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Abstract

Microcrystalline a.-ZnMoO4 catalyst for degradation of Reactive Black 5 by self-
made open air atmospheric pressure pulsating corona plasma reactor was synthesized
by electrodeposition, followed by thermal treatment. The effect of electrodeposition
current density on the catalyst’ characteristics was examined by SEM, EDX, FTIR
XRD and TG. The catalyst enhanced plasma decolourization rate by 7.5 times. The
role of the catalyst in the consumption of plasma generated H.O> and in dye

degradation was examined in details for the first time to the best of our knowledge;
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the catalyst enhanced the generation of -OH radical, a principle dye degradation
reagent, by enhancing decomposition of plasma—generated H>O>. The catalyst’
excitation mostly proceeded by the strikes of plasma—generated active species
accelerated by electric field, which transferred their energy to the catalyst, causing the
creation of electron — holes pairs which attacked H>O». Decolourization followed
pseudo — first order kinetics. Decolourization rate increases with the increase of
discharge current density and reactor input voltage. The ratio between cylindrical
reactor cell’s diameter and the liquid level in it didn’t affect the decolourization rate.
Relatively high energy yield of 1.86 gkWh* was achieved for 50% decolourization.

TOC removal was 85.4% after 180 minutes of the treatment.
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1.Introduction

Synthetic dyes are present in many industries’ wastewaters. They are difficult to
remove by conventional physico-chemical processes due to high stability of their
molecules, thus, certain alternative processes have been developed, like advance
oxidation processes (AOPs). AOPs are based on oxidation of organics by strong short
living, non-selective oxidants, like hydroxyl radical, -OH, which causes oxidative
degradation of initial compound into smaller fragments, and may lead to complete
mineralization. Generation of strong oxidants is caused by some source of energy, like
UV radiation etc. Plasma in contact with water can generate reactive ion and radical
species, including -OH, electrons and UV radiation, which all can contribute to
degradation of organic molecules present in that water. When certain semiconducting

materials absorb the energy higher than their band gap, they create electron (e°) - hole



(h™) pairs, which can react with H.O and H.0>, and thus produce reactive species and
act like a catalysts (Chandana et al., 2015; Garcia et al., 2017; Wang et al., 2018;
Wang et al., 2017; Mahmoodi et al., 2018). Recently, application of various types of
plasma in degradation of organics was investigated (Chandana et al., 2015; Wang et
al., 2018; Magureanu et al., 2015; Jiang et al., 2012; Dojc¢inovi¢ et al., 2016). Plasma
degradation of organics can be very effective, however, recently there have been
attempts to enhance its efficiency, i.e., to increase energy yield and decrease reaction
time by the use of catalysts, like TiO2 (Ghezzar et al., 2009), tin containing
aluminophosphate molecular sieves tin containing aluminophosphate molecular sieves
(Hentit et al., 2014) and BiPO4 (Chen et al., 2017) for degradation of organic dyes.
Reactive textile azo dye Reactive Black 5 (RB 5) belongs to a large group of colour
compounds that are used in colouration industry, which can be found in various
wastewaters. Previously, some of the AOPs were applied to degrade RB 5, like DBD
plasma (Doj¢inovi¢ et al., 2016; Mei and Liu, 2013) and catalytic photodegradation
with TiO2 and ZnO/UV slurry membrane reactor (Mahadwad et al., 2011; Becerril-
Altamirano et al., 2019; Laohaprapanon et al., 2015), but to the best of our
knowledge, there were no attempts with open air atmospheric pressure pulsating
corona system, nor any type of plasma process with the use of catalyst. And while
many AOPs usually take a lot of energy to complete the degradation process, the use
of catalyst can significantly enhance the reaction and thus decrease the reaction time
and the energy consumed for the process (Ghezzar et al., 2009).

Zinc molybdenum oxide, ZnMoOs, is a semiconductor with some important
applications, like supercapacitor technology (Reddy et al., 2019), optical and
electronic devices (Keereeta et al., 2014), catalysis (Wang et al., 2017; Jiang et al.,

2014; Ramezani et al., 2015; Oudghiri-Hassani et al., 2018), detection (Rajakumaran



et al., 2020), photocatalytic corrosion protection (Liu etal., 2020), but it was also
applied as a sorbent (Oudghiri-Hassani et al., 2018). ZnMoO4 has shown
photocatalytic activity in degradation of some organic compounds, such as Rhodamin
B, phenol, sulfamethazine, 3-Nitrophenol, and dyes like Victoria Blue and Methyl
Orange (Wang et al., 2017; Jiang et al., 2014; Ramezani et al., 2015; Oudghiri-
Hassani et al., 2018), but there are no literature reports, to the best of our knowledge,
about its plasma catalytic activity. ZnMoOg has different crystalline phases, like a-
ZnMoOyg4, B-ZnMo0O4 and ZnM00O4-0.8H.0 (Keereeta et al., 2014), and, depending on
the synthesis conditions, it can be micro- or nano-sized, with different crystal shape
and morphology (Mahadwad et al., 2011; Becerril-Altamirano et al., 2019;
Laohaprapanon et al., 2015; Reddy et al., 2019; Rajakumaran et al., 2020; Jia et al.,
2013; Liang et al., 2012; Shahri et al., 2013; Zhai et al., 2017) or in the form of thin
films (Askri et al., 2018). Synthesis conditions affect the crystal phase, size and
morphology, thus several synthetic routes, with various synthetic conditions have
been developed in order to control these features, such as hydrothermal (Jiang et al.,
2014; Jia et al., 2013), microwave-hydrothermal (Jiang et al., 2014) and
ultrasonication and hydrothermal (Rajakumaran et al., 2020), precipitation (Reddy et
al., 2019; Shahri et al., 2013), vapor deposition in air (Zhai et al., 2017),
electrochemistry — assisted laser ablation (Liang et al., 2012), spray pyrolisis (Askri et
al., 2018) and electrospining and calcination (Keereeta et al., 2012).

Electrochemical synthesis is very convenient way to obtain various compounds using
simple and low cost equipment and starting compounds, with excellent control of
synthesis conditions. In this work, for the first time to the best of our knowledge, zinc
molybdenum oxide was obtained by galvanostatic electrochemical co-deposition of

Zn?* and MoO.%, followed by thermal treatment and used to enhance plasma-induced



degradation of RB 5. ZnMo00O4 was selected because of its interesting electronic
structure, polymorphism, the possibility to control its properties, and previously
demonstrated photocatalytic activity and other interesting electronic properties, which
all opened the possibility of its exploitation as a plasma degradation catalyst. In this
paper, the catalytic degradation of RB 5 by atmospheric pressure non-thermal
pulsating plasma corona open air reactor was examined. Characterization and
examination of catalytic properties of electrochemically synthesized ZnMoQO4 were
done. The interaction of plasma with the ZnMoOQ4 catalyst and its role in dye

degradation were examined.

2. Experimental

2.1. Materials

Reactive Black 5, ZnSO4-7H20, (NH1)6M07024 -4H20 and H20> (Sigma Aldrich)
were of reagent grade. All solutions were prepared in deionized water (18 MQ). Basic

characteristics of RB 5 are given in Table 1.

Table 1 Basic characteristics of Reactive Black 5

Dye Molecular structure Amax (NM) Molar mass
(9-mol™)
Reactive 0 4 0 .0 597 991.8
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2.2. Preparation and characterization of the materials

Working solutions containing 0.008 mol dm (NH4)sM07024-4H,0 and 0.1 mol dm3
ZnS04-7TH20 were prepared by mixing equal volumes of stock solutions of the salts,
which were prepared by dissolving required amount of each of the salts separately in
deionized water. Solutions concentrations were optimized based on previous
experiments. Cyclic voltammograms of stainless steel substrate in the working
solution, as well as in pure 0.008 mol dm= (NH4)sMo07024-4H20 and 0.1 mol dm
ZnS04-7H20, separately, were recorded in three-electrode cell using Palm Sens Em
Stat blue potentiostat, stainless steel sheet as a working electrode, Pt as auxillary
electrode and saturated calomel electrode (Amel) as a reference electrode, by cycling
at scan rate of 50 mVs?, from -0.1 to -1.3 V for working solution and
(NH4)6M07024-4H,0 solution and from -0.7 to -1.3 for ZnSO4-7H,0 solution and in
0.2 M K>S0Oq as a background electrolyte. All potentials are given vs standard
hydrogen electrode (SHE).

Electrodeposition was done in working solution at pH 5.9 (native pH), using an Amel
510 DC potentiostat (Materials Mates, Italy), furnished by VoltaScope software, at 21
+ 0.5°C in the two electrode cell with a stainless steel sheet as a substrate (cathode)
and a Pt as anode, at two constant current densities of 50 mAcm2 and 100 mAcm
during 90 minutes. Prior to electrodeposition, the stainless steel substrate was polished
with abrasive paper, ultrasonically cleaned with ethanol and rinsed with deionized
water. After deposition, for both of the applied current densities, stainless steel
cathode covered by dark-gray coat was rinsed with deionized water and dried in air at
50°C. The coat was then peeled of the cathode surface and divided into two parts: the
first one did not undergo any further treatment, and the second one was thermally

treated at 600°C for 90 minutes in air in a furnace and cooled in open air. This way,



four different materials were obtained and labelled: E50, E100 (obtained by
electrodeposition at 50 mA cm and 100 mA cm2, respectively), T50 and T100
(obtained by electrodeposition at 50 mA cm and 100 mA cm, respectively, and
thermally treated at 600°C). These materials underwent characterization and
application in dye degradation experiments.

SEM-EDX was done by the JEOL5310LV in low vacuum mode with an Oxford
Instruments X-Max 50 detector for semi-quantitative EDX analysis. Nominal
magnifications of x5.0 k, 10.0 k and 25.0 k were used when imaging the obtained
samples. FTIR spectra were recorded using BOMEMMB-100 FTIR spectrometer
(Hartmann & Braun, Canada), with KBr pellets which contained 1.0 mg of the
sample/150 mg KBr. The instrument was furnished with a standard DTGS/KBr
detector in the range of 4000-400 cm™! with a resolution of 2 cm™'. XRD
characterization was done by the use of filtered Cu Ka radiation (Ultima IV Rigaku).
The analysis was carried out in the scan range of 20 = 5-90° under 40 kV, 40 mA,
with scan rate of 5 degree/min and steps with 0.02°. The standard deviation was about
1%. TG analysis was performed in air atmosphere by heating 2.5 mg of the obtained
samples up to 600°C with the heating rate of 2°C/min (TA Instruments TGA 5000IR
furnished by Universal Analysis software package). The catalysts’ band gap was
determined by cyclic voltammetry (Mahmood et al., 2014), applying the same

instrumentation as for the electrodeposition.

2.3. Plasma degradations
All plasma degradation experiments were done by the home-made atmospheric
pressure non-thermal plasma open reactor, based on positive pulsating corona

electrical discharge, using power supply with DC pulse generator and high voltage



output stage (the highest output voltage was 50 kV related to the ground level,
maximal power output was 110 W). The liquid surface (treated solutions) acted as a
cathode and the multipoint anode with stainless steel needles, was placed above the
liquid. The corona discharge occurred on the tip of the needles, in the air phase above
the liquid. The reactor cell was of cylindrical shape, with the electric contact at its
bottom. The generator frequency was 40 kHz. The discharge current density was set
up by changing of the air discharge gap (a distance between the anode and the liquid
surface — cathode). During the treatment, gases were removed from the reaction area
by the exhaust system. A detail description of the plasma reactor set up is given in
(Rancev et al., 2019). The reactor scheme is presented in Figure S1 (supplementary).
Plasma treatments were done at temperature of 21+0.5 °C, with 20 cm? of each
solution, at their native pH of 5.1. Dye concentrations were determined using UV-VIS
spectrophotometer Shimadzu UV-1650 PC at 580 nm. Decolourization rate was given
as the C/Cy ratio, where Cy is the initial dye concentration (mg dm) and C is a dye
concentration at the reaction time t. Plasma generated H>O> concentration was
determined in plasma-treated water, both with and without the use of the catalysts,
using iodometric method (Nijadam et al., 2012). The catalysts concentration was 50
mg dm3. Chemical oxygen demand (COD) was determined by the set up consisting of
thermoreactor RD125, the Lovibond® COD Vario tube test and the Lovibond®

Multidirect photometer (Lovibond).

3. Results and Discussion
3.1. Characteristics of the synthesized materials
3.1.1. Cyclic voltammetry examination

Cyclic voltammograms of the electrode immersed in the examined solutions are given
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in Figure 1. The cycling was done in cathodic direction (from -0.1 to -1.3V for
molybdate alone; -0.7 to -1.3V for Zn (I1) and from -0.1 to -1.2 for the mixed

molybdate — Zn (I1) solution) and reversed back to the starting potential.

Molybdate 8000+ Zinc
60004 01
4000 - )
~1000 1 Zinc + Molybdate
20004
~ . -2000 -]
< 0 e
< =
-2000 -3000 -
-4000 4000
-6000
-5000 4
-8000 -
‘ T . : : ‘ : ‘ . . i . . . . : T : r ‘ )
-1.3 1.1 -0.9 -0.7 -0.5 -0.3 -0.1 13 1.2 14 1.0 09 0.8 07 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
EV) EV) £V)

Figure 1 Cyclic voltammogram of Ti-electrode in solution containing (NHa)e M07024,

ZnS04 and mixture of (NHz)s M07024 and ZnSO4in 0.2 M K2SO4

In the molybdate solution broad reduction peak observed at about -0.88 V originated
from the current caused by the M07024% ions which were reduced to MoO at that
potential (dark MoO> coverage could be observed at the electrode surface). The
presence of NH4" ions, as well as neutral pH dislocated this peak towards more
negative potentials, followed by intensive evolution of Hx (which took place at the
surface of the formed MoO3), alongside reduction of molybdate (Cao et al., 2019).
Broad anodic bend observed at about -0.5 V originated from an oxidation of H,
generated during the reduction step (Quintana et al., 2015). In the solution of ZnSO4
significant increase of cathodic current density at about -1.1 V is attributed to
reduction of Zn?* ions to Zn. Small, poorly defined peak at about -1.2 V might

originate from H. evolution which also takes place in this potential region. Broad



anodic peak with the current maximum at -0.83 V is attributed to oxidation of Zn
(Kazimierczak et al., 2020). Cyclic voltammogram recorded in the mix solution which
contains both Zn (11) and molybdate, has similar shape to that of the molybdate alone;
significant increase of cathodic current starts at about -0.6 V; it continues to increase
in cathodic direction in both cases. However, this current is higher in the case of Zn —
molybdate mixture: the difference becomes notable at about -0.8 V and it becomes
higher for more negative potentials. This current originates from molybdate anions, as
well as Zn (I1) cations; the current which originates from the late probably occurs at
potentials lower than -0.9 V, but it is overlapped by the molybdate band. Anodic peak
position and corresponding current density are very similar to those of the molybdate
alone, so it attributed to the oxidation of H2 which originates from reduction of water
in the cathodic region. There is no evidence of reversible oxidation of reduced Zn.
Base on the cyclic voltammograms and the structure and chemical composition of the
obtained product (see below), it is assumed that co-deposition of zinc (I1) and
molybdate takes place in cathodic region, and that these ions form molybdenum zinc
oxide. Some minor deposition of metallic Zn is also possible, but it seems that does

not oxidize in the anodic region, like it does in the Zn solution alone.

3.1.2. SEM and EDX analysis

There are some differences in the surface morphology between the obtained materials,
especially before and after thermal treatment (Figure 2). Material E50 is composed of
mostly oval particles of undefined shape and different size, which varies from 1-2 um
to more than 20 um. E100 seems sintered, with macro pores, and oval particles of
several um which can be distinguished in places. T50 and T100 have practically the

same morphology, with flaky texture, undefined shape and high variation in particle
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size, from less than 1 um to more than 20 um. In general, the synthesis current density

affected the morphology before, but not after the thermal treatment.

Figure 2 SEM images of the obtained materials

EDX shows the presence of Zn, Mo and O in all four materials in different ratio.
Average atom % of Zn, Mo and O in E50 and E100 is: Zn:M0:0 =20.6 : 8.29 : 71.11,
and 14.55: 9.21 : 76.24, respectively, which is close to the elements ratio in
molybdenum zinc oxide, ZnsMo02011-5H20. However, element distribution is not
uniform, showing the variation of £7.90% and £9.50% in E50 and E100, respectively,
which indicates that the materials may not contain only one phase. Average atom % of
Zn, Mo and O in T50 and T100 is: Zn:Mo:0 =16.2 : 13.98 : 69.82, and 15.30 : 12.06
: 72.64, respectively, which, in both cases, approximately corresponds to the elements
ratio in ZnMoQg, with little higher content of oxygen and Zn. Element distribution is

more uniform, with variation of +4.80 and £5.10% in T50 and T100, respectively.

3.1.3. FTIR spectra analysis

FTIR spectra show significant difference between the compounds before (E50, E100)

11



and after thermal treatment (T50, T100, Figure 3).
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Figure 3 FTIR spectra of the obtained materials

In the spectrum of electrodeposited material E50, a band at 600 cm™ which moves to
608 (FTIR spectrum of T50) and 615 cm™ (FTIR spectrum of T100) after thermal
treatment, indicates that O is linked to three metal atoms. The bands at 1460 and 443
cm? (overlapped by OH deformation, which makes it less visible) indicate O — Zn
vibration. Band at 1320 cm™ might be connected with Mo — OH vibration and its
disappearance after thermal treatment indicates the change of the initial compound
(E50) structure. Band at 1123 cm™ (FTIR spectrum of E50), which most likely
originates from some form of crystalohydrate of molybdenum zinc oxide, like
ZnsMo,011+5H,0, moves to 1130 cm™ after thermal treatment (FTIR spectrum of
T50). Bands at 1000—700 cm™! are mainly caused by [MoOy]" (Liang et al., 2012). A
broad band at 3430 cm™ originates from valence vibration of crystalohydrates OH
group, the band at 3300 cm™ from vibration of OH group from H20 molecules (but it
may also originate from NH4*) and the small bands between 1630 and 1650 cm™ from
deformation OH vibration in plane of H.O molecules due to the presence of various
crystalohydrates. Band at 1060 cm™ is connected with valence S — O vibration,

indicating some residual sulfate, which disappears after thermal treatment, along with
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H20 molecules. Comparison of the E50 and T50 spectra show that ZnMoO4 was not
detected in E50 sample, which suggests, along with the previous findings, that E50 is
some hydrated form of molybdenum zinc oxide of undefined structure, with traces of
impurities from starting compounds. FTIR spectrum of E100 is very similar to that of
ES50, so, it will not be discussed separately.

FTIR spectrum of T50 shows sharp, intensive bands in the range 1000 — 700 cm™.
The bend at 950 cm™ indicates symmetric valence Mo — O vibration (v; stretching)
from Mo — O — Mo bonding. Band at 870 cm™ corresponds to asymmetric valence (vs
stretching) Mo — O vibration from (MoQa)? tetrahedron units. Doublet at 895 and 910
cm confirms the presence of (MoO4)? tetrahedron. Sharp peaks at 805 and 871 cm™,
as well as the group of intensive sharp peaks in the range of 950 — 870 cm™ indicate
Mo — O vibration typical for B2y and Bsy symmetry at the compounds of [MoOy]™
type. The band at 755 cm™* originates from valence (vs stretching) Mo — O vibration.
This is a clear evidence of the existence of (M0Q4)? tetrahedron. Intensive and sharp
band at 435 cm™ originates from valence Zn — O bond, which, altogether with the
band at 1460 cm™ (Zn — O vibration) confirms the presence of ZnMoO4 (Shahri et al.,
2013: , 28 Keereeta et al., 2012). FTIR spectrum of T100 is very similar to that of
T50, indicating basically the same main compound, so, it will not be separately

discussed.

3.1.4. XRD analysis

Significant differences are observed in XRD pattern, especially between

electrodeposited only and thermally treated materials (Figure 4).
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Figure 4 XRD pattern of the obtained materials

E50 is amorphous, and the only crystal phases detected by XRD are small amount of
metallic Zn (hexagonal space group 194: P63/mmc, main peak at 26 = 43.5°), which
was co-deposited at the cathode, and the residual ZnSO4(OH)ee5H-0 (triclinic space
group 2: P1). E100 contains certain amount of amorphous phase, but the dominant
phase is crystalline Zinc Molybdenum Oxide Hydrate, ZnsMo02011¢5H20
(rhombohedral space system 147: P3, with lattice parametersa=b =6.13 A, ¢ =
21.71 A, vV =706.4 A3, angles a = #=90.0° and y = 120.0° (JCPDS 30-1486)), with
characteristic, intensive and well defined peaks at 26 = 12.34°, 17.35°, 23.53°, 26.63°
and 29.06°, which do not appear in the pattern of E50. Traces of ZnSO4(OH)6e5H20
are detected in T100 as well, but there is no evidence of the presence of metallic Zn;
E100 was obtained at higher current density, which means more negative local
cathodic potential, and more intensive evolution of Hz and OH", which reacted with

oncoming Zn?* ions leading to formation of Zn(11) hydroxide, rather than metallic Zn.
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XRD patterns of T50 and T100 are similar. Both materials are well crystalline, with
sharp, well defined peaks. XRD pattern of T50 shows that it is triclinic (o) ZNM0O4
(space group 2: P-1), with lattice parametersa =8.33 A, =b=9.65A, c=6.94 A, VvV
=513.82 A3, angles a =106.9°, #=101.72° and y = 96.73° (JCPDS 35-0765).
Diffraction peaks are positioned at 13.25, 16.0, 19.29, 22.72, 24.23, 26.69, 27.57,
30.1, 32.40, 33.40 and 33.45°. XRD pattern of T100 shows that is composed of
triclinic ZnMoOs as well, with basically the same lattice parameters. It can be
assumed that the current density affected the crystallinity of electrodeposited material,
but it has no effect of its structure after thermal treatment. Though XRD pattern of
E50 does not show peaks of any molybdenum compound due to its amorphicity, it is
assumed (based on the structures after thermal treatment) that it also some form of

molybdenum zinc oxide.

3.1.5. TG analysis

Thermographs of electrodeposited materials (E50 and E100) have similar shape and
they show significant weight change during heating up to 600°C, indicating chemical
change (Figure 5). The weight of the heated samples decreases up to about 273.5°C
and 255.4°C for E50 and E100, respectively; after that, it shows a slight increase. The
total corresponding weight loss at those points is 11.30% and 12.8%, respectively,
which is close enough to the loss of crystal water in ZnsM02011¢5H20 (11.54%)
(Liang et al., 2012). Thus, it can be assumed that the major processes during heating is
dehydration of ZnsMo0.011¢5H>0 which is finished at about 255-274°C, and, after
that, a phase transformation to triclinic ZnMoO4, which takes place up to 600°C
without chemical weight loss. Thermographs of thermally treated materials do not

show any significant change (T50 and T100) in the heating range, showing chemical
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stability of the obtained ZnMoO4. Small weight loss of less than 1% up to about 120-

150°C is attributed to the loss of adsorbed water or gases.
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Figure 5 Thermographs of the obtained materials

Based on all the findings, it can be assumed that electrodeposition had lead to a
formation of molybdenum zinc oxide, ZnsMo02011*5H20, which was later thermally
transformed to triclinic ZnMoOa. Electrodeposition current density affected crystal
structure and slightly affected surface morphology and elemental composition of
electrodeposited material. It slightly affected elemental composition of thermally
treated material, but basically did not affect its surface morphology and crystal
structure. Both T50 and T100 are triclinic ZnMoOs, with practically the same

morphology.

3.2. Plasma-catalytic degradation

RB 5 is resistant to oxidants such as O, and H>Oo. It was also stable when exposed to
UV radiation alone. When exposed to plasma, relatively fast decolorization was
observed, especially in presence of some of the tested catalysts. E50 and E100
practically did not show catalytic activity towards plasma decolorization of 25 mg dm"

3 solution of Reactive Black 5, i.e., decolourization rate was the same as with plasma

16



alone. The reason is probably their poor crystallinity, which acted like electron — holes
recombination centers, decreasing the possibility of their reaction with the liquid

phase (Wang et al., 2017) (Figure 6).
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Figure 6 Plasma decolourization of RB 5 solution with the use of synthesized catalysts

and without the catalyst.

T50 and T100 exhibited plasma-catalytic activity: 50% decolourization was achieved
more than 3 times faster than with plasma alone. Furthermore, after 30 minutes of the
treatment, 95% of decolourization was achieved with the catalyst, while it was about
50% without it. Since the difference in catalytic activity between T50 and T100 were
negligible, T50 was chosen as the catalyst in further examination and optimization
because it was obtained at lower current density. In further text, this material will be
referred to as MoZnOa. Its determined band gap was 3.39 eV. It was micro crystalline
and easy to separate from liquid phase. After five consecutive runs and regenerations

(drying in open air), it kept 95.5% of its catalytic activity.

3.2.1. Formation, decomposition and consumption of H2O> during the plasma

process
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During the plasma treatment, content of H20> increased both in the water alone, dye
solution alone, water with the addition of catalyst, as well as in dye solution with the

addition of catalyst (Figure 7).
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Figure 7 Concentration of H,O> in plasma treated water and RB 5 solution with and

without ZnMoO; catalyst.

In all four cases, a strong electric field between multipoint anode and liquid surface —
cathode, caused the creation of reactive species and UV radiation in the air between
them. When the fast plasma — generated electrons and reactive oxygen species
(various radicals), accelerated by the strong electric field, hit the liquid surface, many
chemical reactions occurred; H2O> can be formed as a product of some of them,

according to the equations:

H.O + e (plasma) > H+ OH+e (1)

‘OH + -OH — H20> (2) (Ghezzar et al., 2009; Hentit et al., 2014)
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In the absence of the catalyst in the system, the increase of H2O, concentration in
function of the treatment time was linear, both in water and in dye solution. H20:
content was lower in dye solution than that in water during all the treatment time, and
the difference became more significant as the treatment time increased. This implies
that H.O, was involved in decolourization reactions, i.e., that it was consumed as a
reagent in dye degradation.

Once formed by the action of plasma, H20: can further undergo decomposition,
caused by plasma treatment as well, which results in the formation of short-live active

oxygen species, like hydroxyl radical, -OH

H20, —» 2 -OH (3) (Ghezzar et al., 2009),

Hydroxyl radical practically only exists during the treatment and it possesses very
high oxidative potential, high enough to oxidize the dye. To investigate the roll of
-OH radical in dye degradation, a trapping agent for -OH radical, DMSO, was added
to a system and only a small % of decolourization (less than 10% in 30 minutes of the
treatment both with and without the catalyst) was observed. Thus, all the three
experimental findings (increased decolourization with the increase of H>O2, lower
content of H20- in dye solution compared to water and a sharp drop of
decolourization rate in the presence of DMSO), as well as the findings from literature,

strongly indicate that the principle decolourization reagent was -OH radical.

3.2.1.1. Role of the catalyst in plasma degradation of a dye
As shown in Figure 7, H2O2 was formed during the plasma treatment in the system

with catalyst, both in water and in dye solution. Its concentration was significantly
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lower than that in the absence of a catalyst and it increased slower. It is evident that
the catalyst interacted with plasma-generated H.O>. The pulsating positive corona
discharge applied in these experiments was generated at relatively high frequency,
without the occurrence of sparks and with the appearance of relatively low-intensity
streamers, providing UV radiation and active electrons and radical species (Rancev et
al., 2019). Like the water molecules, catalyst could also be excited when hit by
plasma generated active species (mostly positive ions and radicals) in the liquid
surface area (plasma-generated ion wind provided an intense constant stirring and
uniform distribution of the catalyst particles during the treatment). These active
species, accelerated by the strong electric field, hit the semiconducting catalyst, and if
they possessed the energy higher than the band gap of the catalyst, that energy was
likely transferred from the active species to the catalyst, causing its excitation, i.e.,
creation of electron (e”) — positive holes (h*) pairs (Bogaerts et al., 2020; Kim et al.,
2005; Abroyan et al., 1967). It was shown in literature that electron (e) — positive
holes (h*) pairs were created in ZnMoO4 by UV light excitation, which caused it
photocatalytic activity (Ramezani et al., 2015). However, the measurement showed
that the intensity of generated UV light in our case was relatively low, so that was not
the principle way of excitation, but rather high energy corona-generated species. In
addition, a number of streamers which reached the liquid surface through the air gap,
provided more reactive species with energies of up to 10 eV which could excite the
semiconducting ZnMoOs catalyst and create the electron (e) — positive holes (h™)
pairs (i.e., those of them with the energy higher than the material’s bang gap)
(Bruggeman et al., 2016; Sato et al., 2008). The detailed corona discharge
characterization is given in (Petrovi¢ et al., 2021). Once created, short living e and h*

reacted with the plasma-generated H20O., which lead to a formation of more -OH
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radical (equations 7 and 8).

These -OH radicals reacted with the dye molecules and contributed to its degradation.
In the system with the catalyst, the content of H.O: in the dye solution was lower than
that in the water, just like in the system without the catalyst (Figure 7), meaning that
in this case, -OH were consumed in the process of dye degradation as well. So,
basically, the role of the ZnMoO4 catalyst in this process was to enhance the
production of the main dye degradation reagent, -OH radical, by decomposing H20- in
its reaction with e” and h* formed when the plasma generated reactive species with the
sufficient energy stroke the catalyst. It is very likely that UV radiation also took part
in the excitation process, but much less than high energy species from ionized air
(Sato et al., 2008). This can be briefly presented by the equations (Wang et al., 2017;

Ghezzar et al., 2009; Ramezani et al., 2015):

ZnMoQ, _AE L7n MoO, *+e™ +h” (4)
H,0, + & — OH + OH" (5)
H20 +h* — OH + H* (6)
OH + dye — degradation products (7)

Where AE represents energy provided by the strikes of high energy species or UV

radiation generated by plasma.
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3.2.2. Kinetics of plasma catalytic decolorization
Plasma catalytic decolourization is best described by the pseudo — first order kinetics

model (Figure 8), which is represented by the equation 7:

In(C/Co) = -kt ed. (7),

where Co is initial dye concentration, C is a dye concentration after reaction time t,
and k is the reaction rate constant (min). The plot of In(C/Co) against time scale is
linear in whole examined concentration range, with the values of coefficient of
determination, R?, higher than 0.99, strongly indicating good agreement with the
pseudo first order kinetics (Table 2). This kinetics model was reported by other group

of authors as well for the plasma catalytic decolourization (Chen et al., 2017).
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Figure 8 Pseudo — first order kinetics of plasma catalytic degradation of RB 5
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Table 2 Reaction rate constants and coefficient of determination (R?) values for

pseudo — first order kinetics of plasma catalytic reactions

Plasma + 50 mg dm™ ZnMoOQ,
Co(mg dm™) R? ki (mint)
5 0.998 0.385
10 0.998 0.316
15 0.997 0.259
25 0.995 0.153
40 0.994 0.080

Table 2 shows that the reaction rate constant decreased with the increase of the initial
dye concentration and that dependence was more significant at higher initial
concentrations. The reason is probably the ratio between -OH radicals and dye
molecules concentration, which became less favorable with the increase of initial dye
concentration (while the -OH concentration remains constant). The other reason is
defragmentation of the dye molecule as the plasma treatment progressed, which
further consumed -OH radicals and it took more time to complete the reactions. The
reaction rate constant for the non catalyzed plasma degradation of 25 mg dm= RB 5
was 0.020 min under the same conditions, which means that the catalyzed reaction’s
rate was about 7.5 times higher than that of the non catalyzed one. Thus, the presence
of the catalyst significantly improved the process by the mechanism described in

details in 3.2.1.1.

3.2.3. Effect of discharge current density
The discharge current density (j) between multipoint anode and liquid surface

(cathode) was set up by changing the distance (d) between them; j decreased with the
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increase of d. Decolourization rate increased with the increase of j (Figure 9).
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Figure 9 Effect of discharge current density on plasma catalytic decolourization of RB
S.
The increase of current density means the increase of the electric field intensity,
which thus provided more energy for acceleration of ions in air and, consequently,
facilitated diffusion of reactive species into solution, which affected the
decolourization rate (Rancev et al., 2019). H>O, content in plasma — treated water,
both with and without the catalyst, increased with the increase of j (Figure 10). It

increased in the same manner in all the examined range of j and its increase is in

correlation with RB 5 decolourization.
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Figure 10 Effect of current density on concentration of plasma - generated H20- in

treated water with and without the ZnMoO4 catalyst

Maximal j which provided a stable corona discharge was 9.15 pA cm™. At this current
density, decolourization rate is the highest, as well as the content of H203, so it was
chosen as an optimal current density. For j = 0.3 A cm™ or lower, the discharge
disappeared, and consequently, the H2O and decolourization were not detected. For j

>9.15 uA ecm, corona discharge became unstable, with the appearance of sparks.

3.2.4. Effect of initial pH

The highest decolourization rate was observed at the initial dye solution native pH of
5.1, it was little lower in acidic and significantly lower in basic medium, although it
was relatively high even at that pH (Figure 11). Slight decrease of decolourization rate
at pH 3 was probably caused by protonation of the reactive species, and its decrease at
pH 10 by the scavenging effect of OH"ions. Similar effect of pH on non-thermal
plasma degradation of Methyl Orange in circulatory air tight reactor was reported by
Jiang et al. (Jiang et al., 2012), but the other work it was found that pH had no effect

upon degradation of RB 5 by DBD non-thermal plasma reactor (Doj¢inovi¢ et al.,

25



2016).

crcy

t (min)

Figure 11 Effect of initial pH on plasma catalytic decolourization of RB 5

3.2.5. Effect of the reactor input voltage

Decolourization rate increased with the increase of the reactor input voltage (Figure

12).
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Figure 12 Effect of the reactor input voltage on the plasma catalytic decolourization of

RB5

The voltages which could induce the gas discharge, i.e., the appearance of plasma
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corona were higher than 7.45 kV. At the voltages equal or lower than 7.45 kV, corona
disappeared and that directly affected the decolourization rate, which dropped to zero,
i.e., it did not happen, even after the 4 hours of the treatment. This further proves that
the gas discharge, i.e., creation of the reactive species, is necessary to happen and that
the input voltage between anode and liquid cathode itself in not enough to induce the
decolorization. The highest decolourization rate was observed at 11.90 kV and that
was set as the optimal voltage for the process. For the voltage higher than 11.90 kV,
the sparks started to appear. Decrease of the voltage caused the decrease of the
number of reactive species and the decrease of the electric field which accelerated

them, and that affected the decolourization rate.

3.2.6. Effect of the reactor cell dimensions

Three reactor cells of cylindrical shape with different radius were tested in order to
investigate the effect of the ratio between the cell radius, d (mm) and the height of the
liquid level in the cell, h (mm). Total volume of the treated dye solution was equal for
all the three cells. The examined ratio d/h ranges from 2 to 18. The reactor cells
dimensions were chosen based on how they physically fitted the overall setup for the
examined amount of liquid. Figure 13 shows that d/h ratio had negligible effect upon
plasma catalytic decolourization of RB 5, which implies that it did not affect the
effectiveness of pulsating corona discharge; so, in this case, it was a minor parameter.

The cell with d/h = 6 was chosen for other experiments due to the practical reasons.
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Figure 13 Effect of the d/h ratio on plasma catalytic decolourization of RB 5

3.2.7. Energy yield

One of the goals of using a catalyst was to increase energy yield, which is related to
energetic efficacy of the process. Figure 14 shows energy yield, expressed as the mass
of the degraded dye (g) for the consumed source energy (kWh) in the function of

treatment time. It is evident that energy yield is significantly higher for the catalysed

process.
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Figure 14 Energy yield in the function of treatment time for catalysed and non —

catalysed plasma decolourization of RB 5
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For example, it takes 30 minutes to degrade 50% of the dye without and 8.5 minutes
with the catalyst (Figure 6). It means that the energy yield for decolourization of 50%
of adye is and 0.10 (gkWh™) and 0.46 (gkWh!) for the non — catalysed and catalysed
process, respectively. So, the use of a catalyst significantly decreased the power
consumption for the process.

Energy yield for 50% decolourization was chosen as a reference value for easier
comparison with literature data. It rapidly increases with the increase of initial dye
concentration, especially in the range of lower Co and it reaches its maximum of 1.86

gkWh'! for Co of about 400 mg dm (Figure 15).

T T T T T T T T
0 100 200 300 400 500 600 700
-3
C,(mg dm™)

Figure 15 Energy yield for 50% plasma catalytic decolourization of RB 5 as a

function of it initial concentration

For comparison to the literature data for various dyes and systems, the maximal

energy yield achieved with the same system for RB 19 decolourization with MoOs
catalyst was 1.48 g kWh! (Petrovié et al., 2021), 0.482 — 0.650 g kwh for Indigo
Carmine by pulsed high voltage discharge in air (Ruma et al., 2018), 0.45, 0.44 and

11.68 gkWh* for Methyl Orange by pulsed high voltage discharge in air (Sun et al.,
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2012), pulse diaphragm discharge with air bubbling [(Zhang et al., 2009) and non-
thermal plasma advanced oxidation in a circulatory airtight reactor (Magureanu et al.,
2015) respectively and 0.4 and 0.037 g kWh! for Methylene Blue by atmospheric
pressure non-thermal plasma jet (Chandana et al., 2015) and by microwave
atmospheric pressure plasma jet (Garcia et al., 2017) . So far, we did not find the
literature data about energy yield for degradation of RB 5 by some plasma process,
but in photodegradation of RB 5 in a ZnO/UV slurry membrane reactor the energy
consumption for 95% colour removal was 1.62 kWh g%, i.e., the energy yield was

0.617 g kwh* (Becerril-Altamirano et al., 2019).

3.2.8. Total organic carbon (TOC) removal

After decolourization was completed, the prolonged plasma treatment up to 180
minutes brought a significant decrease of TOC, which reached 81.5% and 85.4% after
120 and 180 minutes, respectively (Figure 16). This means that within 2 or 3 hours, a

significant mineralization of the starting compound was attaint.

100

80—- /'ﬁ

<
3
= 40
n
20 1 ./
|/
04 -/
T T T T T T T T T T T T T
0 30 60 90 120 150 180

t (min)

Figure 16 TOC removal by catalytic plasma treatment of RB 5.
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4. Conclusion

ZnMoO4 was synthesized by electrodeposition from the solution containing Zn?* and
MoO.?% ions, followed by thermal treatment. Electrodeposition provided Zinc
Molybdenum oxide, ZnsMo02011°5H20; the applied current density affected the
crystallinity and morphology of the deposited material. The obtained
ZnsMo2011°5H,0 was thermally transformed to a-ZnMoOs, and the electrodeposition
current density did not affect the final characteristics of thermally treated compound.
It was applied as a catalyst for degradation of RB 5 by open air atmospheric pressure
pulsating corona plasma reactor. Constant rate of the catalyzed decolourization
reaction was 7.5 times higher than non-catalyzed one. The role of the catalyst was to
enhance generation of -OH radical, the principle degradation reagent, by enhancing
decomposition of plasma — generated H20>. The catalyst was mostly excited by the
strikes of plasma — generated active species accelerated by the electric field, which
transferred their energy to the catalyst and, if it was higher than its band gap, the
electron — holes pairs were created and reacted with H202, forming -OH radicals.
Decolourization reactions followed pseudo — first order kinetics. Decolourization rate
increased with the increase of the discharge current density and the reactor input
voltage. It was the fastest in weakly acidic — neutral pH. Ratio between cylindrical
cell radius and the height of the liquid level in the cell did not affect decolourization
rate. Energy yield for 50% decolourization was 1.86 gkWh™. After 180 minutes of the
treatment, the TOC removal was 85.4%, which indicates relatively high

mineralization.
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