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Abstract: Semiconductor Zn-based nanomaterials have emerged as promising agents for the photo-

catalytic degradation of organic pollutants in wastewater treatment. However, achieving efficient

synthesis protocols capable of rapidly producing small structures directly in aqueous environments

remains challenging. Microwave-assisted synthesis presents a viable solution by enabling one-step

particle generation swiftly and directly in water through increased pressure, thereby easily elevating

the boiling point. This study investigates the microwave-assisted one-step synthesis of pure and

iron-doped ZnS nanoparticles and assesses their efficacy in photodegrading Quinoline Yellow (QY) in

aqueous suspensions. The results demonstrate a significant degradation of QY in the presence of 1%

iron-doped ZnS nanoparticles, achieving approximately 66.3% degradation with 500 ppm of doped

nanoparticles after 270 min. These findings highlight the considerable potential of 1% iron-doped

ZnS nanoparticles as effective nanocatalysts.
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1. Introduction

Zinc-based nanoparticles like zinc oxide (ZnO), zinc sulfide (ZnS), and zinc selenide
(ZnSe) have garnered significant attention due to their unique optical, electrical, and chemi-
cal properties, making them suitable for various industrial and biomedical applications.
ZnO nanoparticles, with a wide bandgap and high exciton binding energy, are useful
in optoelectronics such as UV lasers and light-emitting diodes (LEDs) [1,2] and exhibit
significant antimicrobial properties for medical and sanitary applications [3–8], as well
as drug delivery systems [6–8]. ZnS nanoparticles are recognized for their strong photo-
luminescence, making them valuable in bioimaging and sensor applications [9–11], and
are also beneficial for optical coatings [12,13] due to their high refractive index and low
visible light absorption. ZnSe nanoparticles, with a direct bandgap suitable for blue light-
emitting devices [14,15], offer high luminescence efficiency for photonic applications and
are advantageous in biomedical imaging for deep tissue imaging [16,17].

Zinc-based nanoparticles hold significant potential for environmental applications
due to their remarkable photocatalytic properties [18–24]. These properties arise from
their ability to generate reactive oxygen species (ROS) through the electron-hole pair
mechanism when exposed to electromagnetic radiation. Upon absorption of UV or visible
light, the nanoparticles excite electrons from the valence band to the conduction band,
creating electron-hole pairs. These pairs then migrate to the nanoparticle surface where
they participate in redox reactions, producing superoxide radicals (O2•

−) and hydroxyl
radicals (•OH). These radicals are highly reactive and can degrade a wide range of organic
pollutants, making zinc-based nanoparticles effective photocatalysts.

Doping zinc-based nanoparticles involves introducing small amounts of foreign ele-
ments to modify and enhance their properties. Metal doping with elements like silver (Ag),
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gold (Au), or copper (Cu) can further enhance the photocatalytic activity by increasing
charge separation efficiency and extending the light absorption range [25,26]. Ag-doped
ZnO nanoparticles demonstrate improved photocatalytic performance due to the plas-
monic effect of Ag, which enhances light absorption and reduces the recombination rate
of electron-hole pairs. Metal dopants can create surface plasmon resonance (SPR) effects,
increasing the local electric field around the nanoparticles, enhancing light absorption,
and facilitating the transfer of photogenerated electrons and holes, thereby improving
photocatalytic efficiency [27,28].

Zinc-based nanoparticles doped with magnetic ions can act as dilute magnetic semi-
conductors (DMS), combining semiconducting and magnetic properties. Doping with
transition metals like cobalt (Co) and iron (Fe) enhances the magnetic properties [29–33]
due to the unpaired d-electrons of these metals. Co-doped ZnO nanoparticles exhibit
enhanced ferromagnetic properties because of interactions between Co ions and the ZnO
lattice [34–36]. This effect is due to exchange interactions between the dopant’s d-electrons
and the host material’s electrons, enabling long-range ferromagnetic ordering at room
temperature. Fe-doped ZnS nanoparticles demonstrate room-temperature ferromagnetism,
making them suitable for spintronic device applications [37].

The synthesis of zinc-based nanoparticles often involves organic solvents, presenting
several disadvantages. These non-environmental methods, like sol-gel and solvothermal
processes, require prolonged reaction times and complex multi-step procedures, leading to
extensive purification steps that add to the complexity and cost while generating additional
waste and environmental pollution [38–41]. Organic solvents often result in larger particle
sizes, reducing the surface area and catalytic effectiveness of the nanoparticles. Additionally,
these methods are often non-reproducible due to sensitivity to minor variations in reaction
conditions, hindering scalability and commercial viability. The nanoparticles produced
are usually not water-stable, leading to aggregation in aqueous solutions, which decreases
their effective surface area and catalytic efficiency, limiting their use in water purification
and environmental remediation.

The need for clean technologies like microwave-assisted methods to synthesize zinc-
based nanomaterials has become apparent due to the environmental and functional lim-
itations of traditional methods. Microwave-assisted synthesis is an efficient and rapid
technique that uses microwave radiation for uniform heating, significantly reducing re-
action times and enhancing reaction kinetics. This method produces nanoparticles with
controlled size and morphology, high purity, and improved crystallinity while requiring
fewer reagents and generating less waste, aligning with green chemistry principles. It
can be performed in aqueous solutions, eliminating the need for toxic organic solvents
and enhancing the water stability of the nanoparticles for environmental applications.
Zinc-based nanoparticles synthesized this way, such as zinc oxide and zinc sulfide, show
improved photocatalytic, antimicrobial, and luminescent properties [42–45]. Additionally,
this method has been used to create other nanomaterials like titanium dioxide (TiO2) [46],
gold (Au) [47,48], silver (Ag) [49], reduced graphene oxide (rGO) [50,51], and iron oxide
(Fe3O4) nanoparticles [52], among others.

To the best of our knowledge, Fe-doped ZnS quantum dots have not been synthesized
using microwave technology, highlighting a significant gap in the current research. This
study intended to generate iron-doped ZnS nanostructures with enhanced photocatalytic
properties through microwave-assisted synthesis. The presence of iron is expected to
improve the photocatalytic properties of ZnS by facilitating the separation of electron-hole
pairs and increasing the absorption of visible light. This enhancement occurs because iron
ions can introduce additional energy levels within the bandgap of ZnS, thereby reducing
the recombination rate of photogenerated charge carriers and allowing more efficient
utilization of the solar spectrum. Consequently, the overall photocatalytic efficiency of
iron-doped ZnS is significantly improved compared to pure ZnS, making it a promising
candidate for environmental remediation applications.
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Quinoline Yellow (QY), a synthetic yellow dye widely used in various industries, poses
significant environmental concerns due to its presence in water bodies. It is commonly
used as a colorant in food products, beverages, cosmetics, and pharmaceuticals, known by
its European food additive number, E104. Despite its widespread use, QY has raised health
and safety concerns, including potential hyperactivity in children and allergic reactions,
leading to regulatory restrictions or bans in some regions, such as Japan [53]. The dye’s
environmental impact is also troubling, particularly its toxicity and persistence in water
bodies. These issues highlight the need for careful regulation and potential alternatives to
mitigate its adverse effects on human health and the environment.

In this study, Quinoline Yellow dye has been employed as a model pollutant to study
the photocatalytic properties of pure and Fe-doped ZnS nanoparticles. Researchers have
employed Quinoline Yellow to assess the enhanced photocatalytic activity of Fe-doped
ZnS compared to pure ZnS, demonstrating that the presence of iron dopants improves
the degradation rate of the dye. The improved performance is attributed to the enhanced
separation of electron-hole pairs and increased visible light absorption facilitated by the
Fe-doping, which collectively boosts the photocatalytic efficiency of ZnS nanoparticles.

Pure and Fe-doped ZnS nanoparticles were synthesized using a fast, single-step
microwave-assisted synthesis method. The synthesized nanoparticles were character-
ized using various techniques, including high-resolution transmission electron microscopy
(HRTEM), X-ray diffraction (XRD), vibrating sample magnetometry (VSM), UV-visible spec-
troscopy (UV-Vis), and photoluminescence (PL). Additionally, the photocatalytic properties
of these nanoparticles were evaluated using Quinoline Yellow dye as a model pollutant.
The results demonstrated that Fe-doping enhanced the photocatalytic efficiency of ZnS
nanoparticles, facilitating improved degradation of the dye compared to pure ZnS.

2. Materials and Methods

2.1. Materials

Zinc sulphate heptahydrate (ZnSO4.7H2O, ReagentPlus® g 99.0%, Sigma Aldrich,
St. Louis, MO, USA), sodium sulfide (Na2S 3% w/w, Ricca Chemical, Arlington, TX,
USA), and iron sulfate heptahydrate (FeSO4.7H2O, ReagentPlus® g 99.0%, Sigma Aldrich,
St. Louis, MO, USA) were employed in the nanoparticles’ synthesis. Quinoline Yellow
(C18H9NNa2O8S2, Sigma Aldrich, St. Louis, MO, USA) was used for the photocatalysis
experiments. Isopropanol ((CH3)2CHOH, g99.7% for HPLC, BeanTown Chemical, Hudson,
NH, USA) was acquired for purification of the nanoparticles. Ultrapure water was used in
all the experiments. The reagents were used without further purification.

2.2. Generation of Pure and Iron-Doped ZnS Nanoparticles

Pure ZnS nanoparticles were synthesized using a microwave digestion system, MARS
6, from CEM Corporation. The synthesis involved introducing a zinc sulfate heptahydrate
solution (0.4 M) and a sulfur source (3% w/w Na2S) into the reaction mixture, which
consisted of 5.0 mL of zinc solution and 2.5 mL of Na2S solution. This mixture was then
placed in a Teflon vessel and heated at 140 ◦C for 15 min in the microwave digestion system
with a frequency of 2.45 GHz. These specific temperature and time conditions were selected
based on preliminary studies that showed higher temperatures and longer reaction times
led to reduced nanoparticle stability in water and increased agglomeration [54].

Iron-doped ZnS nanoparticles with enhanced photoactive properties were produced
using the same precursors as those for pure ZnS synthesis but with the addition of a 0.15 M
solution of iron sulfate heptahydrate to the reaction mixture. The mixture was then placed
in a Teflon vessel and heated at 140 ◦C for 15 min in the microwave digestion system.
The doping levels of iron (II) were set at 1%, 3%, and 5% w/w. This systematic method
enabled us to examine the effects of different iron doping concentrations on the properties
of ZnS nanoparticles.
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The as-synthesized colloidal pure and doped nanoparticles were purified using iso-
propanol, centrifuged at 5000 rpm for 15 min, and then resuspended in deionized water for
further characterization.

2.3. Characterization of Pure and Iron-Doped ZnS Nanoparticles

The morphology was analyzed by high-resolution transmission electron microscopy
(HRTEM) using a JEM-ARM200cF (JEOL, Akishima, Tokyo, Japan) microscope at 200 kV.
The instrument is equipped with an energy-dispersive X-ray spectrometer (EDS) (Oxford
Aztec, High Wycombe, UK). The pure and iron-doped ZnS crystalline structure was deter-
mined by X-ray diffraction (XRD) in a Siemens Powder Diffractometer D5000 using Cu-K
radiation (Siemens, Munich, Germany). The UV-visible absorption spectra of pure and
iron-doped ZnS nanoparticles were monitored in the spectral range of 200–900 nm using a
UV-2700i spectrophotometer (Shimadzu, Columbia, MD, USA). Photoluminescence proper-
ties were studied using an RF-6000 spectrofluorometer (Shimadzu, Columbia, MD, USA).
Additionally, the magnetic properties of the synthesized nanomaterials were studied using
a 7400 series vibrating sample magnetometer (VSM) (LakeShore, Westerville, OH, USA).

2.4. Photocatalytic Experiments of Quinoline Yellow

The protocol for the photocatalytic degradation of Quinoline Yellow (QY) using pure
and 1% Fe-doped ZnS nanoparticles followed previously published methods [55–57]. A
500 µM stock solution was prepared, from which nine standard solutions with concentra-
tions ranging from 1 µM to 40 µM were made to monitor their absorbance and determine
the wavelength of maximum absorbance. The concentrations of pure and Fe-doped ZnS
nanoparticles were set at 250 ppm and 500 ppm. Experimental solutions were prepared with
a QY concentration of 20 µM in an aqueous medium, each concentration being prepared in
triplicate, resulting in six solutions in total. Additionally, control solutions containing only
20 µM of the dye in deionized water were prepared. These control solutions, labeled as QY-
light and QY-dark, were used to compare the degradation progress with the experimental
solutions containing both the nanoparticles and the dye.

The experimental and control solutions underwent photocatalytic degradation using
an 8 watt UV lamp emitting at 302 nm, delivering an irradiance of 10 mW/cm2 at room
temperature, with agitation at 24 rpm using a rotamix. The QY-dark control solution was
kept in a darkened environment under identical conditions. Samples were collected every
30 min and analyzed using a UV-Vis Spectrophotometer 2700i (Shimadzu, Columbia, MD,
USA) to measure absorbance and monitor the degradation progress of Quinoline Yellow.
The samples were assessed at the specific absorption peak of 413 nm for QY, determined
from the absorbance spectra of previously prepared standard solutions. The reduction in
dye concentration over time was determined using a calibration curve. The absorbance
calibration curve for Quinoline Yellow was plotted for concentrations ranging from 1 µM
to 40 µM, and the line equation and correlation coefficient were determined from this
calibration curve.

3. Results and Discussion

3.1. Morphological, Compositional, and Optical Characterization

Microwave heating offers a significant advantage in nanoparticle synthesis due to its
ability to rapidly transfer energy through radiation rather than conventional heat transfer
or convection. This facilitates immediate energy penetration into materials transparent to
microwave radiation, ensuring instantaneous heating. The use of microwave treatment not
only reduces reaction times, enhances yields, and improves selectivities but also minimizes
energy and reagent consumption. Additionally, employing microwave-energy pulses pro-
vides an additional reduction in overall energy usage. Dielectric polarization plays a crucial
role in this process, particularly in the presence of polar compounds such as water. This
mechanism efficiently absorbs microwave energy, facilitating rapid and uniform heating of
the reaction medium essential for the synthesis of pure and doped ZnS nanoparticles. It
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enables the breakdown of precursor molecules (e.g., zinc sulfate, sodium sulfide, and iron
sulfate), promoting nucleation and growth processes, and influencing the size, morphology,
and crystalline structure of both pure and doped nanoparticles. Together, these aspects
underscore the effectiveness of microwave-assisted synthesis in achieving efficient and
controlled nanoparticle fabrication [58].

High-resolution transmission electron microscopy (HRTEM) was employed to ex-
amine the shape and size of the synthesized nanoparticles. Figures 1–4 depict pure and
Fe-doped ZnS nanoparticles, revealing their nanometric size (less than 5 nm) and predomi-
nantly spherical morphology. These images clearly illustrate the crystalline structure of
the nanoparticles.

ffi

ff
ffi

t

t

Figure 1. Low magnification TEM image (a) and HRTEM image (b) of pure ZnS nanoparticles.

ff t
ff t

Figure 2. Low magnification TEM image (a) and HRTEM image (b) of 1% Fe–doped ZnS nanoparticles.

The morphology of pure ZnS nanoparticles is depicted in Figure 1a,b, with an average
size of approximately 4 nm. Energy-dispersive X-ray spectroscopy (EDS) studies confirmed
the elemental composition of the nanoparticles, showing 46.91% zinc and 53.09% sulfur.
HRTEM further validated the crystallinity of the ZnS nanoparticles (Figure 1b). The lattice
spacing for the nanomaterials, as shown in the inset of Figure 1b, measured approximately
0.31 ± 0.01 nm, corresponding to the (111) plane of a cubic structure [59–61]. This average
was determined from ten measurements using ImageJ software (version 1.54j).
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Figure 3. Low magnification TEM image (a) and HRTEM image (b) of 3% Fe-doped ZnS nanoparticles.

ff t
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Figure 4. Low magnification TEM image (a) and HRTEM image (b) of 5% Fe–doped ZnS nanoparti-

cles.

Figures 2–4 present TEM images of Fe-doped ZnS nanoparticles at both low and high
resolutions, demonstrating that the nanoparticle size undergoes minimal change upon
doping, remaining consistently below 5 nm. EDS analyses indicated a trace amount of Fe
in the samples, ranging from 0.5 to 1.6 atomic percent. The doped samples also exhibited
zinc and sulfur as the primary components. The lattice spacing for the doped samples
with 1%, 3%, and 5% Fe doping was measured at 0.31 ± 0.01 nm, 0.30 ± 0.02 nm, and
0.30 ± 0.01 nm, respectively (inset of Figures 2b, 3b and 4b). These values correspond to
the (111) plane, confirming that the iron-doped nanoparticles retain the same face-centered
cubic (FCC) crystalline structure as pure ZnS.

Figure 5 displays the X-ray diffraction (XRD) patterns of pure ZnS and Fe-doped ZnS
nanoparticles. The diffraction patterns feature three prominent peaks around 29◦, 48◦, and
57◦ representing the (111), (220), and (311) lattice planes, respectively. These peaks align
with the face-centered cubic (FCC) structure of ZnS. The average crystallite size of pure ZnS
and Fe-doped ZnS was determined using Scherrer’s equation, based on the diffraction peak
(111). For pure ZnS, the average crystallite size was estimated to be 2.7 nm. In contrast, all
Fe-dopant concentrations exhibited a larger average crystallite size of 3.4 nm. The average
crystallite sizes calculated using XRD data are in good agreement with the particle sizes
measured by HRTEM (smaller than 5 nm). The increase in average crystallite size from
2.7 nm in pure ZnS to 3.4 nm in Fe-doped ZnS nanoparticles can be attributed to several
factors. One primary reason is the difference in ionic radii between Zn2+ (0.074 nm) and
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Fe2+ (0.077 nm). When Fe ions are incorporated into the ZnS lattice, they can cause lattice
distortion due to their different sizes, which can influence the crystallization process and
result in the formation of larger crystallites. Furthermore, the presence of Fe can alter the
nucleation and growth kinetics of the ZnS nanoparticles, promoting the growth of larger
crystallites. This effect is often observed in doped semiconductor materials, where the
dopant can modify the energy barriers for nucleation and growth, leading to changes in
crystallite size.

t
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Figure 5. XRD patterns of pure ZnS and 1% Fe, 3% Fe, and 5% Fe–doped ZnS nanoparticles.

The magnetic properties of dilute magnetic semiconductors (DMS) near room tem-
perature (RT) are crucial for numerous practical applications. To better understand the
magnetic behavior of Fe-doped ZnS nanoparticles, hysteresis loops (magnetization versus
applied magnetic field curves) were measured at room temperature, as shown in Figure 6.
Pure ZnS exhibits diamagnetic behavior, whereas Fe-doped ZnS nanoparticles display
room-temperature ferromagnetism (RTFM) with magnetization increasing as Fe content
rises. The magnetizations for the 1%, 3%, and 5% Fe-doped ZnS nanoparticles are 0.016,
0.072, and 0.16 emu/g, respectively. None of the samples showed signs of saturation.

t
ff

t ff

Figure 6. Hysteresis loops of pure ZnS and 1% Fe, 3% Fe, and 5% Fe–doped ZnS nanoparticles.



Crystals 2024, 14, 699 8 of 17

Room temperature ferromagnetism in Fe-doped ZnS arises from the introduction of
iron atoms into the ZnS lattice, which creates magnetic moments due to unpaired electrons
in the Fe atoms’ d-orbitals. These magnetic moments interact through exchange interactions,
which can be direct or mediated by the sulfur atoms in the ZnS structure, known as the
super-exchange mechanism. The doping process also introduces defects and vacancies
in the lattice, further enhancing the interactions between Fe atoms. These interactions
are strong enough to maintain ferromagnetic order at room temperature. The resulting
room temperature ferromagnetism in Fe-doped ZnS opens possibilities for applications in
spintronics and magnetic sensors, leveraging both the electrical and magnetic properties of
the material.

Figure 7 displays the UV-absorption spectra of pure and iron-doped ZnS nanoparticles
in colloidal solution at concentrations of 0.02 g for all samples. A characteristic peak in the
UV region (~316 nm) is observed for all samples, attributed to intrinsic absorption where
electrons suffer transitions from the valence band to the conduction band. The blue shift
of the absorption bands in pure and iron-doped ZnS compared to ZnS bulk (336 nm) can
be attributed to the quantum size effect, observed when nanostructures approach or are
smaller than the Bohr exciton radius [62–64].

t
ff

t ff

Figure 7. Absorbance spectra of pure ZnS and 1% Fe, 3% Fe, and 5% Fe–doped ZnS nanoparticles.

The band gap energies were estimated using the Tauc equation as 3.35 eV, 3.52 eV,
3.50 eV, and 3.48 eV for pure ZnS, and ZnS doped with 1%, 3%, and 5% Fe, respectively
(Figure 8). A redshift in the band gap upon Fe incorporation into ZnS is noted, primarily
due to sp-d exchange interactions between the band electrons and the localized d electrons
of Fe2+ ions substituting Zn2+ ions [65,66].

Figure 9 displays the photoluminescence spectra of pure and iron-doped ZnS nanopar-
ticles, recorded at an excitation wavelength of 302 nm. A prominent band gap emission peak
around 353 nm is observed exclusively for pure ZnS, attributed to exciton recombination. In
contrast, iron-doped ZnS nanoparticles show a notably absent main peak, indicating energy
level transitions of Fe ions that quench UV emission. Both pure (at 450 nm) and doped
(at 468 nm) nanoparticles exhibit a secondary trap peak in the visible range, attributed
to structural defects like sulfur vacancies and zinc interstitials that facilitate a radiative
recombination of electrons and photogenerated holes in the crystals. Iron doping introduces
additional cations and potentially more anion vacancies (S−2), which can alter the energy
level structure of ZnS. Moreover, Fe2+ ions replace some Zn2+ ions in the crystal lattice,
evidenced by the low concentrations of iron ions (less than 1.6%) in the nanoparticles. This
substitution is facilitated by the similar ionic radii of Zn2+ (0.074 nm) and Fe2+ (0.077 nm).
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The trap peak initially shifts towards shorter wavelengths in doped ZnS compared to pure
ZnS, and its intensity diminishes with increasing Fe concentration (from 1% to 5% Fe). This
quenching effect occurs because photo-generated electrons preferentially occupy the trap
centers induced by Fe2+ ions [67,68].

t

t

−

t

ff

Figure 8. Band gap energies of pure ZnS (a) and 1% Fe (b), 3% Fe (c), and 5% (d) Fe–doped ZnS

nanoparticles.
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Figure 9. Photoluminescence spectra of pure ZnS and 1% Fe, 3% Fe, and 5% Fe–doped ZnS nanoparticles.
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In Figure 9, insets show images of colloidal suspensions of pure and iron-doped ZnS
nanoparticles under natural light and UV irradiation. An observable color change from
white to orange-brown occurs with increasing dopant concentration (1% to 5% Fe) in
the crystals. Additionally, doped nanoparticles demonstrate enhanced stability in water
compared to pure ZnS, particularly at lower dopant concentrations (1% Fe). This stability in
aqueous media is crucial for subsequent photodegradation studies. Previous studies have
noted that low concentrations of iron reduce the dissolution of Zn-based nanostructures,
thereby increasing their stability in aqueous environments [69].

3.2. Photodegradation of Quinoline Yellow

Figures 10 and 11 illustrate the degradation of Quinoline Yellow in the presence of
pure and 1% iron-doped ZnS nanoparticles at two concentrations (250 ppm and 500 ppm),
respectively. As described earlier (in the Section 2), QY degradation was monitored at
413 nm based on the absorption peak of the standard solutions (Figure 12). Throughout
the experiment, the relative dye concentration (Cf/Ci) was continuously monitored and
recorded. Cf corresponds to the final dye concentration, and Ci corresponds to the initial
dye concentration. The ratio Cf:Ci is instrumental in quantifying photodegradation, as it
directly reflects the reduction in dye concentration, thereby indicating the efficiency of the
photodegradation process.

t
−

−

−

−

−

−
ff

ff

t

ff

Figure 10. Photodegradation of Quinoline Yellow in the presence of pure ZnS nanoparticles.

The actual dye concentration over time was determined using the calibration curve
plotted (Figure 13). The results indicate that the photodegradation process is closely linked
to the concentration of the nanocatalyst, the duration of UV irradiation, and the presence of
the dopant. Control groups exposed to UV light and those kept in darkness showed minimal
degradation, highlighting the persistent nature of QY in aqueous environments due to its
stable aromatic structure. Quinoline Yellow is known for its hazardous and recalcitrant
nature, characterized by high photolytic stability and low biodegradability [70]. Using
250 ppm of Fe-doped ZnS nanoparticles, approximately 50.9% of QY was degraded, which
increased to 66.3% when using 500 ppm during the initial 270 min (Figure 10). In contrast,
with 250 ppm and 500 ppm of pure ZnS nanoparticles, a 37.8% and 53.3% degradation
of quinoline yellow was achieved within the first 420 min, respectively, with no further
degradation observed thereafter (Figure 11). These findings suggest that low concentrations
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of iron ions in ZnS crystals enhance the photocatalytic efficacy of these nanoparticles. This
enhancement can be attributed to the doped nanoparticles’ increased ability to generate
reactive oxygen species or to directly interact with Quinoline Yellow molecules through
electron-hole pairs, facilitating their degradation. A schematic of the dye degradation using
doped-ZnS nanoparticles is shown in Figure 14. Under electromagnetic radiation (e.g.,
302 nm), electrons from the valence band (VB) of Fe-doped ZnS nanoparticles are excited to
the conduction band (CB). Fe2+ ions within the ZnS crystals act as electron traps, capturing
CB electrons and promoting interfacial charge-transfer kinetics that inhibit electron-hole
recombination. Consequently, VB holes and CB electrons react with water and oxygen
molecules to produce hydroxyl and superoxide anion radicals, which facilitate Quinoline
Yellow degradation in aqueous environments. [71,72]. Figure 15 shows the pattern of
photodegradation of Quinoline Yellow (C18H11NO5S) molecules, ([M − H]+, 353.0358 m/z)
under the treatment of light-activated Fe-doped ZnS 500 ppm. These studies were made by
using a QTOF-LC-MS, an InfinityLab Poroshell 120 EC−C18 column (Agilent Technologies,
Santa Clara, CA, USA), and a mobile phase of 60/40 methanol water with 0.1% formic acid.
Five degradation products of QY, labeled P1 to P5, were identified. Among them, P1 has a
molecular formula of C9H8NO3SNa+ ([M − Na]+, 233.0123 m/z) and was likely quinoline
sulfonic acid, which appeared to form through C–C bond cleavage. The identification of
P1 enabled us to locate the sulfonic group on the quinoline ring in QY. The loss of the
sulfonic acid group from P1 generated P2 (C9H7N) with a mass/charge of 129.0578. P3,
with a molecular formula of C6H5O3S− (156.9965 m/z), may indicate the presence of the
benzenesulfonate anion, which was generated from the degradation of P1. Furthermore, the
loss of the sulfonic group from Quinoline Yellow results in the formation of the intermediate
P4 [M − H]+, with a molecular formula of C18H11NO2 (273.0790 m/z). It is suggested that
P4 undergoes cleavage of the five-carbon ring and subsequent carboxylation, leading to the
formation of P5. This last product [M − Na]+, shows a molecular formula of C8H5NaO3

(172.0136 m/z) and confirms the oxidative effect of the ROS on the degradation route. P5
evidences the capacity of Fe-doped ZnS to break off P4 and the opening of the five-carbon
ring, which suggests the mineralization of Quinoline Yellow. In summary, the results
demonstrate that iron-doping significantly enhances the photocatalytic activity compared
to pure ZnS nanoparticles. The introduction of iron ions into the ZnS lattice creates new
energy levels that improve charge separation, reduce electron-hole recombination, and
increase reactive oxygen species generation. These findings underscore the potential of
iron-doped nanoparticles as effective nanocatalysts for water purification applications.

Figure 11. Photodegradation of Quinoline Yellow in the presence of 1% Fe–doped ZnS nanoparticles.
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Figure 12. Absorbance spectra of Quinoline Yellow standard solutions.

t

Figure 13. Calibration curve of Quinoline Yellow.
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t

Figure 14. Schematic of Quinoline Yellow degradation in the presence of Fe–doped ZnS.

tFigure 15. Pattern of photodegradation of Quinoline Yellow.

4. Conclusions

This study investigates a microwave-assisted method for synthesizing nanomaterials,
emphasizing its speed and environmental friendliness in a single-step process. Pure and
iron-doped ZnS nanoparticles were synthesized directly in aqueous solution within 15 min
at 140 ◦C using a microwave digestion reactor. The nanoparticles exhibited predominantly
spherical shapes, sizes less than 5 nm, and face-centered cubic structures. Additionally,
doped ZnS nanoparticles showed magnetic properties not observed in pure ZnS.

Both types of nanoparticles exhibited a characteristic ultraviolet absorption peak
(~316 nm), indicating intrinsic absorption where electrons transitioned from the valence
band to the conduction band. Interestingly, iron-doped ZnS nanoparticles only displayed a
trap peak (~468 nm), suggesting energy level transitions of Fe ions that suppress the main
UV emission peak observed in pure ZnS nanoparticles. Furthermore, doped nanoparticles
demonstrated superior stability in water compared to pure ZnS, particularly evident at
lower dopant concentrations (1% Fe).

Photodegradation studies revealed that even at a low concentration of iron ions
(1% Fe), the photocatalytic efficiency of ZnS nanoparticles was significantly enhanced,
achieving a 66.3% degradation of Quinoline Yellow within the initial 270 min when using
500 ppm. This enhancement is attributed to the doped nanoparticles’ enhanced capability
to generate reactive oxygen species or directly interact with Quinoline Yellow molecules
through electron-hole pairs, thereby facilitating their degradation.
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In conclusion, the use of microwave-assisted synthesis represents a promising tech-
nique for rapidly and efficiently generating iron-doped ZnS nanoparticles in a single step.
These nanoparticles exhibit enhanced stability in water and possess significant photocat-
alytic properties for the degradation of contaminants. The method’s ability to produce
stable and effective nanocatalysts underscores its potential in advancing environmen-
tal remediation strategies, particularly in the field of water purification and wastewater
treatment.

Scaling up the synthesis of iron-doped ZnS nanoparticles for photodegradation pro-
cesses is challenging because large-scale production tends to vary in uniformity and quality
due to variations in temperature and reactant concentrations. To address these issues,
continuous-flow microwave reactors and automated synthesis systems can be employed.
These technologies provide precise control over reaction conditions, enhancing repro-
ducibility and efficiency, and ensuring consistent production of high-quality nanoparticles.
Integrating real-time monitoring can further optimize the process, making large-scale
production more feasible and cost-effective.
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