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Abstract: The synergetic effect of nonthermal plasma and ZnO nanoparticles (NPs) on the degradation
efficiency of methylene blue was investigated. First, the ZnO nanoparticles were synthesized via
the hydrothermal route; the spherical nanoparticles had diameters of 30-50 nm, as observed with a
scanning electron microscope (SEM), and had hexagonal ZnO lattice structures, which was confirmed
by both X-ray diffraction (XRD) and Raman spectroscopy. The X-ray-photoemission spectroscopy
confirmed the ZnO composition and the presence of oxygen vacancies; meanwhile, the optical band
gap energy was 3.17 eV. The optical emission of plasma radiation confirmed the presence of various
active plasma species. Second, it was found that the maximum degradation efficiency of MB after
60 min was 85% in plasma alone and increased to 95% when combined with 0.2 gL‘1 Zn0O; but this
decreased to 75% when ZnO loading increased to 0.4 gL~ 1. These results clearly show that combining
plasma with the right amount of ZnO is a promising advanced oxidation technique as it provides an
additional source of hydroxyl radicals and, at the same time, a source of photons that can excite the
ZnO catalyst. The degradation mechanism for plasma alone and the plasma in combination with
ZnO was presented.
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1. Introduction

The widespread use of organic dyes in various industries, such as textiles, cosmet-
ics, and printing, has led to significant environmental problems due to the discharge of
wastewater-containing dyes [1]. These dyes can be toxic and persistent, pose a threat
to aquatic ecosystems, and potentially affect human health if they enter the water sup-
plies [2-4]. Methylene blue (MB), C14H13sN3SCj, is a synthetic dye used in the textile
industry to dye fabrics. Its discharge has effects on aquatic life and human health [5].
Therefore, the development of efficient and environmentally friendly techniques for dye
degradation and the removal of dyes is indeed a challenging task [6—10].

A variety of dye degradation methods have been developed, such as biodegradation
and biotransformation, which utilize microorganisms to degrade organic dyes [11,12], an
adsorption technique using natural or synthetic materials that adsorb and remove organic
dyes from wastewater [13], and reverse osmosis and an ultra-filtration membrane [14,15].
Though the biological method is low-cost, it is doubtful whether it degrades MB com-
pletely in water [16] and it generates a large amount of sludge, affecting the ecological
system [12]. Meanwhile, adsorption and ultra-filtration approaches face challenges such
as the regeneration of the adsorbent for re-usability and membrane fouling and high en-
ergy consumption, respectively. Other approaches for wastewater treatment are based on
the generation and usage of oxidants, such as photocatalysis, in which a semiconductor
nanostructure is illuminated with UV-Vis and, hence, generates oxidants that interact with
the dye molecule [17]. The Fenton reaction involves FeZ* ions interacting with H,O and
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producing hydroxyl radicals, OH [18]. The advanced oxidation process employes HyO;,
ozone (O3), and/or UV light to enhance hydroxyl radicals” production [19].

Plasma is a partially ionized gas containing various reactive species, including ions,
radicals, and excited molecules. Its versatile chemical compositions enable its strong
oxidizing and/or reducing properties, making them effective tools for organic dye degra-
dation. The atmospheric-pressure plasma jet (APPJ) generates a plasma plume in open
air. The plasma plume is composed of various reactive species and emits photons with a
wide spectral range. The APPJ has received increasing attention due to its great potential
for a variety of applications in nanotechnology, surface engineering, and material pro-
cessing [20-23]. Plasma technology has been shown to be a promising approach for the
degradation of organic dyes [24], which has the advantages of having a short treatment
time, being chemical-free, and leaving no residuals behind. However, there are several lim-
itations associated with the plasma treatment of dyes, such as the lack of selectivity, higher
energy consumption, limited penetration depth, and scalability. One possible strategy to
improve plasma performance in dye degradation is to combine plasma with metal oxide
nanomaterials. Photocatalytic studies of various photocatalysts combined with plasma
have been investigated. Lin et al. synthesized a novel photocatalyst and combined it
with dielectric barrier discharge (DBD) plasma to remove isopropanol (IPA) [25]. Jia et al.
studied the mineralization of toluene using nonthermal plasma combined with CeO, as an
adsorbent and found that the amount of ozone produced by the discharge plays a key role
in the mineralization process [26]. The combination of plasma with nanomaterials could
improve the generation of reactive species and the reaction area and increase the selectivity
of the degradation process [27-30].

Zinc oxide nanoparticles ZnO have attracted much attention in environmental reme-
diation due to their unique properties, such as large surface area, photocatalytic activity,
and stability [31]. The degradation efficiency of ZnO nanoparticles alone can sometimes be
limited, especially for dyes that are resistant to degradation or have complex molecular
structures. The combination of plasma and ZnO nanoparticles is a promising approach for
the degradation of organic dyes. Plasma generates reactive species that further oxidize and
degrade the organic dye molecules [24]. Further, plasma can activate the ZnO nanoparti-
cles, enhancing their photocatalytic activity and accelerating the degradation process. This
innovative technology provides an environmentally friendly solution to increasing dye
pollution. However, the exact mechanism of how plasma enhances the performance of ZnO
nanoparticles in organic dye degradation is not fully understood and can vary depending
on the specific experimental conditions and parameters used.

In summary, we investigated the synergistic effects of nonthermal plasma and ZnO
on the efficiency of MB dye degradation. We synthesized ZnO NPs via the hydrothermal
method and then characterized them using SEM, XRD, XPS, Raman spectroscopy, and
UV-visible spectroscopy techniques. The reactive plasma species during the treatment
processes were determined using optical emission spectroscopy. The dye degradation
performance of the plasma alone and the plasma in combination with different doses of
ZnO was evaluated.

2. Materials and Methods

The atmospheric pressure Ar plasma setup is like that reported in [22,23]. Briefly, AC
(18 kHz), a discharge voltage of 7 kVpp, was applied to a tungsten wire (diameter = 1 mm),
while the other end of the wire was inserted into a quartz capillary tube with an inner
diameter of 2.5 mm. An aluminum strip wound outside of the quartz tube, at 10 mm
away from the edge, served as the ground electrode. Argon (99.99%), at a fixed flow
rate of 3 L/min (Darhor, Hangzhou, China), was introduced into the quartz tube across
the tungsten wire. The plasma was ignited inside the quartz tube and blown outward,
forming a plasma plume. The discharge voltage was measured with a 1000:1 high-voltage
probe (Tektronix P6015A, Tektronix, OR, USA) and monitored with a four-channel digital
oscilloscope (DPO4054B, Tektronix, Beaverton, OR, USA). The composition of the plasma
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spectrum was studied using an Ocean Optics USB2000 spectrometer in the spectral range
of 240-900 nm.

2.1. Synthesis of ZnO Nanoparticles and Their Characterization

The ZnO nanoparticles were synthesized via hydrothermal route. All chemicals were
of analytical grade and were used without further processing. Typically, 0.05 M Zinc
chloride (ZnCly) was dissolved in 100 mL DI water under intense magnetic stirring for
1 h. During continuous stirring, 0.0028 M of C-TAB was added as a surfactant, followed
by the addition 0.075 M of NaOH to maintain the pH of the reactants at 10. The solution
was transferred to a hydrothermal reactor and kept in an electric furnace at a synthesis
temperature of 160 °C for 5 h. Then, the hydrothermal reactor was cooled naturally to
room temperature, the product was obtained through filtration, washed several times with
DI water, and then dried at 60 °C in an electric furnace for 24 h. The white powder was
collected for characterization and further use.

The synthesized ZnO nanoparticles were characterized using different techniques:
Scanning electron microscope FE-SEM (Thermo Fisher Quanta FEG250 SEM, OR, USA) for
surface morphology, X-ray diffraction XRD (Rigaku International Corp., Tokyo, Japan) for
phase and crystal structure, and Raman (SENTERRA II-BRUKER, Billerica, MA, USA) spec-
trometer at laser wavelength 532 nm for vibrational structure. The chemical composition of
Zn0O was studied with X-ray photoelectron spectroscopy (XPS Thermo Scientific, Waltham,
MA, USA) using a flood gun for charge compensation, while the optical properties were
evaluated with a UV-5200 spectrophotometer. The pH of all samples was measured using a
calibrated pH meter (model 420A, Thermo Fisher Scientific Inc.) at 25 °C.

2.2. Catalytic Performance

We investigated the catalytic performance of atmospheric pressure Ar plasma
with/without (W/O) ZnO nanoparticles in the degradation of the dye methylene blue (MB)
C16H18N3SCy. An aqueous solution of MB (analytical reagent grade—Merck Germany) was
prepared at a concentration of 35 mg/L. Aqueous solution of MB (30 mL) was used as the
treated sample volume and placed in a beaker. To study the combined effect of plasma and
a photocatalyst, we added ZnO NPs with a concentration of 0.2 and 0.4 gL.~!, respectively.
The argon plasma orifice was placed at ~5 mm above the MB solution so that the plasma
plume impinged on the solution. The degradation of the MB dye solution was evaluated by
measuring their absorption spectra with an ultraviolet-visible (UV-Vis) spectrophotometer
(UV-5200 Spectrophotometer, Shaanxi, China). The catalytic efficiency of the degradation
of MB was calculated using [24]:

Degradation Ef ficiency (%) = AOA_ As
0

x 100, 1)

where A, and A; are the absorbance of untreated MB and plasma W/O ZnO NPs treated
with MB, respectively, at a given time ¢.

3. Results and Discussion
3.1. Optical Emission of Ar Plasma Jet

A typical emission spectrum of atmospheric pressure Ar plasma is depicted in Figure 1.
The discharge parameters were at a fixed Ar flow rate of 3 L/min, discharge voltage of
7 kVpp, and AC frequency of 18 KHz. The Ar plasma plume was in stable laminar Ar flow
mode. The plasma emission was collected with an optical fiber facing the plasma plume.
As evident from Figure 1, in addition to the Ar I line (4p — 4s) in the range of 690-870 nm,
other spectral bands/lines, such as at 309 nm (hydroxyl (OH)), in the 315-400 nm range
(SPS of N, and at 777 nm (atomic oxygen OI), can be observed. The high intensity of the Ar
I spectral lines indicates the presence of high-energy electrons (>11 eV), which play a cru-
cial role in the dissociation of dye molecules. The dissociation energy of the HyO molecule
H,O — O + Hp and/or HO — OH + H is 5.0 and 5.1, respectively [32,33]. In addition,
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metastable argon atoms Ar* cause stepwise excitation via electron collisions, which in-
creases plasma reactivity. The presence of OH-, N;-, and Ol-excited species are inevitable,
as the Ar plasma plume is diffuse in the surrounding air; hence, energetic electrons inter-
act with the surrounding air molecules and generate such excited species. Interestingly,
Figure 1 confirms the presence of a moderately strong UV emission band (<400 nm), which
induces additional pathways to generate OH radicals through ZnO nanoparticles that
eventually improve the catalytic activity of the plasma-ZnO nanoparticle system.
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Figure 1. Typical emission spectra of the atmospheric-pressure plasma jet at Ar flow rate of 3 L/min.

3.2. Characterization of the ZnO Nanoparticles

Figure 2a shows SEM images of the synthesized ZnO nanostructures at a growth
temperature of 160 °C, a pH of 10, and a synthesis time of 5 h. The SEM images show that
the ZnO nanostructures have a homogeneous shape (NPs) with a diameter in the range of
30-50 nm. Furthermore, the ZnO NPs agglomerate and form nano crystallites, as shown in
Figure 2a, which is like that reported in the literature [34].

Figure 2b depicts the XRD pattern of the synthesized ZnO (NPs). As observed, the
pattern exhibits sharp peaks with high intensities, confirming the high crystallinity of the
studied sample. The observed peaks are located at positions 26 = 31.72°, 33.66°, 36.21°,
47.48°,56.51°,62.75°, and 67.84°. The observed peaks agree well with the typical hexagonal
wurtzite crystalline ZnO with space group P63mc (Card No. 96-900-4180). Therefore, the
diffracted peaks were labeled 100, 002, 101, 102, 110, 103, and 112. The XRD pattern of the
synthesized ZnO NPs, shown in Figure 2b, displays other additional peaks at 26~28.6°,
30.9°, 32.6°,42.7°, and 50.6°, which were assigned to Zinc oxyhydroxides Zn (OH); (Card
No. 96-451-7838). In other words, the synthesized ZnO NPs are composed of Zincite
99% and Zinc hydroxide (1%). The grain size D was estimated using Scherrer formula

D= ﬁpc'g's)(;B , where A, 3, and 0p are the X-ray wavelength (A = 1.543 16%) and the full width at
half-maximum (FWHM) of the diffraction peak and the diffraction angle, respectively [32].
The strongest reflecting peak, 002, was selected to estimate the average size of ZnO. The
crystallite size was about 35.05 nm, which slightly matches that observed from the SEM
image. The lattice parameters a and ¢ of the hexagonal (wurtzite) were calculated using

a and c = m , respectively [35]. The lattice parameters a2 and c were found

— A

— 1.73-sin 9109
to be 3.2533 A and 5.2073 A, respectively, which are comparable to the parameters of pure
ZnO (a=324 A, c=5206 A).
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Figure 2. (a) SEM images, (b) X-ray diffraction pattern, and (c) Raman spectra of ZnO nanoparticles.

Figure 2c displays the Raman modes of a ZnO nanoparticle using a green laser
A =532 nm at room temperature. One can observe six major peaks, located at 98.5, 210, 333,
393, 438.5, 538, and 577.5 cm ™!, that were assigned to modes E;(low), 2E;(low), Ep(high)-E,
(low), A1(TO), Ep(high), A;(LO), and E; (LO), respectively [36]. The high-intensity E;(low)
and Ej(high) modes reflect the hexagonal wurtzite structure of synthesized ZnO nanopar-
ticles [37]. The 2E;(low) is the second order of E;(low mode). The mode E;(high), which
was assigned to the oxygen vibration, is a fingerprint of the degree of crystallinity of
ZnO nanoparticles, i.e., a sharp high-intensity peak indicates the high-crystalline nature
of the synthesized ZnO NPs, which is consistent with the XRD result. The peak E; (LO)
indicates the presence of oxygen-vacancy defects [38], implying proper improvements in
the ZnO NPs’ photocatalysis performance. The A; (TO) and A;(LO) modes are first-order
optical modes of wurtzite ZnO. The mode E;(high)-E_,(low) is a second feature of the ZnO
structure. The Raman mode at ~160 cm ! is probably attributed to Zn (OH); [39].

Figure 3a shows the XPS survey spectrum of the synthesized ZnO NPs. The apparent
high-intensity Zn2ps,,, Zn2p, /5, and Ols peaks confirm the chemical composition of the
synthesized ZnO NPs, i.e., 43.8% Zn, 44.65% oxygen, and 11% carbon. The carbon content
is probably contaminated during the synthesis processes. The XPS Zinc spectral lines were
assigned to the Zn 3D, Zn 3p, Zn 3 s, Zn LMM (Auger), and Zn 2p peaks. The oxygen line
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O 1s at 530 eV was attributed to O* ions in the wurtzite ZnO structure, while Zinc spectral
lines were assigned to the Zn 3D, Zn 3p, Zn 3 s, Zn LMM (Auger), and Zn 2p peaks [40].
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Figure 3. (a) Survey spectra ZnO nanoparticles, (b) high-resolution spectra for oxygen Ols, and
(c) high-resolution spectra for Zn 2p.

To reveal the oxidation state of the Zn and O components of ZnO NPs, Figure 3b,c
provide a high-resolution spectra of the O 1s and Zn2p spectral lines. The O 1s spectrum is
asymmetric with a shoulder at higher binding energy, and it is decomposed into two peaks;
at the lower B.E. of 530.1 eV, it is ascribed to oxygen anions O* in the wurtzite ZnO crystal
lattice (Zn—O), while at a higher B.E. of 531.5 €V, it represents oxygen vacancies (V) [41-43]
and/or OH species adsorbed on the surface of ZnO [44,45]. In fact, the XRD (Figure 2b) and
Raman (Figure 2c) results support the presence of the oxygen vacancies and the OH species
on the synthesized ZnO NPs. Figure 3c shows the Zn2p spectra splitting into peaks at
1021.86 eV and 1044.98 eV, which can be indexed to Zn2p3,, and Zn2p; ,, respectively. The
Zn2p spectra corresponds to the Zn atom at the regular lattice site in ZnO. Here, the binding
energy separation between the Zn2ps,, and Zn2p, ;, peaks was found to be 23.06 eV, which
is consistent with the emissions from Zn? ions in the ZnO crystal.

Figure 4a displays the UV-Vis absorption spectrum of ZnO NPs. The spectrum exhibits
strong absorption in the UV range < 400 nm, with the absorption peak at 366 nm assigned
to the intrinsic band-gap absorption of ZnO [46]. The absorption peak at 366 nm is a
characteristic of the hexagonal wurtzite ZnO structure. Further, ZnO NPs’ UV-Vis spectrum
reveals a blue shift compared with defect-free ZnO (368 nm) [47,48], probably due to the
quantum size effect.
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Figure 4. (a) UV-visible optical absorption, (b) plots of (hva)? versus hv of ZnO nanoparticles.

The optical direct band gap energy, Eg, for the synthesized ZnO NPs was estimated
using Tauc law [49],
hv-a = A-(hv — Eg)"

where « is the absorption coefficient, hv is the photon energy, A is constant, and n = 1/2 for
the direct band gap. The Eg value was obtained via an extrapolation of the linear part of the
(hva)? versus hv to hva = 0. The value of o« was computed from the absorption spectrum.
As seen in Figure 4b, the Eg value was 3.17 eV, which is smaller than the defect-free bulk
ZnO (Eg = 3.3 eV) [50]. The decrease in the Eg value is probably attributed to the formation
of a shallow level within the band gap due to the presence of some defects in ZnO NPs,
such as the oxygen vacancies as observed in the O 1s spectrum of the XPS results, as shown
in Figure 3b, and the attached hydroxyl as observed in the XRD and Raman results.

4. Catalysis Performance

The catalytic performance of atmospheric argon plasma W/O ZnO NPs has been
evaluated from the MB absorption spectra. The absorbance spectra of the MB dye solution
treated with Ar plasma W/O ZnO NPs at different treatment-time values are presented in
Figure 5a—c. As evident, the absorption spectra of pristine MB dye solutions (Figure 5a)
have a characteristic absorption peak at 663 nm associated with an MB monomer, and a
shoulder at a lower wavenumber of 616 nm assigned to the MB dimer. The intensity of the
peak at 663 nm is proportional to the concentration of the undissociated MB dye molecules
in the solution sample. After exposure to the Ar plasma W/O ZnO NPs, the overall MB
absorption intensity decreases, as shown in Figure 5a—c. In particular, the peak intensity at
663 nm dramatically decreases, implying the degradation of the chromophore group in MB
molecules [50]. The wavelength at which the MB absorption peak is located (663 nm) is
related to the length of the conjugated systems in the MB molecule [51]. Figure 5d shows
the position of the MB absorption peak as a function of treatment time for the Ar plasma
W/O ZnO NPs’ treatment processes as it clears the peak shifts to a lower value (blue shift),
particularly during the Ar plasma “alone” treatment. This behavior is attributed to the
destroying of the conjugated system of MB and the formation of by-products such as Azure
and Thionine [52] through the demethylation/degradation of MB during the treatment
process [53]. The pH value of the pristine MB was slightly acidic at 5.4 and turned to be
neutral with a pH of 6, 6.33, and 6.5 for the samples treated with Ar plasma and Ar plasma
combined with 0.2 and 0.4 gL~ ZnO, respectively. Knowing that, plasma increased the
acidity of the exposure DI water [54]; the increases in the pH values of plasma-treated MB
solutions imply physiochemical changes in the treated solution, which is consistent with
the shift observed in the MB absorption peak.
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Figure 5. Absorption spectra of MB dye (a) sole plasma exposure, (b) plasma + 0.2 gL.~! ZnO,
(c) plasma + 0.4 gL.~! ZnO solution mixture, and (d) the position of the MB absorption peaks as a
function of exposure time.

To quantify the photocatalytic performance of Ar plasma W/O ZnO NPs, the degrada-
tion efficiency was calculated from Equation (1), and the results are depicted in Figure 6.
The rate of MB degradation was found to depend on the presence of ZnO NPs as well as
the concentration of ZnO NPs. For example, the degradation efficiency after 60 min of
treatment was found to be 86% (plasma plasma), 95% (plasma combined with 0.2 gL ~! of
Zn0), and 74% (plasma combined with 0.4 gL_1 of ZnO).
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Figure 6. The degradation efficiency of MB dye as a function of exposure time for (a) plasma “alone”
exposure, (b) plasma + 0.2 gL_1 Zn0O, and (c) plasma + 0.4 gL_1 ZnO solution mixture.
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The mechanism of MB degradation is illustrated in Figure 7 and can be explained as
follows.
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Figure 7. Schematic diagram of the effects of plasma and ZnO NP photocatalysis reaction pathways
for MB degradation.

Considering the plasma emission and the subsequent chemical reactions taking place
at the Ar plasma-MB solution interface, the OES measurements (Figure 1) confirm the
existences of OH-, N»-, and Ol-reactive radicals. In addition, the emitted Ar I lines imply
the presence of high-energy electrons >> 11 eV and the Ar metastable A* species. The
dissociation energy of H,O molecules into OH", Hp, and O- are 5.0~5.1 eV [32,33]. Hence,
one would expect various interaction pathways between plasma active species and the
surrounding air (gas phase), as well as at the plasma-water interface. Some examples of
possible reaction pathways [55,56] are listed in Equation (2)

1d.
S e Wio WIS

— O +e”
yields
— Os+e”
1d
Ve L OH + e
Ar+OH +2¢~
H>,O,

e+ 0,
e+ 0,
03 +0,
e~ + HyO
Ar* + H,O
OH +OH

yzelds

@
yzelds

yzelds

The generated species moved with the Ar flow to the plasma-liquid interface, diffused
in the MB solution, and played crucial roles in the degradation of the MB dye molecules.
The oxidation potential of the OH" (Hydroxyl radical), O-, O3 (Ozone), and H,O, (Hydrogen
peroxide) species are 2.8, 2.42, 2.07, and 1.77, respectively. Hence, OH" was found to be
the main oxidative species in the plasma “alone” water treatment [57]. For instance, the
OH: radicals in the MB aqueous solutions absorbed electrons from the double bonds of
methylene blue molecules, leading to the degradation of the MB solution [58]. Further, the
high-energy electrons interacted with MB molecules, removing the methyl group (CH3) via
demethylation [59].

As shown, the availability of OH" radicals determine the efficiency of the MB degra-
dation process. Hence the addition of OH" source radicles combined with that generated
with plasma would improve the degradation of MB dye. Indeed, the MB degradation
improved in the presence of the 0.2 gL ~! ZnO photocatalyst in the MB solution, as shown
in Figure 6. As depicted in Figure 1, the plasma emission contains UV photons << 400 nm),
which have enough energy to activate ZnO photocatalysts; electrons (¢~) move from the
valence band (VB) to the conduction band (CB) and leave holes Ii* in the (VB) of ZnO NPs.
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Both e~ and h* migrate to the ZnO NPs’ surface. The holes’ h* oxides H,O and/or OH"
molecules are adsorbed on the ZnO NPs’ surface and produce reactive hydroxyl radical
anions (OH") and H* ions. Meanwhile, electrons reduced to oxygen molecules O; exist on
the photocatalyst surface and generate super-oxide anions (- O, ) [60-63]. The O, might
interact with H* in the presence of H,O and generate H,O,. In addition, oxygen vacancies
in the ZnO NPs (Figure 3b) act as electron e~ donors that promote further generation of
OH'. The reactive OH" and O, oxidize the MB dye molecules into de-colorized unharmful
species. The possible reaction pathways for MB degradation in the presence of ZnO NPs
under plasma irradiation are summarized in the following equations.

jeld.
ZnO + plasma emission "5E zno (em+h™)

jeld.
4+ H,0 VS oH 4+ HY

nt+oH " on

e +0, " o ®

ield
0, + RO+ H' "5° H,0,+ 0,
ield
O, + MB molecule YEE MB molecule — OO

jeld
OH' + MB molecule "5" oxidized products

Surprisingly, when the amount of the photocatalyst (ZnO NPs) increased from 0.2
to 0.4 gL !, the MB degradation efficiency slightly decreased, as shown in Figure 5. The
increase in ZnO NPs might induce turbidity in the MB solution, which would decrease
the number of UV photons reaching the ZnO NPs’ surface, leading to less generation of
e~ —h™ pairs and, hence, lower OH' radicals generated and a decrease in the degradation
efficiency. Alternatively, the synthesized ZnO NPs contain some ZnO (OH),, i.e., an OH
group, attached to the ZNO’s surface. Hence, the increase in ZnO NPs increases the number
of OH groups which might participate in other surface reactions that compete with the
catalytic reactions, potentially reducing the overall catalytic activity. This is why a slight
decrease in the degradation rate was observed with a higher content of ZnO NPs (0.4 gL~ 1).

5. Conclusions

In summary, this study investigated the synergetic effect of an atmospheric-pressure
plasma treatment and the photocatalytic activity of synthesized ZnO nanoparticles on the
degradation of methylene blue dye. Therefore, the first part of this paper presented the
synthesis of ZnO nanoparticles using the hydrothermal route, and their physicochemical
characteristics were assessed via SEM, XRD, Raman, XPS, and UV-visible techniques. The
synthesized ZnO had nanoparticles with a size of 30-50 nm, was crystallite with a hexagonal
lattice structure, and the Eg = 3.17 eV. The atmospheric-pressure plasma was generated
at a fixed discharge voltage and flow rate. Reactive species, such as excited /metastable
Ar, hydroxyl (OH), N, and atomic oxygen OI, could be detected via optical emission
spectroscopy. The plasma treated methylene blue remotely; the plasma species interacted
with the surrounding air, generated various radicals diffused in the MB solution, and
played a crucial role in the degradation of the MB dye. Adding ZnO nanoparticles to the
MB solution under plasma treatment influenced the plasma degradation efficiency; the
MB degradation efficiency of plasma improved in the presence of 0.2 gL~! ZnO, while it
decreased when the loading ZnO increased to 0.4 gL.~! ZnO. The improvements in plasma
performance in the case of 0.2 gL ! ZnO were probably due to the increased generation of
OH- radicals, while the higher 0.4 gL ~! ZnO probably caused turbidity in the MB solution
and, hence, limited UV-photons and other plasma species reaching the ZnO NP surface.
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