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Abstract

The rapid growth in world population brings with it the need for improvement in the current
technology for water purification, in order to provide adequate potable water to everyone. The
plasma-based advanced oxidation process (AOP) is one of the most widely studied and best
developed processes owing to its environmental compatibility, simple structure, efficiencies and
ease of operation. In this study, a plasma-based AOP was stably generated using contact non-
equilibrium low-temperature plasma and plasma synthesized composite nanomaterials (TiO2/Ag
NPs) for water and wastewater purification. The degradation efficiency of the pollutants was
determined by UV-Vis absorption spectroscopy. It was found that, due to the simultaneous
production of highly reactive species, plasmas can efficiently eliminate pollutants that are difficult
to remove using conventional methods. Aqueous solutions of various pollutants were treated by a
low-pressure discharge. Experimental results indicated that CNP was effective for degradation azo
dye pollutants (methylene blue (MB) and methyl orange MO) and antibiotics (ofloxacin (OFX) and
ciprofloxacin (CFX)): MB and MO were degraded by 98.5% and 97.0%, respectively after 3 min of
plasma treatment; OFX and CFX were degraded by ~95.0% and 80.0%, respectively AOP by CNP
indicated. The photodegradation of methylene blue catalyzed by plasma synthesized TiO./Ag was
studied under UV irradiation. The degradation (~91%) was obtained with 2.4 g/L TiO2/Ag within

90 min irradiation.
Key words: Advanced oxidation approaches, plasma liqude discharge, wastewater treatment, azo
dye, antibiotics

Introduction

Due to industrialization and population growth, water shortage has emerged as a critical
global issue (Boretti and Rosa, 2019). A novel advanced treatment method is needed to destroy
different types of pollutants in water and wastewater. Considerable attention has been paid to so-
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called advanced oxidation processes (AOPSs), based on in situ generation of strong oxygen-based
oxidizers, especially hydroxyl radical, which is among the strongest oxidizers and reacts non-
selectively with various types of pollutants (Garrido-Cardenas et al., 2020; Dontsova et al., 2020).
Of the many AOPs, a different type of atmospheric cold plasma has emerged as a novel AOP
technology because of its efficient degradation efficiencies and environmental compatibility (Foster
et al., 2018). ACP is composed of several excited atomic, molecular, ionic, and radical species,
coexisting with numerous reactive species, including electrons, positive and negative ions, free
radicals, gas atoms, molecules in the ground or excited state, UV light, shockwave and pyrolysis,
which contribute to chemical and physical effects that can have an impact on organic pollutants
decomposing them into more environmentally friendly compounds (Rancev et al., 2019; Ceriani et
al., 2018; Wang and Xu, 2012). Different articles reported the treatment of methylene blue (MB),
methyl orange (MO), and Congo red dye using different type plasma discharge: non-thermal direct
(Attri et al., 2016), indirect atmospheric pressure plasma jets (Ma et al., 2021; Yehia et al., 2020),
gas-liquid pulsed discharge plasma (Sun et al., 2012) ect. The degradation efficiency was
approximately 80-90% when the dyes were exposed to plasma for 20-30 min.

Among ACP, contact non-equilibrium low-temperature plasma (CNP) is a promising option
from the point of view of practical application (Skiba et al., 2019). Plasma discharge generated
between the electrode in the gaseous phase and solutions AgNOs is a rich source of high-energy
electrons (eg ) that bombard the solution surface. After thermalization (energy loss through
multibody interactions with water molecules) of the e, from the gas phase, solvated electrons (eaq )
are formed in the liquid phase. Redox reactions mediated by the es, and other reactive species,
such as hydrogen radicals (H), hydrogen peroxide (H20.), singlet oxygen (O) and hydroxyls (OH).

Moreover. number of articles found related to the application of nanoparticles of noble metals
and composite materials (MeOx/Ag, Au, Pt, Cu) in the advanced oxidation processes (AOP’s) for
waste water treatment (Wang et al., 2018). In previous publication Ag doped TiO> composite were
obtained by impregnation of the commercial powder TiO2 by plasma-chemically synthesized silver
nanoparticles (Skiba et al., 2020).

The main goal is to investigate different type AOP, such contact non-equilibrium low-
temperature plasma and plasma synthesized composite nanomaterials (TiO2 decorated Ag NPs) for

water and wastewater treatment.
Materials and Methods

AORP using contact non-equilibrium low-temperature plasma
The plasma reactor used in this study is depicted in Figure 1. Cathode (diameter 4 mm, 18H10T
stainless steel electrodes) was located in the liquid part, with the anode (diameter 2.4 mm) placed at
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the distance of 10 mm from the surface of solution. Volume of solution in the reactor was equal to
70 mL. Cooling of reaction mixture was ensured by continuous circulation of cold water. Pressure
in the reactor was maintained at 80+4 kPa. The voltage of 500-1000 V was applied to the electrodes

to obtain the plasma discharge. The current strength was maintained at the level of 1206 mA.
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Figure 1. The circuit diagram and photo discharge of the installation for plasma-chemical treatment
of water solutions: 1 — reactor; 2, 3 — electrodes; 4 — vacuum gauge; 5 — crane; 6 — pump;
7 — filtering elements; 8 — switch; 9 — voltmeter; 10 — ammeter; 11 — firearm transformer;
12 — switch; 13 — voltage transformer.

Aqueous samples with different pollutants were exposed to CNP and the degradation efficiency was
determined by absorbance spectroscopy. Spectra of solutions were obtained by means of
spectrophotometer UV-5800PC using quartz cuvettes in the wavelength range of 190-700 nm
(FRU, China).

In typical experiment, we selected solutions of MB (methylene blue trihydrate and MO (methyl
orange,) which are representative cationic thiazine and azo dyes, respectively, as our targets. The
MO and MB aqueous solutions were prepared by dissolving 10 mg/L of tap water. Then, 500 mL of
each prepared solution was injected into reactor for the experiments. Continuous degradation of MB
and MO in the solutions is indicated by a decrease in the MB and MO concentrations, which was
visually confirmed by decolorization. Antibiotics, such as ofloxacin (OFX) and ciprofloxacin
(CFX) was investigation too. OFX and CFX in at initial concentration of 10 mg/L.

AOP using plasma synthesized composite nanomaterials (TiO2/Ag NPs)

Ag doped TiO2 composite were obtained by impregnation of the commercial powder TiO, by
plasmachemically synthesized silver nanoparticles (2% mas). Trisodium citrate was used as capping
agent for Ag nanoparticles.The photocatalytic activities of the samples were evaluated by
investigating the kinetics of the degradation reactions of the pollutants (MB) in an aqueous
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suspension under irradiation. All the experiments were repeated three times to verify the
consistency. The photocatalytic performance of Ag/TiO. samples was evaluated through the
degradation of MB solution (5-10 mg/L) with irradiation via a 18 W UV Lamp (365 nm). The
intensity of the light was 18 W (0.034 W/cm?). The photoreactor was filled with 50 ml of 2.5-10.0
mg/L of MB and 2.4—7.2 g/L of TiO2/Ag. All reactants in the vessel were stirred using a sheiker to
ensure that the catalyst was uniformly distributed during the course of the reaction. Before
irradiation, to form an adsorption-desorption equilibrium, the mix was stirred in the dark for 30
min. Total of 3 mL of solution was sampled at set time intervals and centrifuged to remove the
catalyst particles. The intensity of the absorption peaks of MB at Amax=663nm was measured with a
UV-Vis spectrophotometer and used to track its concentration.
The percent degradation (%) has been calculated using eq. (1),

%degradation = ((Ao — At)/Ag) x 100 (1)
where A is the initial absorbance and At is the absorbance of the sample irradiated for t minutes.

Results and discussion

AOP using contact non-equilibrium low-temperature plasma

It has been established that the plasma-chemical method is an effective method for water
and wastewater treatment. It is shown that in the process of plasmochemical influencing liquid the
accumulating peroxide compounds takes place and metals ions are extracted as practically insoluble
compounds.

In this part of study, we treated dye solutions under optimized operating conditions and
analyzed the absorbance of MB and MO solutions using UV-Vis to measure the degradation and
changes in concentration. Because the concentration was directly proportional to the absorbance
measured, the change in concentration was obtained indirectly according to the change in
absorbance at a specific wavelength (Yamada et al., 2020).

Fig 2 (a) and (b) show changes in the degradation spectra of MB, MO collected and OFX,
CEX at various times during the plasma treatment. During the dye treatment using plasma, the
concentrations of MB and MO decreased due to chemical oxidation. Continuous degradation of MB
and MO in the solutions is indicated by a decrease in the MB and MO concentrations, which was
visually confirmed by decolorization. As shown in Fig. 2 (a) 98.5% and 97.0% degradation of the
MB and MO dyes was observed after 2 min of plasma treatment, respectively. Both the MB and
MO solutions were determined to decrease by drawing an exponential graph. As shown in Fig. 2 (b)
the degradation efficiency of CFX and OFX in water was 80% and 95%, respectively.
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Figure 2. Degradation percentages obtained by UV-vis spectroscopy for MB, MO (a) and

100 ¢
90 £
80 £
70
60 £
50 E
40 £
30 ¢
20 £
10 ¢
AR T S S S N T SR SR SR T SO ST S R | 01...1

®MB 10 mg/L

Degradation, %

OMO mg/L

ISSN 2218-9300

L 1 L L L J

0 50 100 150 200 0 10

20 30

Treatment time, sec Treatment time, min

OFX, CFX (b) after treatment with CNP.

CNP system has been investigated for the removal of various organic pollutants (phenol,
pesticides, pharmaceutical substances ect.) from water (Table 1). It has been established that using
the optimal operating conditions a phenol degradation equal to 88% after only 7-10 minutes of
treatment was obtained, while the complete degradation and mineralization has been reached after
18-20 minutes. The degradation efficacy of pesticides after 10 min of plasma treatment were found
to be 88.98 + 0.91% for dichlorvos, 72.52 £ 0.02% for malathion and 6.78 + 0.47% for endosulfan.

It was found, after only 5 minutes of treatment time, the paracetamol degradation was equal to 93-

37%.

Dye degradation was studied using various plasma devices, and energy efficiency was

compared according to plasma devices and treatment targets, as shown in Table 2.

Table 1. Percentage removal efficiencies () of pollutants after plasma treatment

Pollutant Concentration Treatment time Removal
(mg/L) (min) efficiency (%)
Phenol 100-300 18-20 98.4-100
(2-chlorophenoal, 4-
chlorophenol and 2,6-
dichlorophenol)
Dichlorvos 2.0 18-20 99.4-100
Malathion 2.0 15-20 99.4-100
b-lactam antibiotics 100 7-15 98.0-99.0
(amoxicillin, oxacillin,
ampicillin)
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Table 2. Comparison of energy efficiency for treating organic contaminants in solution using

various plasma sources.

Type of the Treated organic Conditions Energy Reference
plasma for contamination efficiency
treatment (9/kWh)
CNP Methylene blue t: 3 min, 15 This study
Methyl orange Co: 10 mg/L, (R: 98.5)
OFX, CFX V:05L
Multi-hole Methylene blue t: 3 min, 3.575
DBD Methyl orange Co: 10 mg/L, (R:98.3) Ma et al., 2021
V:1L 3.506
(R: 96.6)
Non-thermal Methylene blue t: 30 min, 3.4 (R:97)
plasma jet Methyl orange Co: 200 mg/L, 3.6 (R:99) Attri etal., 2016
Congo red V:0.1L 3.3 (R: 90)
Pulsed corona | Reactive blue 19 dye t: 10 min, 2.45 Rancev et al.,
discharge Co: 50 mg/L, (R: 50) 2019
V:1L
Gas-liquid Methyl orange t: 5 min, 0.45 Sun et al., 2012
pulsed Co: 10 mg/L, (R: 50)
discharge V:0.45L

It was confirmed that the plasma type for processing organic pollutants in the solution is a

plasma type generated in the solution and ander. Although the plasma method, operating conditions,

and target materials were different, it was confirmed that the developed CNP shows good results.

AOP using plasma synthesized composite nanomaterials (TiO2/Ag NPs).

Fig. 3 show spectra of MB depending time irradiation at present photocatalysis TiO2/Ag at

different MB concentration (2.5-10 mg/L) and fixed amount photocatalist (2.4 g/L).

Two major absorbance peaks of methylene blue were located at 292 and 664 nm, due to

benzene ring and heteropolyaromatic linkage (Tichonovas et al., 2013). In addition, the aqueous

solution of MB molecules exhibited a double-peak feature at 664 and 615 nm, which correspond to

monomers and dimers, respectively. The decrease in absorption at 264, 292, and 664 nm is due to

the destruction of benzene rings and the heteropolyaromatic linkage. The disappearing peaks in the

UV-spectra indicate a degradation of the dye molecules.
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Figure 3. UV-vis spectra of MB depending time irradiation at present photocatalysis
TiO2/Ag at different MB concentration (a) 5 mg/L and (a) 10 mg/L at fixed amount photocatalist.

Figure 4 shows the effect of initial concentration of MB (2.5-10 mg/L) on the degradation.
The rate of degradation decreased with an increase in the initial MB concentration. Two factors are
responsible for the decrease in degradation efficiency with an increase in the initial dye
concentration: an increase in the number of dye molecules adsorbed on the surface of the catalyst
leads to a decrease in the number of active sites that generate hydroxyl radicals; an increase in the
light absorbed by the dye molecules leads to a decrease in the number of photons that reach the
catalyst surface. Because of the influence of many factors and their mutual effects heterogeneous

photocatalysis reactions are complicated processes.
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Figure 4. The effect of initial concentration of MB on the photodegradation.

Fig. 5 shows the effect of the catalyst dosage on the dye degradation. The degradation
efficiency increases with the increase of the catalyst dosage no so intensive. This enhancement in
MB degradation is due to the greater number of active sites available, consequently increasing the
number of hydroxyl radicals and superperoxides produced. However, a increase in the catalyst
dosage to 7.2 g/L lead to a low intensive increase in the degradation of MB, which is caused by the

turbidity of the suspension and the lower light penetration due to a higher light scattering effect.
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Figure 5. The effect of the catalyst TiO2/Ag dosage on the dye degradation.
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Conclusions

In this study, we used AOP to treat dye solutions and antibiotics which are among the major
causes of environmental pollution. a plasma-based AOP was stably generated using contact non-
equilibrium low-temperature plasma and plasma synthesized composite nanomaterials (TiO2/Ag
NPs). The decolorization rate of the pollutants was determined by UV-Vis absorption spectroscopy.
Experimental results indicated that CNP was effective for degradation azo dye pollutants
(methylene blue (MB) and methyl orange MO) and antibiotics (ofloxacin (OFX) and ciprofloxacin
(CFX)): MB and MO were degraded by 98.5% and 97.0%, respectively; OFX and CFX were
degraded by ~95.0% and 80.0%, respectively AOP by CNP indicated. It has been established that
using the optimal operating conditions a phenol degradation equal to 88% after only 7-10 minutes
of treatment was obtained, while the complete degradation and mineralization has been reached
after 18-20 minutes. The degradation efficacy of pesticides after 10 min of plasma treatment were
found to be 88.98 = 0.91% for dichlorvos, 72.52 £ 0.02% for malathion and 6.78 + 0.47% for
endosulfan. It was found, after only 5 minutes of treatment time, the paracetamol degradation was
equal to 93-37%. The photodegradation of methylene blue catalyzed by TiO2/Ag was studied under
UV irradiation. The highest degradation (~91%) was obtained with 2.4 g/L TiO2/Ag within 90 min.
In future work, we will aim to improve the efficiency of the plasma system by modifying the
structure and optimizing the operating conditions.
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MNPOIrPECUBHUI MPOLIEC OKUCJEHHS 3A JOIIOMOTI'OIO ILIA3ZMUA
TA HOBI MATEPIAJIA IJ11 OYUINEHHA BOAU TA CTIYHHUX BOJ

Y'M. Cruba, O. ITisosapos
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VYkpaiHChKUi Iep:kaBHUH XIMIKO-T€XHOJIOTTYHHUN yHiBepcuteT, uinpo, 49040, Ykpaina.
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Pedepar

[IBuaKe 3pOCTaHHS HACEJCHHS B CBITI NMPHU3BOIUTH /0 HEOOXIIHOCTI BIOCKOHAJIEHHS Cy4aCHHUX
TEXHOJIOTIH OYMIIEHHS BOAM, OO 3a0e3MeunTH BCIX MHUTHOIO BOJOK HAJIEXKHOI SKOCTI.
[Mporpecunuii npouecu okucieHHs (AOPs — Advanced Oxidation Processes) Ha OocHOBiI HH3b
TEMIIEPaTypHOi aTMOC(hEpHOiI MIa3MUd € OJHHUM i3 HAWOLIBIN IMIUPOKO JOCHIIKYBAHHX IPOIECIB
3aBJSKU CBOIM €KOJOTIYHOCTI, €()EeKTUBHOCTI Ta MPOCTOTI EKCIUTyaTalii. Y LbOMY IOCHTIJKEHHI
MPOTPECHBHI TPOIECH OKUCICHHS 13 BUKOPHCTaHHSM IUIa3MOBOTO PO3pPSIy, IO YTBOPEHO 32
JOIIOMOT'OI0 KOHTAKTHOI HEpiBHOBaXKHOT HU3bKoTemreparypHol riasmu (KHII) ta cuHTe30BaHmX
Ia3MOXiMiuHUM MeTofoM HaHomatepiamiB (TIO2/AQHu) [UTs OYMILEHHS BOAM Ta CTIYHHX BOI.
EdextuBHicTh nerpanaiiii 3a0pyIHIOIOYMX PEYOBMH BHM3HAYAIM 32 JIOTIOMOTOIO CIIEKTPOCKOII].
[TpogeMOHCTPOBAHO, IO 3aBISKU OJHOYACHOMY YTBOPEHHIO BHCOKOPEAKIIMHHUX OKMCHIOBAJIBHUX
CTOJIYK Y BOJHOMY PO34MHI IJIa3Ma MOXe e(eKTUBHO PYyHHYBaTH MOJIOTAHTH, SIKI BaXKKO 3a3BUYAN
BUJANUTH TPaJULiHHUMU MeToAaMu. BoaHI po3uuHM pi3HUX 3a0pyaHIOBAYiB 0OpOOIISIIIN PO3PAIOM
KOHTAKTHOI HEPIBHOBAXXHOI HHM3BKOTEMIEpPAaTYpHOI IUIa3Mu. EKcrepuMeHTallbHI pe3ysibTaTH
nokasanu, mo KHII € ebextuBHuM ans perpanaiii 3a0pyaHIOBauiB a300apBHUKIB (METHUIICHOBUIA
cuii (MC) Ta metunopamx MO) ta anTu6ioTrkiB (odaokcanus ta nunpoduokcarun): MC Ta MO
3HeOapBieHo BianoBiaHo Ha 98,5% ta 97,0% yepe3 3 xB. 00pOOKH pO3PAIOM IUIA3MHU; OIIOKCALIUH
ta munpodiokcanuH Oyno poskiaageHo Ha ~ 95,0% Ta 80,0%. Takox Oyno mocHiIKEeHO
doronmerpanamitoc METUJICHOBOTO CHHBOTO IIPU BHUKOPHUCTaHHI IUIa3MOXIMIYHO OJEP>KaHOTO
kommo3uty T102/Agnu. BcraHoBneHo, mo crynine 3HeOapBieHHs (~ 91%) Oyna orpuMana mpu
2,4 r/nm® TiO2/Aguu npotsrom 90 XB ONPOMiHEHHS.

Kniouosi  cnosa:  kapbokcumemunyenonosa, — oezpaoayis, — 6apeHUK,  KAMAaiimuiHui,

GomoxamanimuyHul, HAHOKAMANI3aMop, HAHOYACMUHKU Cpibaa.
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