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THE STUDY OF TREATMENT OF WATER WITH A HIGH CONCENTRATION OF COD
BY PULSE DIELECTRIC BARRIER DISCHARGE ON THE SURFACE OF THE LIQUID

Progressive water pollution due to anthropogenic impact on the environment is one of the current problems. One of the main types of
wastewater pollutants is organic matter. A relatively simple and cheap method of purifying water from them is its biological treatment
with aerobic bacteria. However, there are many highly toxic organic impurities, for the decomposition of which this method is in any
case in its aerobic guise is unsuitable, and anaerobic processes require too much time and temperature control of processing
processes and also become questionable given the required energy costs. Such complex substances, from the point of view of their
biological treatment, include organic dyes, which according to world statistics make up 15% of all harmful substances that must be
neutralized before entering the aquatic ecosystem. For such waters, their pre-treatment becomes relevant, which will reduce the load
on biological treatment plants by oxidation of toxic substances and a general reduction of the organic component, ie reduction of
dichromate chemical oxygen demand (HSC). Water treatment with such contaminants can be carried out using technologies that use
advanced oxidation processes (AOP). In our work we studied the efficiency of plasma oxidation of wastewater barrier discharge of
dye manufacturers, the main component of which is technical 2,4-dinitrotoluene, as well as models of the organic component of NPP
wastewater, the main component of which is a phosphate-based detergent containing South Africa - 26.8%. Water films with a
thickness of ~ 0.1 mm were treated at a rate of growth of discharge voltage pulses =3 « 1011V / s. The energy efficiency of the pulsed
barrier discharge at different modes of water treatment with different impurities of organic substances has been studied. To obtain
high energy efficiency, water treatment should be carried out at such parameters of the pulse barrier discharge (energy and pulse
repetition frequency) and air velocity, so that the specific energy input to the air passing through the chamber does not exceed ~
100/ 1. The highest energy yield of the pulsed barrier discharge, for wastewater samples, at specific energy inputs does not exceed
~10J/ mi.

Keywords: plasma, dielectric barrier discharge, water, ozone, hydroxyl radical, dinitrotoluene, meth-ylene, surfactants, energy
efficiency

1. Preliminary

One of the main types of wastewater pollutants is
organic matter. In the case of a large number of highly
toxic organic impurities, the method of anaerobic water
treatment does not work and, in addition, anaerobic pro-
cesses require considerable time and temperature regu-
lation of treatment processes, which also requires signif-
icant energy costs.

Organic dyes are undoubtedly persistent biological
pollutants, which according to world statistics [1] ac-
count for 15% of all harmful substances that must be

neutralized before entering the aquatic ecosystem. For
such waters, their pre-treatment becomes relevant,
which will reduce the load on biological treatment
plants by oxidation of toxic substances and a general
reduction of the organic component, i.e. reduction of
dichromate chemical oxygen demand (COD).

Water treatment with such contaminants can be car-
ried out using technologies that employ advanced oxida-
tion processes (AOP) [1, 2]. AOP is an innovative tool
that allows the researchers to enter energy directly into
the area where the decomposition of pollutants is re-
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quired. Plasma is obtained by pulsed dielectric barrier
discharge (PDBD) on the water surface. Due to this
discharge, a low-temperature plasma is generated at the
gas-liquid interface, which is one of the types of AOR,
in which highly active particles with oxidizing poten-
tials ¢ higher than oxygen O, (1.2 V) are formed: hy-
drogen peroxide H,O, (1.8 V), ozone Os (2.1 V), hy-
droxyl radical OH* (2.7 V) (symbol * means that the
particle is in a high-energy excited state). The presence
of these substances and their concentration are deter-
mining factors for the oxidation of pollutants in water
[1, 2]. Since these substances interact with water mainly
at the gas-liquid interface, water treatment must be per-
formed at a large ratio of the surface area of the water
sample to its volume (~ 10 m#/1). This can be achieved
when the water is in the film (film thickness = 0.1-0.15
mm) [3] or drip state (the droplet diameter~1 mm) [6].
In recent decades, a study of water treatment by PDBD
[1-7] has been perfumed, which had both scientific and
applied orientation.

The main oxidants, which decompose organic impu-
rities in water are O3, OH* and H,O; [1, 2]. Such mole-
cules appear under the action of plasma due to a chain
of plasma-chemical reactions in gas and water. These
reactions and their intensity are determined by the pa-
rameters of the discharge in the gas part of the interelec-
trode gap. For example, reactions

et+t0; -0 "+0"+¢, (1)
02+0" — 03(2)

resulting in the formation of ozone in a gas containing
oxygen are possible only when the energy of the elec-
tron e, which it receives in an electric field, is some-
where higher than the threshold energy for O, which is
5.14 eV and is required for the dissociation of oxygen in
reaction (1).
The equation
d[O™)/dt = k[ne][O2], (3)

determines the rate of generation of O where [0"], [O2]
and [ne] are concentration of O, O, and electrons e,
respectively; k is the rate constant of the reaction that
has an exponential dependence on the electric field
strength E in the gas [6].

The contribution of reaction particles O3, OH* and
H,O; to the decomposition of impurities in water de-
pends not only on their potential ¢, but also on their
concentrations. For example, in the oxidation reaction
of an impurity D by ozone

D + Oz — products of the reaction (4)
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according to the basic equation of chemical kinetics, the
rate of decrease of the impurity concentration [D] will
be equal to

d[D]/dt = — k,[D] [O3], (5)

where kp is the rate constant of the reaction (5), which
depends on the oxidative potential of ozone and the type
of impurity, [Os3] is the concentration of ozone, t is time.
Thus, it follows from equations (3)—(5) that the electric
field strength E is one of the main parameters that de-
termines the rate of degradation of impurities under the
action of PDBD.

The energy efficiency Y is a criterion for the practi-
cal use of technologies with AOR in water treatment.
The parameter Y determines the mass of decomposed
pollutant at 1 kWh of energy consumed for this purpose;
it is called the energy output [1, 2]. The value of Y de-
pends on many factors [1-8]: parameters of PDBD
(voltage, growth rate, pulse repetition frequency), type
and geometry of the discharge chamber in which the
water is treated, the method of introduction of liquid and
gas and their types, concentration and the type of impu-
rity, the presence of a catalyst and other conditions.

The purpose of this work is to achieve the most en-
ergy-efficient treatment of the film of an aqueous solu-
tion of organic matter under the action of PDBD plas-
ma.

2. Experimental set-up

The equipment includes: pulse generator (PG), dis-
charge chamber (DC), ozone generator (OG), facility
for diagnostics of parameters of discharge pulses and
measurement of impurity concentrations in water and
ozone in gas, as well as devices for pumping water and
gas through the DC and measuring their costs.

The PG provided unipolar voltage pulses with am-
plitude up to 30 kV with their growth rate about 3-10'!
V/s and repetition frequency f up to 1 kHz. The pulse
energy was regulated by changing the voltage Uo of the
DC source that supplied the PG. The DC was coaxial
type with an inner electrode in the form of a stainless
steel tube, which had an outer diameter d; = 32.6 mm.
The role of the dielectric barrier was performed by a
tube made of electrical glass with inner and outer diam-
eters di = 37.4 mm and d> = 39 mm, respectively. A
layer of aluminium foil was tightly applied on top of the
DC, which served as the second (high-voltage) elec-
trode. The length of the electrodes was L = 250 mm.
After entering the vertically installed DC, water flowed
down the inner electrode as a uniform film (~ 0.1 mm).
More detailed information on PG and DC is presented
in [8]. Oscillograms of voltage and current through the
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DC were recorded using an oscilloscope TDS 1012 and
voltage sensors P6015 and current P6021.

Samples of wastewater typical for harmful plants
were processed by PDBD plasma. The wastewater was:

1.  Models of the organic component of cooling
waters of nuclear power plants based on a solution of
phosphate salts, which in terms of P,Os was 16.2% and
surfactants 26.8%. The initial concentration of COD
was 462 mg Oz/dm?,

2. Real wastewater from plants that produce dyes,
the main component of which is technical 2,4-
dinitrotoluene CH3CsH3(NO2), (DNT); its structural
formula is

NO.

The first sample of DNT solution had an initial COD
equal to 1978 mg O,/dm?, dark gray colour and the in-
clusion of solid particles with the diameter of 0.1-0.4
mm, and a persistent odour. The second sample of DNT
solution had an initial COD equal to 503 mg O)/dm?,
almost yellow colour and had no visible solid fractions
and persistent odours.

The effectiveness of processing of the samples was
assessed by changing the COD. The study was per-
formed at room temperature and atmospheric pressure
in the DC. The initial volume of the untreated water was
150 ml. This volume was passed through the DC several
times. The number n of such cycles varied from 1 to 25.
The thickness of the water layer & and the time 1, Of
processing PDBD were found from equations [4]:

Q.

1
V,
= K T.=
° (sﬂgdly’ °

where v, , Q, are the kinematic viscosity of water and
the water consumption, respectively; g is the accelera-
tion of gravity.

The results of calculations according to the expres-
sions (6) show that with increasing water consumption
within the limits at which the study was conducted (Qw
= 15—75 ml/min), the value of § increased in the range
of 0.1-0.15 mm, and its processing time for one cycle
decreased from 8.8 to 3 s.

mi_d,on
Q ©

3. Results

Discharge parameters. The type of oscillograms of
current i(t) and voltage u(t) characteristic of PDBD is
shown in Fig.1. They were obtained under the following
conditions Ug = 240 V, f = 48 Hz, water and air con-
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sumption, respectively, are Qw = 0.03 I/min and Q. = 0.8
I/min.

Curve i(t) shows that the current pulse consists of
two parts: the direct current with amplitude Im1 = 190 A
with duration t1 = 120 ns and the reverse current Imz =
70 A and 12 = 150 ns. The rate of voltage increase during
a direct current pulse is = 3-10' V/s and its amplitude is
Um = 9.4 kV. The energy released in this interval per
one discharge pulse, W, = 88 mJ. This value was ob-
tained on the basis of the method described in [9]. With-
in the variation of parameters f = 10-250 Hz, Qw =
0.015-0.07 I/min, Qa = 0.1-2 I/min and types of gases
for which the research was conducted, the values of W,
changed insignificantly (< 5%).

100 L A u, kV 4
iy |

0 ; /FJ% 0

-100 i -4
VLS
0 | ot s
-300 ‘ -12
0 100 200 300 ¢, ns

Fig. 1. Picture from the oscilloscope: Waveforms of cur-
rent i(t) and voltage u(t), which are typical for the pulsed
barrier discharge

Puc.1 Xapakrepuuit 11 IBP Bumisan ocuuiorpam cTpy-
My i(t) Ta mampyru u(t).

Under these conditions, each time the water sample
passes through the DC, its treatment time according to
(6) was 4.1 s. The effect of reducing the concentration
of impurities in water after the end of the action of
PDBD is explained [3, 4] by the presence in water of a
stable oxidizing substance (hydrogen peroxide H,Oy)
compared to OH* and Os, which was formed during
PDBD.

For the convenience of further consideration and
analysis of the obtained results, it is advisable to use the
parameter #, which describes the relative degree of wa-
ter treatment and is calculated by the expression

n={(AK /K )-100%, in which 4K, = Ko - K is the
reducing the impurity concentration after n treatment
cycles.

We have already noted that the generally accepted
indicator of energy efficiency of water treatment is the

energy yield Y — AK} QW ‘f"'W;', which was deter-
mined by the expression in which AK; is the decrease in
concentration per one treatment cycle. This value is 20—

60% higher than that obtained in similar conditions of
PDBD treatment of water with methylene blue admix-
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ture in [3—5]. As the number of cycles increases, the
value of Yt decreases sharply, which can be explained
by a decrease of almost three times after the first cycle
of concentration, as a result of which the rate of oxida-
tion of the impurity according to (5) must fall as many
times.

PDBD in a gas containing nitrogen generates ox-
ides of NO, NO2, which initiates the formation of ni-

trates (ions NO;) in water [1]. The dependence of their
Kn the
W =nfW Q‘:L that was spent on the treatment of

concentration on specific  energy

distilled water, has a linear nature, Fig. 2

200 90
180 . 80
160 L 70

= 140 60

E, 120 s,
100 o

o 80 - 40
60 - 30
40 20
20 - - 10

0 T T T T 0
0 50 100 150 200 250 Wp,J/ml
+Kn == g*

Fig. 2. Dependence of the concentration K, of ions NO; VS.

specific energy spent on distilled water treatment.
Puc.2. 3anexHicTh KOHIEHTpAL iOHIB BiJl MUTOMOI SHEprii,
mo Oyna BUTpadeHa Ha 0OpoOKy JUCTHIILOBAHOT BOJH

The presence of nitrates in water is undesirable be-
cause they interact with oxidants that enter the water
under the action of PDBD. This reduces their concentra-
tion and hence reduces the rate of decomposition of the
impurity [1]. In addition, in accordance with the re-
quirements for drinking water existing in the EU, the
content of nitrates in it should not exceed Kng = 45 mg/I.
For the conditions of this work for each treatment cycle
at Up =240 V, f = 48 Hz, Qw = 0.03 I/min, Q. = 0.8 1/
min (W, = 8 J/ml), the value of K, increases by 7.2 mg/l.
It turns out that at n = 6, when W, = 48 J/ml, the concen-
tration of nitrates becomes greater than the allowable
value Kne. This should be borne in mind when treating
PDBD with drinking water. In the case of wastewater,
the permissible nitrate content can be much higher.

The increase in the number of ions NO; in water

under the action of PDBD is evidenced by a 40-fold
increase in the relative value of the specific conductivity
o* = o/co (where oo and o are specific conductivity of
the untreated and treated methylene blue solution, re-
spectively) when changing W, in the range 0 — 200 J/ml
as well as its acidity [1], which is characterized by the
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pH value. This parameter has a significant effect on the
course of oxidative reactions in water [1, 2]. Estimates
based on the results [1] showed that when W, increases
to 200 J/ml, the pH value decreased from 6.3 to 3.5.

Treatment of the solutions. The solutions were
treated at a flow rate of 0.03 I/min of water and flow
rate of 0.2 I/min and flow rate of air by passing them
several times through the discharge chamber at a repeti-
tion frequency of PDBD of 95 Hz and their energy of 88
mJ. The change in COD depending on the specific ener-
gy W, for solutions 1-3 is shown in Fig. 3 (respectively,
curves 1-3, which demonstrates that the COD decreases
with increasing W,).

Fig. 3 exhibits a particularly rapid drop in COD at
relatively small values of W,. This can be explained by
the fact that in solutions at high W, the concentration of
nitrates increases, which not only neutralize the oxidants
generated by PDBD, but also by the fact that they lead
to an increase in COD. This explains why at low con-
centrations of DNT (Solution 3, curve 3), when the re-
action rate decreases according to expression (5), the
effect of PDBD on the solution becomes smaller.

In the process of wastewater treatment of plants pro-
ducing dyes containing dinitrotoluene, i.e. molecules of
DNT1 and DNT2, a persistent odour disappeared and
the liquid from the dark brown opaque became much
lighter and more transparent.

4. Conclusion

The energy efficiency of the pulsed dielectric barrier
discharge at different modes of water treatment with
different impurities of organic substances has been stud-
ied. To obtain a high energy efficiency of water treat-
ment, the specific energy consumption has to be about
100 J/1 at which the parameters of energy and pulse rep-
etition of PDBD, and rates of water and air movement
passing through the chamber-are self-consistent.

€OD, mg 0,/ dm’

2500
1] 7.2 14.4 21.6 36

Fig. 3. The change in COD depending on the specific energy
Wp: 1 — solution of NPP detergent; 2— DNT 1; 3 - DNT 2
Puc.3. 3mina XCK B 3anexnocri Bix nutomoi eneprii Wh:

1- po3uun murouoro 3acody AEC; 2- IHT 1; 3- JHT 2.
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Ipoepecytoue 3a6pyoHerHs 800U uepe3 AHMPONOLEHHUL 6NIUE HA HABKOIUUHE Cepedosuiye 6i0HOCUNMbCS 00 AKMYAIbHUX NPOOIEM CYYACHOCMI.
O0num 3 201068HUX 8UOI6 3A6PYOHIBAUIE CMIYHOI 600U € opeaniuni peyogunu. Bionocno npocmum i dewiegum memooom ovuwents 00U 6i0 HUX €
iT Gionocuna 06pobra 3a 00nomo2o1o aepobnux 6axmepii. [Ilpome ichyc 6bazamo GUCOKOMOKCUUHUX OP2AHIYHUX OOMIUIOK, O/l PO3KIAOCHHS SIKUX
yeti Memoo y 6caKOMy pasi npu 11020 aepobHiil iINocmaci € HenpudamHum, a aHaepooHi npoyecu BUMAzaroms 3aHAOMO 3HAYHO20 YACy | memne-
pamyphoi peaynayii npoyecie 06podKu i MAKOdIC CMAOMb CYMHIGHUMU 3 02710y Ha HeoOXiOni enepeemuuni eumpamu. [0 nooiOHuX CKIaOHUX
PeUoBUH, 3 MOUKU 30Dy iX GI0N02IUHOT OUUCTIKU, HANEICAMb OP2aHiuHI 6aAPEHUKY, KOMPI 32I0HO C68IMOo8oi cmamucmukuy, ckiadaioms 15% 6io ecix
WIKIONUBUX Peuo8UH, SKI mpeba 3HeuKoOoumu nepeo ix HA0X0O0AICeHHAM Yy 600HI ekocucmemu. [ nooibHux 600 cmae akmyanrbHuM ix nonepeo-
H3 00pOOKA AKA 00360UMb SHUSUMU HABAHMANCEHHS HA DIONIO2IYHI OYUCHI CNOPYOU WLTIAXOM OKUCHEHHS MOKCUYHUX PeYOBUH i 342a/lbHUM 3HU-
DHCEHHAM OP2AHIYHOT CKIA00601, MOOMO 3MEHWEHHAM OIXPOMAmMHO20 XiMiuHo2o chodcusanns kuchio (XCK). O6pobky 6odu 3 maxumu 3a6pyo-
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HEHHAMU MOJICHA NPOBOOUMU 3a OONOMO20I0 MEXHONOZIl, WO BUKOPUCTO8YIOMb nepedosi okucHi npoyecu (advanced oxidation processes —
AOP). B nawiti pobomi euguanaco e(pekmugHicms OKUCHEHHs NIA3MOI0 0ap €PHO20 Po3psAdy CIMIYHUX 80O NIONPUEMCING BUPOOHUKIE OAPBHUKIE
207106HUM KOMNOHEHMOM AKUX € MeXHiuHull 2,4-0unimpomonyoi, a maxooic Mooeli opeaniunoi ckiadogoi cmiunux (mpanuux) 600 AEC 2o106-
HOI0 CKIA008010 AKUX € MUtOUill 3acio 3 na gocgammuiii ocrosi 3 emicmom I[IAP — 26,8%. Obpobasnacey niieku 60ou moswunoro ~0,1mm npu
WBUOKOCI HAPOCMAHHA IMNYIbCI8 po3padHoi nanpyeu ~3-1011B/c. [Jocnioxceno enepzoeghexmugnicme iMnynscno2o bap 'eprnozo pospsaoy npu
PIBHUX pedcumMax 0OpoOKu 600U 3 PISHUMU OOMIUKAMU OP2AHIYHUX PeYOBUH. [l OMPUMAHHS BUCOKUX NOKA3HUKIG eHep2oedekmusHocmi 0opob-
Ku 600U mpeba npogooOUmuU npu maxkux napamempax iMRYIbCHO2O 6ap €pHoz2o po3psdy (eHepeis ma 4acmoma NOSMOPeHHs IMNYIbCig) ma
WBUOKOCI PYXYy NOSIMPs, wjo6 NUMOMUL eHEePeOBHECOK y NOGIMpPsl, W0 Npoxooums uepe3 xamepy, ne nepesuwysas ~ 100/oc/n. Haiiguwii
eHepeemuyHull BUXIi0 IMIYIbCHO20 6ap '€pHO20 PO3PAY, ONs 3pA3KI6 CMIYHOT 600U, NPU NUMOMUX eHePeOBKIA0ax He nepesuiyyioms ~10/[oc/mx.

Knrwouosi cnosa: niazma, imnyavc, 6ap ‘ecpnuil, po3pso, 600a, 030H, 2iOpokcunbhull paduxan, ounimpomonyon, ITAP, enepeoepexmusnicmo.
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