16]. Membrane technologies,
including nano-filtration and reverse osmosis, can physically remove contaminants from
water down to the molecular level [17,18].

Photocatalysis has gained significant attention as an advanced oxidation process ca-
pable of degrading a wide range of organic pollutants, including pharmaceuticals, into
harmless end products [19]. Among the various photocatalytic materials, zinc oxide (ZnO)
has garnered considerable attention due to its high oxidative potential, chemical stability,
and relatively low cost [20]. ZnO is a wide-bandgap semiconductor that can generate
electron–hole pairs upon exposure to ultraviolet (UV) light, leading to the formation of ROS
that can degrade organic pollutants. However, the practical application of ZnO is often hin-
dered by its limited absorption in the visible light spectrum and the rapid recombination of
photogenerated electron–hole pairs, which reduce its overall photocatalytic efficiency [21].

To address these limitations, researchers have explored the development of hybrid
photocatalysts that combine the advantageous properties of different materials. Nickel
oxide (NiO), a p-type semiconductor [22], has been identified as an excellent candidate for
enhancing the photocatalytic performance of ZnO [23]. The combination of ZnO and NiO
in the form of nanofibers can create heterojunctions that facilitate efficient charge separation
and broaden the light-absorption range [24].

ZnO-NiO nanofibers offer several advantages over their individual components [25].
The heterojunctions formed between ZnO and NiO can significantly reduce the recom-
bination rate of electron–hole pairs [26], thereby enhancing the generation of ROS and
improving the overall photocatalytic activity [27]. Additionally, the high surface area and
unique structural properties of nanofibers provide more active sites for photocatalytic
reactions, further boosting their efficiency [28].

This study investigated the enhanced photodegradation of acetaminophen, using
ZnO-NiO nanofibers as photocatalysts and comparing their performance to that of other
commonly used photocatalysts in terms of degradation efficiency and speed. The synthesis,
characterization, and photocatalytic performance of these nanofibers are discussed in
detail, along with the mechanisms underlying their superior efficiency. The impact of
various operational parameters, including the presence of peroxymonosulfate (PMS) and
visible-light irradiation, on the degradation process is also examined.

By leveraging the synergistic effects of ZnO and NiO, this research aims to provide a
deeper understanding of the potential of hybrid nanofiber photocatalysts in addressing
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the environmental challenge posed by pharmaceutical pollutants. The findings highlight
the importance of optimizing material properties and operational conditions to achieve
efficient and sustainable photocatalytic degradation, paving the way for advanced water
treatment technologies.

2. Results and Discussion
2.1. Characterization of ZnO-NiO Hybrid Nanofibers

X-ray diffraction (XRD) patterns provide crucial insights into the crystallographic
structure of materials. The XRD patterns for ZnO-NiO nanofibers confirm that both NiO
and ZnO are present as crystalline phases within the hybrid material (Figure 1). This is
evidenced by distinct and identifiable diffraction peaks corresponding to each material:
peaks at 37.6◦, 43.7◦, 63.4◦, 75.7◦, and 79.8◦: These are indexed to the (111), (200), (220),
(311), and (222) planes of cubic NiO (PDF #47-1049) crystals in the nanofibers [29].
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The XRD pattern of ZnO shows that it matches well with the known hexagonal
structure of zinc oxide PDF #36-1451, confirming the expected crystal structure. The peaks
at 31.7◦, 34.4◦, 36.2◦, 47.5◦, 56.6◦, 62.9◦, 66.4◦, 68.0◦, and 69.1◦ are indexed to the (100), (002),
(101), (102), (110), (103), (200), (112), and (201) planes of hexagonal ZnO crystals in the
nanofibers [30].

The sharpness and intensity of the diffraction peaks are indicative of the high crys-
tallinity of the nanofibers with well-developed and regular lattice structures that are free
from significant defects or amorphous areas [31].

High crystallinity is associated with enhanced material properties, such as improved
mechanical strength, electrical conductivity, and optical properties, which are crucial
for applications as photocatalysts. Thus, the hybrid combination of these materials in a
highly crystalline form could leverage the benefits of both, potentially leading to novel
functionalities or enhanced performance in hybrid applications [32].

FE-SEM images were used to study the morphology of nanofibers in samples designated
as ZN0.5, ZN1, ZN1.5, and ZN2, which varied in regard to the content of NiO (Figure 2). For
the ZN0.5 and ZN1 samples, the nanofibers exhibited a rough surface texture. This type of
morphology is typically indicative of less uniform growth conditions during synthesis or
the presence of multiple nucleation sites, leading to a less ordered crystal structure.



Catalysts 2024, 14, 403 4 of 16

Catalysts 2024, 14, x FOR PEER REVIEW 4 of 16 
 

 

FE-SEM images were used to study the morphology of nanofibers in samples desig-

nated as ZN0.5, ZN1, ZN1.5, and ZN2, which varied in regard to the content of NiO (Fig-

ure 2). For the ZN0.5 and ZN1 samples, the nanofibers exhibited a rough surface texture. 

This type of morphology is typically indicative of less uniform growth conditions during 

synthesis or the presence of multiple nucleation sites, leading to a less ordered crystal 

structure. 

These samples showed nanofibers with relatively short lengths, ranging from 200 to 

700 nm. Shorter fibers can result from quicker precipitation or solidification rates during 

the fiber formation process. As the content of NiO increased in the samples ZN1.5 and 

ZN2, a noticeable change in the surface morphology was observed. The fibers became 

smoother and resembled nanowires (NWs), which are typically longer and have more 

uniform surface characteristics. This transition suggests that NiO might influence the 

growth kinetics and stabilizing factors in the synthesis process, possibly altering the vis-

cosity or the ionic environment in the reaction medium. The lengths of the nanofibers ex-

tended to several micrometers in these samples, which could be a result of prolonged 

growth phases facilitated by the presence of NiO, leading to more elongated fibers. With 

an increase in the ratio of nickel, the morphology is affected to a certain degree; as shown 

in the figure, homogeneous nanofibers can be obtained, which is observed at ZN1.5. 

 

Figure 2. SEM of (a) ZN0.5, (b) ZN1, (c) ZN1.5, and (d) ZN2 nanofibers. 

In the FTIR spectra, as illustrated in Figure 3(I), ZnO typically shows a broad absorp-

tion band around 400–600 cm−1, which is a�ributed to the Zn-O stretching vibrations of 

the ZnO la�ice, and the band at 1063 cm−1 is a�ributed to the Zn-O bond. NiO exhibits its 

characteristic vibrations in the low wavenumber range below 600 cm−1 that are associated 

with Ni-O stretching vibrations. 

Given that both ZnO and NiO involve metal–oxygen bonds, their spectral peaks 

might overlap, particularly in the low wavenumber region. Increasing the NiO content 

might shift or intensify specific absorption bands, especially around the metal–oxygen 

stretching region. A higher proportion of NiO could enhance the intensity of the peaks 

related to Ni-O vibrations. More NiO might also lead to broader bands at certain stretches 

due to increased disorder or variations in the Ni-O bond environments within the hybrid 

structure. 

Figure 2. SEM of (a) ZN0.5, (b) ZN1, (c) ZN1.5, and (d) ZN2 nanofibers.

These samples showed nanofibers with relatively short lengths, ranging from 200 to 700 nm.
Shorter fibers can result from quicker precipitation or solidification rates during the fiber
formation process. As the content of NiO increased in the samples ZN1.5 and ZN2, a
noticeable change in the surface morphology was observed. The fibers became smoother
and resembled nanowires (NWs), which are typically longer and have more uniform
surface characteristics. This transition suggests that NiO might influence the growth
kinetics and stabilizing factors in the synthesis process, possibly altering the viscosity or
the ionic environment in the reaction medium. The lengths of the nanofibers extended to
several micrometers in these samples, which could be a result of prolonged growth phases
facilitated by the presence of NiO, leading to more elongated fibers. With an increase in
the ratio of nickel, the morphology is affected to a certain degree; as shown in the figure,
homogeneous nanofibers can be obtained, which is observed at ZN1.5.

In the FTIR spectra, as illustrated in Figure 3(I), ZnO typically shows a broad absorp-
tion band around 400–600 cm−1, which is attributed to the Zn-O stretching vibrations of
the ZnO lattice, and the band at 1063 cm−1 is attributed to the Zn-O bond. NiO exhibits its
characteristic vibrations in the low wavenumber range below 600 cm−1 that are associated
with Ni-O stretching vibrations.

Given that both ZnO and NiO involve metal–oxygen bonds, their spectral peaks might
overlap, particularly in the low wavenumber region. Increasing the NiO content might
shift or intensify specific absorption bands, especially around the metal–oxygen stretching
region. A higher proportion of NiO could enhance the intensity of the peaks related to Ni-O
vibrations. More NiO might also lead to broader bands at certain stretches due to increased
disorder or variations in the Ni-O bond environments within the hybrid structure.

Absorption bands around 3400 cm−1 (for OH stretching) and 1600 cm−1 (for H-O-H
bending of water) indicate hydroxyl groups bound to the metal oxides or absorbed
water molecules.

By comparing the FTIR spectra of samples with varying NiO contents, we can as-
sess how the incorporation of NiO affects the overall chemical environment and bond-
ing within the hybrid nanofibers. Significant absorption peaks were observed around
1400–1500 cm−1, corresponding to carbonate vibrations, likely from ambient CO2 capture
or residual precursors.
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The Raman spectroscopy of ZnO–NiO hybrid nanofibers provides detailed insights
into their structural and vibrational characteristics, which are crucial for understanding the
interactions at the molecular level within the hybrid material, as shown in Figure 3(II). The
peak at 198 cm−1 is typically associated with the first-order transverse optical (TO) phonon
mode of NiO. The peak at 506 cm−1 corresponds to the longitudinal optical (LO) phonon
mode, while the peak at 711 cm−1 is assigned to a combination of 2TO phonon modes,
indicating a second harmonic generation where two phonons of the same type combine.
The peak at 1077 cm−1 is attributed to the combination of 2LO phonon modes, another
second harmonic process involving longitudinal modes.

For ZnO contributions, the peaks at 320 cm−1 and 430 cm−1 are associated with the
second-order and first-order TO phonon modes, respectively. The presence of these modes
in ZnO is typical and signifies standard vibrational characteristics of the crystal lattice
involving zinc and oxygen atoms. The peak at 570 cm−1 represents a second-order LO
phonon mode of ZnO, which overlaps with the LO mode of NiO, indicating a region where
the Raman signals of both materials contribute [33]. The peak at 1105 cm−1 represents the
first-order LO phonon mode of ZnO, indicating higher energy vibrational processes [34].

In the sample ZN1.5, the peak at 506 cm−1 is observed to shift by about 65 cm−1

compared to its positions in samples with the lowest ratio of NiO. A redshift in Raman
spectroscopy generally indicates a reduction in the energy of the phonon modes. This
shift can result from substitution or interstitial incorporation, leading to lower frequencies.
Additionally, the enhanced electric fields at the interfaces of NiO and ZnO, due to their
differing electrical properties, contribute to this redshift. The formation of heterostructures
between NiO and ZnO nanocrystals is suggested to lead to the observed redshifts [33].

The evaluation of the porous framework of nanofibers with varying NiO content was
conducted using the Brunauer–Emmett–Teller (BET) analysis. This technique provides
crucial information about the surface area and porosity of the materials, which are important
for their catalytic performance.

The nitrogen adsorption–desorption isotherm for the samples is shown in Figure 4(I).
The isotherms exhibit a type-IV shape according to the IUPAC classification, indicating
that the nanofibers possess a mesoporous structure. Mesoporous materials have pore sizes
between 2 and 50 nm, which are beneficial for catalytic applications due to their high surface
area and ability to facilitate mass transport [35]. The presence of a uniform hysteresis loop
in the isotherms further confirms the uniformity of the mesoporous structure within the
nanofibers. Hysteresis occurs due to capillary condensation within the mesopores [36].
The specific surface area values obtained from the BET analysis for the samples ZN0.5,
ZN1, ZN1.5, and ZN2 were 79.21 ± 4.37 m2/g, 77.72 ± 0.79 m2/g, 74.79 ± 0.58 m2/g, and
69.36 ± 0.49 m2/g, respectively. The decrease in surface area is not significant until the
NiO ratio reaches 1.5%. Beyond this specific amount, the surface area drops. Therefore, at
this particular ratio of NiO, the surface area remains almost unchanged, which is crucial
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for maintaining photocatalytic activity. A larger surface area is advantageous for catalytic
applications because it provides more active sites for the adsorption and degradation of
pollutants. In the context of photocatalysis, a high surface area enhances the interaction
between the catalyst and the pollutant molecules, thereby improving the overall efficiency
of the degradation process [37]. The suitable surface-area-to-volume ratio of the nanofibers
facilitates the degradation of acetaminophen and other organic pollutants. This is because
the increased surface area allows for more active sites where photocatalytic reactions can
occur, leading to higher degradation rates. The BET results indicate that the ZnO/NiO
nanofibers, especially those with suitable surface areas, like ZN1.5, are well-suited for
applications that require efficient photocatalytic degradation of pollutants.
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Thermogravimetric analysis (TGA) curves for ZnO-NiO nanofibers with varying NiO
contents are shown in Figure 4(II). The TGA is a technique used to measure the amount and
rate of weight change in a material as a function of temperature in a controlled atmosphere.
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The TGA curves typically show the weight loss of the samples as the temperature in-
creases. This weight loss is indicative of various processes, such as the removal of adsorbed
water, decomposition of organic components, and thermal degradation of the material.

Initial weight loss (up to around 100 ◦C): This stage is usually associated with the
loss of physically adsorbed water and other volatile substances from the surface of the
nanofibers. Second stage of weight loss (100 ◦C to around 300–400 ◦C): This stage often
corresponds to the decomposition of organic residues or any surfactants used during the
synthesis of the nanofibers. Final stage of weight loss (above 400 ◦C): This stage may
indicate the thermal degradation or decomposition of the metal oxides and the stabilization
of the material. The weight stabilizes after 400 ◦C, indicating that most decomposable
components have been removed and the remaining structure is thermally stable. TGA
nanofibers exhibit a similar pattern, but the weight loss is less pronounced with increasing
the NiO content, indicating lower amounts of organic residues or a different composition
affecting the thermal stability and suggesting a different thermal decomposition behavior
due to the higher NiO content. The lower weight loss in samples with higher NiO contents
(ZN1.5 and ZN2) suggests that NiO contributes to the thermal robustness of the nanofibers.
This makes these materials potentially more stable under operational conditions involving
elevated temperatures.

The diffuse reflectance spectra and the Kubelka–Munk plots of ZnO (ZN0) and ZnO-
NiO nanofibers with varying NiO contents (ZN0.5, ZN1, ZN1.5, and ZN2) are presented
in Figure 5. These figures are essential for understanding the optical properties of the
nanofibers, particularly their light-absorption characteristics and bandgap energies, which
are critical for photocatalytic applications [38].
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The Kubelka–Munk function, F(R), is used to convert reflectance data into a form that
can be analyzed to determine the bandgap energy of a material. This function is given by

F(R) = (1 − R)2/2R

where R is the reflectance.
The Kubelka–Munk plots are a plot for a direct bandgap, such as as [F(R) × hν]2

versus hν (where hν is the photon energy), to determine the bandgap energy from the
intercept of the linear portion of the curve with the x-axis.

The bandgap energy values obtained from the Kubelka–Munk plots for the samples
ZN0, ZN0.5, ZN1, ZN1.5, and ZN2 were 3.25, 3.01, 2.99, 2.97, and 3.00 eV, respectively.
The value of the bandgap of ZnO nanofibers is consistent with previous studies [39]. The
combination of ZnO and NiO in the nanofibers creates a heterojunction that can enhance
charge separation and reduce recombination of photogenerated electron–hole pairs, further
improving photocatalytic efficiency [40]. The bandgap of the nanofibers decreased with
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the increasing Ni content up to a certain ratio (1.5); beyond this point, it increased again
due to the agglomeration of NiO on the surface of the nanofibers. The decrease in bandgap
with Ni content up to a certain ratio is consistent with previous studies [41]. The variation
in optical properties with different NiO contents highlights the importance of optimizing
the composition of the nanofibers to achieve the best balance between light absorption and
photocatalytic activity.

2.2. Photocatalytic Degradation of Acetaminophen Using ZnO-NiO Hybrid Nanofibers

The photocatalytic degradation of pharmaceutical contaminants like acetaminophen
in water is a significant area of research due to the persistence and potential toxicity of
these compounds in the environment. In this context, the use of hybrid nanofiber catalysts
composed of ZnO and NiO was investigated to enhance the photocatalytic performance
under visible-light conditions.

In the experiments, nanofibers with varying contents of NiO (designated as ZN0.5,
ZN1, ZN1.5, and ZN2) were tested for their ability to degrade 10 ppm acetaminophen in
210 mL of aqueous solution. The catalysts were used to directly face the incident light. The
solution was stirred continuously, and the degradation performance was monitored over a
period of 240 min, as illustrated in Figure 6a,b.

The nanofibers demonstrated varying efficiencies, with ZN1.5 showing the highest
acetaminophen removal rate at 92%. In contrast, ZN0.5 showed the lowest efficiency at 60%.
ZN1 and ZN2 showed intermediate efficiencies of 70% and 80%, respectively. These results
suggest that the photocatalytic activity increases with the Ni content up to a certain point,
after which it decreases.

Synergistic effects and heterojunctions of ZnO-NiO within the nanofibers are crucial
for enhancing photocatalytic efficiency. These heterojunctions facilitate charge transfer
and reduce the recombination of electron–hole pairs, which are essential for effective
photocatalysis [42]. The presence of NiO at a certain ratio (ZN1.5) correlates with increased
photocatalytic activity due to an improved heterostructure, while maintaining the surface
area [43].

NiO contributes to shifting the absorption spectrum of the hybrid nanofibers toward
the visible range, which significantly enhances acetaminophen degradation under visible
light. This shift is critical because it allows the catalyst to utilize a larger portion of the solar
spectrum, thereby increasing its practical application potential. In addition, ZnO not only
acts as a structural support material, ensuring the durability and stability of the composite
during extended photocatalytic processes, but it also functions as a co-catalyst. It enhances
the separation of charge carriers, thereby augmenting the overall photocatalytic efficiency
through synergistic effects with NiO [44].

A redshift observed in the Raman spectra of the ZN1.5 nanofibers indicates a reduction
in the energy of phonon modes, suggesting enhanced charge transport within the material.
This shift reduces electronic obstacles, facilitating freer movement of electrons and holes
essential for effective photocatalysis.

To test the durability and reusability of the ZN1.5 nanofibers, the same catalyst was
used to degrade 10 ppm of acetaminophen in a controlled setup over five consecutive cycles.
After each cycle, the catalyst was carefully washed with deionized water to remove any
residual chemicals or by-products and then reused under the same experimental conditions.

The degradation efficiency of acetaminophen was monitored for each cycle and docu-
mented. Remarkably, the photocatalytic activity of ZN1.5 nanofibers did not show any sig-
nificant decrease over the five cycles, as depicted in Figure 6c. This consistent performance
indicates that the photocatalyst retains its effectiveness, even after multiple uses, which is
a critical criterion for practical environmental applications, where cost-effectiveness and
operational sustainability are important.

SEM was employed to examine the surface morphology of the ZN1.5 photocatalyst
both before and after the five cycles of use. The SEM images (Supplementary Figure S1)
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revealed that there were no significant changes in the morphology of the catalyst after
repeated use.
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Figure 6. (a) Normalized concentration decay over time for the photocatalytic degradation of 10 ppm
acetaminophen under visible light of nanofibers with 0.5 mM PMS. (b) Acetaminophen removal
efficiency. (c) Recycling test for ZN1.5 nanofibers. (d) Radical trapping experiments using the
indicated scavengers to identify the reactive species involved in acetaminophen degradation with
ZN1.5 nanofibers. (e) Comparison of acetaminophen removal under the specified conditions.

The maintenance of the heterostructure morphology is crucial because any degradation
or significant morphological changes could impair the photocatalyst’s ability to absorb
light and generate electron–hole pairs effectively, thus reducing its photocatalytic efficiency.

The findings demonstrate that the ZN1.5 nanofibers are not only effective in degrading
pharmaceutical pollutants under visible light but also robust enough to maintain their
structural and functional integrity over multiple uses. This durability is advantageous
for long-term applications in water treatment facilities, reducing the need for the frequent
replacement of catalysts and thus lowering operational costs.
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The stability and reusability of the ZN1.5 nanofibers suggest that this material could
be scaled up for larger environmental applications. Ensuring that a photocatalyst can
withstand repeated use without loss of activity or structural integrity is essential for its
implementation in industrial-scale water treatment systems.

The role of reactive species in degradation is illustrated in Figure 6d. Specific scav-
engers were used to identify the crucial reactive species in the photocatalytic process. The
significant drop in degradation efficiency upon the addition of EDTA, methanol (MeOH),
and p-benzoquinone (p-BQ) indicates the predominant roles of holes (h+), sulfate (SO4

−),
and superoxide (O2

−) radicals, respectively. The addition of tert-butyl alcohol (TBA), which
traps hydroxyl radicals (OH), showed a lesser effect, indicating that OH radicals play a
minor role in this specific degradation process.

The experiments assessed the effectiveness of ZN1.5 nanofibers under various con-
ditions to activate peroxymonosulfate (PMS) for the degradation of acetaminophen, as
presented in Figure 6e. The tests included combinations of ZN1.5 nanofibers, PMS, and
visible-light exposure. Conditions such as PMS in the dark alone showed no signifi-
cant degradation of acetaminophen, underscoring the necessity of a synergistic action
between PMS and the photocatalyst under appropriate light conditions to achieve effective
degradation [45]. The adsorption in the dark after 240 min using ZN1.5 and PMS was less
than 9%, indicating that it is not a significant factor. This intermediate adsorption process
served to bring the pollutant to the surface of the catalyst until photodegradation could
occur. Moreover, after reusing ZN1.5 over five cycles, no acetaminophen concentration was
detected in the washing solution after each cycle, indicating no residual adsorption on the
surface of the catalyst. This confirms that the process was primarily due to photodegra-
dation. The ZN1.5 nanofibers combined with PMS under visible light led to significant
degradation (92%) of acetaminophen, attributed to the synergistic effects that enhance PMS
activation. This is likely due to the generation of reactive sulfate (SO4

−) radicals facilitated
by the photocatalytic action of the nanofibers, which involve the transfer of photogener-
ated electrons from the ZnO-NiO heterostructure to PMS [46]. Numerous photocatalysts
have been developed and assessed for their effectiveness in degrading organic pollutants
through photocatalysis. As illustrated in Table 1, the ZnO-NiO nanofiber photocatalyst
exhibits a removal performance comparable to other catalysts documented in previous
studies. Moreover, it outperforms them in terms of degradation time and efficiency with a
lower-power light source.

Table 1. Comparison of photocatalytic efficiency of various composites in organic pollutant degradation.

Pollutant C (mg/L) Catalyst Irradiation Source Time of
Degradation (min)

Removal
Efficiency (%) Ref.

Tetrabromobisphenol A 10 BiVO4/rGO-Cu2O 300 W Xenon lamp 180 91 [47]

Acetaminophen 10 Beta-Bi2O3 1000 W Xenon lamp 180 94 [48]

Acetaminophen 1 Cu2O/WO3/TiO2 150 W Xenon lamp 60 92 [49]

Acetaminophen 3 g-C3N4-CdS-Bi4O5I2-3 300 W Xenon lamp 25 80 [50]

Acetaminophen 10 CTO-Cu-GO 150 W linear halogen lamp 180 96 [46]

Acetaminophen 5 In2S3/Zn2GeO4 Xenon lamp 360 95 [51]

Acetaminophen 10 ZnO-NiO 100 W Xenon lamp 240 92 This work

2.3. Mechanism of ZnO/NiO Heterostructures Nanofibers

The mechanism of the ZnO/NiO heterostructure nanofibers in the context of photocat-
alytic activity is illustrated in Figure 7. This mechanism explains how the combination of
ZnO and NiO in a heterostructure improves the efficiency of photocatalysis by enhancing
charge separation and extending light absorption. ZnO is a wide-bandgap semiconductor
with a conduction band (CB) and a valence band (VB). The bandgap energy of ZnO is typically
around 3.2 eV, which means that it absorbs UV light to generate electron–hole pairs (e−/h+).
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NiO is a p-type semiconductor. It has a valence band and a conduction band positioned
differently from those of ZnO, which helps in the effective separation of charge carriers.
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When ZnO/NiO heterostructure nanofibers are exposed to visible light, photons with
sufficient energy excite electrons (e−) from the valence band (VB) to the conduction band
(CB) in both ZnO and NiO. This leaves behind holes (h+) in the VB. Due to the heterojunction
between ZnO and NiO, the photogenerated electrons and holes are effectively separated.
Electrons from the CB of NiO can transfer to the CB of ZnO because the CB of ZnO is at a
lower energy level than the CB of NiO. Conversely, holes from the VB of ZnO can migrate
to the VB of NiO because the VB of NiO is at a higher energy level than the VB of ZnO. The
electrons that accumulate in the CB of ZnO participate in reduction reactions. They can
react with oxygen molecules (O2) in the water to form superoxide radicals (O2

−). The holes
in the VB of NiO participate in oxidation reactions. They can oxidize water or hydroxide
ions (OH−) to produce hydroxyl radicals (OH•).

Formation of Reactive Oxygen Species (ROS): The superoxide radicals (O2
−) and

hydroxyl radicals (OH•) are highly reactive species capable of degrading organic pollutants,
such as acetaminophen, into less harmful compounds. These radicals can break down
complex molecules into smaller, non-toxic substances. Enhanced photocatalytic efficiency:
The effective separation of charge carriers (e− and h+) reduces their recombination rate,
which is a common problem in single-component photocatalysts.

3. Materials and Experimental Methods
3.1. Chemicals and Materials

The following chemicals were acquired and used without further purification: polyvinylpyrroli-
done (PVP) with a molecular weight of 1,300,000 g/mol, zinc nitrate hexahydrate (99.99%),
nickel nitrate hexahydrate (99.99%), acetic acid (98%), N,N-dimethylformamide (DMF) (99.8%),
and acetaminophen (CAS number: 103-90-2) from Sigma Aldrich (St. Louise, MO, USA).
Absolute ethanol (99%) was sourced from VWR PROLABO Chemicals, Leicestershire, UK.

3.2. Preparation of ZnO/NiO Nanofibers

Zinc combined with nickel nanofibers was created using the electrospinning technique.
The process began by preparing a polymer solution: 1 g of PVP was dissolved in 9 mL of
absolute ethanol. To create nanofibers with varying Zn and Ni contents, different molar
ratios of Zn:Ni (1:0.05, 1:0.1, 1:0.15, and 1:0.2) were employed. The samples were labeled
ZN0.5, ZN1, ZN1.5, and ZN2, with “Z” representing zinc and “N” representing nickel.
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Zinc nitrate and nickel nitrate were fully dissolved in 5 mL of N,N-dimethylformamide
(DMF), through vigorous stirring, to achieve a homogeneous solution. Then, 0.8 mL of
the metal–DMF solution was gradually added to the PVP solution, with gentle stirring,
for 2 h. Afterward, 1 mL of acetic acid was introduced to the mixture, which was stirred
slowly for an additional hour. The resultant homogeneous solution was extruded through
a stainless-steel nozzle with a diameter of 0.7 mm, at a constant flow rate of 0.5 mL/h,
regulated by a syringe pump. The electrospinning chamber maintained a temperature
of approximately 40 ± 3 ◦C. Nanofibers were collected on a rotating coil covered with
aluminum foil, rotating at 400 rpm. A high voltage of 1.8 KV/cm was applied, with
the positive and ground terminals connected to the nozzle and the metallic collector,
respectively. During electrospinning, the applied electric field overcame the surface tension
of the polymer solution, ejecting a continuous jet. This jet, upon solvent evaporation and
bending, formed nanofibers on the collector surface.

3.3. Characterizations of Materials

The crystalline structure of the materials was examined via X-ray diffraction (XRD)
using a PANAlytical Xpert-PRO diffractometer (Malvern, UK), featuring an Xcelerator
detector and Ni-filtered Cu-radiation (λ = 1.54 Å). Raman spectra were collected using
a Horiba XploRA (Palaiseau, France) with a wavelength of 659 nm and a power setting
of 20 W. Fourier-transform infrared (FTIR) spectra were obtained with an ATR system
on a Nicolet 370 FTIR spectrometer (Thermo Fisher Scientific Inc., Courtaboeuf, France)
Scanning electron microscopy (SEM) images were taken with a Hitachi S-4800 (Hitachi
High-Tech, Krefeld, Germany). Energy-dispersive X-ray spectroscopy (EDX) and elemental
mapping were performed using a Zeiss EVO HD15 microscope paired with an Oxford
X-MaxN EDX detector (Zeiss, Paris, France). UV-VIS absorbance spectra were measured
using a Jasco V-570 UV-VIS-NIR spectrophotometer (JASCO, Easton, MD, USA). The
surface area of the samples was determined by nitrogen adsorption–desorption isotherms at
liquid nitrogen temperature, utilizing Micromeritics ASAP 2010 equipment (Micromeritics,
Norcross, GA, USA), with outgassing conditions set at 200 ◦C for 12 h.

3.4. Photocatalytic Reaction

Acetaminophen was utilized as a model pharmaceutical pollutant to test the effec-
tiveness of ZnO/NiO nanofibers in degrading organic compounds. The experiments were
conducted in a custom-built Teflon cell containing 210 mL of an aqueous solution with
10 ppm acetaminophen and 0.5 mmol/L PMS. The solution was continuously stirred at
800 rpm. Irradiation was provided by a 100 W xenon lamp. The nanofibers were positioned
to face the incident light, with the lamp placed 10 cm from the quartz window. Samples of
1 mL were taken from the solution every 30 min over a total duration of 240 min, using a
disposable syringe, and then filtered for analysis.

High-performance liquid chromatography coupled with mass spectrometry (HPLC-MS)
was employed to monitor acetaminophen concentration in collected solution aliquots. The
HPLC-MS system featured a Waters 2695 pump, an autosampler with a 20 µL loop, a
Waters 2695 separation module, and a Waters Micromass Quattro Micro mass spectrometer
equipped with electrospray ionization (ESI). Separation was performed on a Waters XSelect
HSS T3 C18 column (100 mm length, 2.1 mm diameter, and 2.5 µm particle size) at 25 ◦C.
The mobile phase consisted of 97% buffer A (0.1% formic acid in HPLC-grade water) and
3% buffer B (HPLC-grade acetonitrile with 0.1% formic acid) at a constant flow rate of
0.25 mL/min, with a total run time of 3 min.

The triple quadrupole MS operated in positive ESI mode, optimized for maximum
sensitivity. Detection settings were as follows: capillary potential of 3.5 kV, cone potential
of 25 V, collision energy of 20 V, source temperature of 120 ◦C, desolvation temperature
of 450 ◦C, cone gas flow rate of 50 L/h, and desolvation gas flow rate of 450 L/h, with
nitrogen (99.5% purity) used as the nebulizer gas.
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The efficiency of acetaminophen removal was calculated using the following equation:

Removal efficiency = ((C0 − C)/C0) × 100

where C0 (mg/L) is the initial concentration of acetaminophen at time t = 0, and C (mg/L)
is the concentration at subsequent time points during visible light-induced degradation.

Radical trapping tests with specific scavengers were conducted to identify the primary
reactive species involved in acetaminophen degradation. Scavengers included 0.66 mM
ethylenediaminetetraacetic acid (EDTA) and 6.6 mM p-benzoquinone (p-BQ) to quench
holes (h+) and superoxide radicals (•O2− ), respectively; and 660 mM tert-butyl alcohol
(TBA) and 660 mM methanol (MeOH) to quench hydroxyl radicals (•OH) and both sulfate
(•SO4− ) and hydroxyl radicals, respectively.

4. Conclusions

This study demonstrates the significant potential of ZnO-NiO nanofibers as effective
photocatalysts for the degradation of acetaminophen, a common pharmaceutical pollu-
tant. The ZnO-NiO nanofibers, synthesized with varying NiO content, were extensively
characterized to understand their structural, morphological, and optical properties. XRD,
SEM, and BET analyses confirmed the successful synthesis of ZnO-NiO nanofibers with
mesoporous structures. The BET analysis revealed a decrease in specific surface area with
increasing NiO content, highlighting the trade-off between surface area and NiO concentra-
tion. TGA analysis indicated high thermal stability of the nanofibers, with major weight
loss corresponding to the decomposition of the polymer matrix and residual organics.

Diffuse reflectance spectroscopy and Kubelka–Munk plots showed a reduction in
bandgap energy with higher NiO content, enhancing visible-light absorption and photocat-
alytic activity.

The ZN1.5 nanofibers, containing an optimal NiO content, exhibited the highest
acetaminophen degradation rate of 92% within 3 h under visible-light irradiation in the
presence of PMS.

The superior photocatalytic performance of ZnO-NiO nanofibers is attributed to the
formation of heterojunctions between ZnO and NiO, which enhance charge separation and
reduce electron–hole recombination. Radical trapping experiments identified the crucial
roles of reactive oxygen species (ROS) such as superoxide radicals (O2

−) and hydroxyl
radicals (OH•), generated through the synergistic interaction of the nanofibers and PMS
under visible light. The findings underscore the importance of optimizing the composition
and structure of nanofibers to achieve enhanced photocatalytic efficiency, paving the way
for practical applications in sustainable water treatment.

The study confirms that ZnO-NiO nanofibers can effectively degrade pharmaceutical
pollutants, minimizing the formation of toxic intermediates and contributing to safer and
cleaner water bodies.

This work provides a solid foundation for the development of advanced photocatalytic
materials for environmental remediation and sustainable water treatment technologies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal14070403/s1, Figure S1: (a) ZN1.5 before the photocatalytic
reaction and (b) Z1.5 after the photocatalytic reaction.
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