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B cmamuve npueooumca 0630p pe3yinbmamos ucciedo6anuil RPOUEcco8 OUUCMKU 2A308bIX
U pAcmeopHviX cped om opzaHuueckux (mempaxnopmeman, 1,4-ouxnopéenszon u 2,4-ouxnop-
genon, u 0p.) u neopzanuuecxux (Cr(Vl), Mn(VII), Cu*, Fe****, Zn**, Cd**, Ni*" u op.) eewyecme,
a makyce CUHME3a OKCUOHBIX MAMEPUATI08 HA OCHOGE GbIUIEYKA3AHHBIX MEMAL108 ROO Oelicmau-
em oudnnekmpuueckozo dapveprozo pazpaoa ([IbP) u pazpaoa nocmoannozo moka ammocghepnozo
oagnenusn. Pabomul 6vbInonHenvl 6 COBMECHIHBIX UCCE006AHUAX, NPOGEOCHHBIX HA Kageopax
Ilpomvruunennoni xkonocuu u Texnonozuu npudopoé u mamepuanog 31eKMPOHHON MEXHUKU
HUT'XTY 3a nocneonue 10 nem. B pesynvmame ucciedo6anuil 6viA6/1€Hbl KUHEMu4ecKue 3aK0Ho-
MEPHOCHU PA3N0HCEHUA BbIUEYKA3AHHBIX OP2AHUYECKUX 8eUjeCne, ni.e. onpeodeneHbl Ipdhekmus-
Hble KOHCMAHMbl CKOPOCHU U CKOPOCMU PeaKyuil pasznodceHus W ux 3a8UcCuMocmu om napa-
mempos /IBP (mownocmu, pacxooa zaza u pacmeopa). Ha ocnose smux oannvix naiioenst Inep-
2emuueckue Ipekmuenocmu npoueccos pasnoxcenus. Onpeoenenvt 0CHOBHbIE NPOOYKMbL Pa3-
JI0MCeHUs U UX 3a6UCUMOCHU Om napamempos paspaoa. IIpednosicenvlt eepoamuvie mexanu3mol
npomexatougux npoveccos. lloxazano, umo Oeiicmeue pazpada nOCMOAHHO20 MOKA HA 600Hble
pacmeoput npugodum K eoccmanosnenuio Cr(VI) u Mn(VII) ¢ cocmase Cr.07> u MnOs 00 uonos
Cr** u Mn*. Ilpu deiicmeuu mozo sce paspsada na pacmeopwl coneii, cooeprcawux uonvt Cu’*,
Fe?3*, Zn?, Cd**, Ni¥, naéniodaemcs o6pasoeanue KonnouOHbIX PACMEOPOE 2UOPOKCOCOEOUHE-
Huil ykazannvlx uonos. Memooamu /[PC, COM, IPC, P@A TI'A, /ICK onpeodenenvt pasmepst no-
ayuarowuxca wacmuy ux gazoevtii u xumuueckuii cocmas. Ilokazano, umo npoxanka nojiyuen-
HbIX uacmuy npueooum K 00PA308AHUI0 KPUCMANLIUYECKUX OKCUOO8 COOMBEHCHIBYIHOUWUX Me-
mannos. Takum obpazom, oeilicmeue paspsaoa obecnedugaenm OUUCHKY GOOHBLIX PACHIBOPOE OM
mAdCeNbIX MEManioe ¢ 00pazoeanuem OKCUOHBIX MAMEPUANne HAHOPA3MEPHO20 OUAna3ond, Ko-
mopbule 06.1a0aom noIYRPOEOOHUKOBBIMU U KAMATUMUYECKUMU CEOUICIEAMU.

KuroueBble coBa: ra3opaspsiHas 1mjia3Ma, O4UCTKa BOJHBIX PaCTBOPOB, OPraHNYECKHe M HEOpTaHU-
YeCKHE MOJUIIOTAHThI, CHHTE3 OKCHIIHBIX MaTepHaIoB
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The article provides an overview of the results of research of the purification processes of
gas and solution media from organic (tetrachloromethane, 1,4-dichlorobenzene and 2,4-di-
chlorophenol, etc.) and inorganic (Cr(VI1), Mn(VII), Cu?*, Fe****, Zn**, Cd*", Ni**, etc.) substances,
as well as the synthesis of oxide materials based on the above metals under the action of a dielectric
barrier discharge (DBD) and atmospheric pressure DC discharge. The work was carried out in
joint research conducted at the Departments of Industrial Ecology and Microelectronic Devices
and Materials of the ISUCT over the past 10 years. As a result of the research, the kinetic regulari-
ties of decomposition of the above organic substances were revealed, i.e. the rate and effective rate
constants of the decomposition reactions and their dependences on the DBR parameters (power,
gas and solution flow rates) were determined. On the basis of these data, the energy efficiency of
decomposition processes was found. The main decomposition products and their dependence on
the discharge parameters are determined. Probable mechanisms of the ongoing processes were
proposed. It is shown that the action of a direct current discharge on aqueous solutions leads to the
reduction of Cr(VI) and Mn(VII) in the composition of Cr,0-> and MnO, to Cr** and Mn?" ions.
When the same discharge acts on solutions of salts containing Cu®*, Fe?***, Zn?*, Cd**, Ni** ions,
the formation of colloidal solutions of hydroxo compounds of these ions is observed. The sizes of
resulting particles, their phase and chemical composition were determined by DLS, SEM, EDX,
TGA, XRD, DSC methods. It is shown that the calcination of the obtained particles leads to the
formation of crystalline oxides of the corresponding metals. Thus, the action of the discharge en-
sures the purification of aqueous solutions from heavy metals with the formation of oxide materials
of the nanoscale range, which have semiconductor and catalytic properties.

Key words: gas-discharge plasma, aqueous solutions purification, organic and inorganic pollutants,

oxide materials synthesis

INTRODUCTION

In the past 20 years, over 1000 works devoted
to the properties of atmospheric-pressure discharges
operating above and under the surfaces of water me-
dia have been published (see [1-4]). Interest in such
discharges is motivated by both the need to gain in-
sight into their physics and chemistry and the possi-
bility of using them to solve a number of practical
problems. Among these problems, we can mention
biomedical applications [5, 6], excitation sources for
atomic emission spectroscopy, modification of the
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surface properties of polymer materials and immobili-
zation of other molecules on them (e.g., heterocyclic
compounds [7, 8]), preparation of catalyst nano pow-
ders and semiconducting compounds, synthesis of
fullerenes [9], purification of wastewaters and gas
exhausts from organic compounds [10], etc. It is also
proposed to use discharge systems to remove pesti-
cides from vegetables and to remediate of polluted
soils [11, 12]. Plasma systems are attractive because,
under their action on water, a vast variety of chemi-
cally active particles possessing ether oxidizing or
reducing properties are generated. The main oxidizers
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are OH radicals (the standard oxidizing potential
E® =2.85V), O atoms (E° = 2.42 V), hydrogen perox-
ide (E° = 1.68 V), ozone (E° = 1.51 V), and HO;
(E° = 1.70 V), while the main reducing agents are hy-
drogen atoms (£° = 2.3 V) and molecules and solv-
ated electrons (E° = -2.68 V). These particles are
formed without any additional chemical reagents,
while the ambient air can serve as a plasma-forming
gas. Also, the action of the discharge on water leads
to a change in its pH. Whether water is a cathode or
an anode, pH decreases or increases [13].

In this article, we present the results of our re-
search on the decomposition of some organic chlo-
rine-containing compounds both in the gas phase and
in agueous solutions. The results of studies on the puri-
fication of aqueous solutions from heavy metals are
also presented. At the same time, the resulting chemi-
cal compounds make it possible to obtain practically
important substances with catalytic, semiconductor and
magnetic properties. Moreover, the particle sizes of
these substances can lie in the nanometer range.

EXPERIMENTAL SETUP

Two types of DBD reactors were used in the
work, the schemes of which are shown in Figs. 1, 2.
In all cases, the discharge was excited from a high-
voltage power supply of industrial frequency (50 Hz).
Set-up in Fig. 1 was used to process gas mixtures.
The main plasma-forming gas from cylinder 1 was
passed through cell 2, where it was saturated with
pollutant vapor. The resulting mixture of gases en-
tered the DBD 4 cylindrical reactor. The treated gas
was collected in vessel 5, from where it entered the
chemical analysis.

A falling film reactor was used to treat aque-
ous solutions (Fig. 2). The solution in the film mode
flowed down over the surface of the inner electrode
covered with fiberglass. The treated solution was ana-
lyzed chemically.

Fig. 1. The scheme of the experimental setup for gas treatment.
1 - oxygen balloon, 2 — valve, 3 - cell with pollutant, 4 - DBD
reactor, 5 - absorption vessel, 6 — flow meter
Puc. 1. Cxema 3KCTIepHMEHTANIBHONW YCTAHOBKH JJIsl OYUCTKH Ta3a.
1 - xuCITOPOAHBIH OAIIIOH, 2 - BEHTHIIB, 3 - siYeHKa C IMOJUTFOTAaHTOM,
4 - peaxrop 1B/, 5 - aGcopOIrioHHast eMKOCTb, 6 — pacxoJoMep
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For the treatment of aqueous solutions by a
direct current (DC) glow discharge, reactors were
used, the designs of which are shown in Fig. 3 and 4.
The discharge was ignited by applying a high voltage
between the surface of the solution and the outer met-
al electrode(s). For fig. 3, the solution served as the
cathode, and for Fig. 4 one part of the solution was
the cathode and the other the anode.

Fig. 2. DBD reactor for water solution processing. 1 — inner elec-
trode (Al), 2 — Teflon sleeve, 3 —insulator, 4 — outer electrode (Cu
foil), 5 — Pyrex tube (barrier), 6 — fiberglass coating, 7 — gas out-
let, 8 —gas inlet, 9 - resistor (100 Ohm), 10 — oscilloscope GW
Instek GDS-2072 (Taiwan), 11 - power supply
Puc. 2. Peaxtop JIBP mist 06paboTKH BOAHBIX PaCTBOPOB. 1| — BHYT-
peHHuit snexrpox (Al), 2 — redpnoHOBas BTYNKA, 3 —H30IATOP,
4 — saemHu# snextpon (Cu dombra), 5 — mupexcoBas TpyoOka
(Gapbep), 6 — TOKPBITHE U3 CTEKIIOTKAHH, 7 — BBIXOJ] Ta3a, 8 — BXOJ
raza, 9 — pesucrop (100 Om), 10 — ocummnorpad GW Instek GDS-
2072 (Taiwan), 11 — HCTOYHHK MHTAHHS

[l -
— | |~
1])@[2

Fig. 3. The scheme of the experimental setup. 1 - liquid anode,
2 - liquid cathode, 3 - titanium electrodes, 4 — membrane
Puc. 3. Cxema dKCTIepUMEHTAIEHON YCTaHOBKH. | - KHIKUI aHOT,
2 - JKUJIKUH KaTof, 3 - THTAHOBBIC DIICKTPOIbI, 4 — MeMOpaHa
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Fig. 4. The schematic diagram of the experimental setup. 1 — data
acquisition system (PC), 2 — monochromator, 3 - light guide,
4 —discharge, 5 — ammeter, 6 — direct current power supply,
7 — electrodes, 8 — reaction vessel, 9 — solution, 10 — voltmeter.
The solution served as the cathode (-)

Puc. 4. [lpuHunnmranbHas cxeMa SKCIIEPHUMEHTAIBHOW YCTAHOBKH.
1 — cucrema c6opa nanusix (I1K), 2 — MmoHOXpOMarop, 3 — cBeTO-
BOJ, 4 — paspsn, 5 — amrnepMeTp, 6 — HICTOYHUK TOCTOSTHHOTO
TOKa, 7 — 3JEKTPOJBI, 8 — peaKIMOHHBIN cocyn, 9 — pacTBop,
10 — BosmsT™MeTp. PacTBOp — Karox (-)

METHODS OF ANALYSIS AND MEASUREMENTS

The concentrations of organochlorine com-
pounds (OCs) (in liquid and gas phases) at the inlet
and outlet of the reactor were determined by the gas
chromatographic method using a Khromatek-5000
chromatograph with an electron capture detector
(ZAO Khromatek, Russia). The content of naphtha-
lene was controlled by high performance liquid chro-
matography (HPLC) using a Fluorat 2-M fluorimeter
(OO0 Lumeks, Russia). The control of monobasic
carboxylic acids was carried out by the photometric
method using a UNICO-2804 spectrophotometer,
USA. The concentration of aldehydes was determined
by the fluorimetric method. The content of oil prod-
ucts was controlled by fluorimetric and IR spectro-
metric methods (Nicolet Avatar 360, USA). The chlo-
rine concentration in the degradation products was
estimated by the potentiometric method. Determina-
tion of the content of CO and CO: in the gas phase
was carried out by gas chromatography (Khromatek-
5000) using a flame ionization detector. The CO,
concentration in the liquid phase was controlled by a
potentiometric method. The concentration of ozone
formed in the discharge zone of the reactor was deter-
mined by absorption spectroscopy by light absorption
at A = 254 nm (UNICO-2804, USA). The index of
chemical oxygen demand (COD) was controlled by the
photometric method using a Fluorat 2-M fluorimeter.

For DC discharge, the following techniques
were used. The measurement of the electric field
strength (E) in the positive column and cathode poten-
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tial drop (Uc) consisted in measuring the total voltage
drop between the liquid and metal electrodes as a
function of the cathode-anode distance [14,15]. The
tangent of the slope of this dependence gives the val-
ue of E, and the segment cut off on the ordinate axis -
the value of Uc. To determine the geometric dimen-
sions of the discharge and the current densities, we
used the method of photographic recording of the dis-
charge. The discharge emission spectra in the wave-
length range of 300-900 nm were recorded using an
Avaspec-2048FT-2 spectrometer (Avantes, the Neth-
erlands) with a diffraction grating of 600 lines/mm
and an entrance slit width of 50 um. The real resolu-
tion of the instrument was 1.3 nm. If it was necessary
to obtain more resolved spectra, an Avaspec-3648
spectrometer with a diffraction grating of 1200
lines/mm, an entrance slit width of 10 um, and a real
resolution of 0.17 nm was used in the wavelength
range of 350-400 nm. From the results of spectral
measurements, the values of the effective vibrational
temperature were found, which characterize the popu-
lations of the lower excited vibrational states (levels)
of No(C3I1,) nitrogen molecules. To do this, we meas-
ured the relative intensities of the electronic-vibra-
tional bands of the C3I1,—B?3Ilg, V transitions [16].
To determine the temperature of the neutral compo-
nent of the gas, we used a method for determining the
temperature based on measuring the intensities of the
rotational lines of the electronic vibrational emission
bands. It is shown that, under the conditions under
study, identification of the rotational temperature with
the translational temperature is possible, since the
distribution of molecules over the rotational levels of
the excited electronic state obeys the Boltzmann dis-
tribution, and the rotational-translational relaxation
has ended in the system [14].

The processes of formation of colloidal solu-
tions and the properties of the obtained substances
were studied by the following methods. Turbidimetric
and nephelometric studies were used to describe the
kinetics of particle formation processes in solution.
The solution was illuminated with a beam of light,
and then the intensity of the transmitted radiation or
the intensity of the radiation scattered at an angle at
90° during the discharge was measured. A helium-
neon laser with a wavelength of 632.8 nm was used as
a radiation source. The laser beam was directed in
such a way that the radiation passed through the solu-
tion at a distance of 1 mm from its surface; the optical
length was 45 mm. To register the radiation, an
AvaSpec-2048FT-2 spectrometer was used. The syn-
thesized powder was taken separately from the bot-
tom and from the near-surface layer of the cell, centri-
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fuged and dried at a temperature of 60°C for 24 h on
glass substrates. The resulting powders were subject-
ed to X-ray phase analysis (DRON 3M, Burevestnik,
Russia), the elemental composition of the powders
was determined by EDX analysis (Aztec EDS, Oxford
Instrumental, England), thermogravimetric analysis,
and differential calorimetry (STA 449 F1 Jupiter Ne-
tzsch, Germany) were performed. The morphology
and particle size of the powders were determined us-
ing scanning electron microscopy (TESCAN VEGA3
SBH, Czech Republic) and dynamic light scattering
(Photocor Compact-Z, Photokor, Russia).

SIMULATION METHODS

To understand how the discharge initiates
chemical processes in the solution, it is necessary to
know the concentrations of active species formed in
the plasma and their fluxes to the surface of the solu-
tion. The available experimental methods for measur-
ing concentrations are extremely limited. Therefore,
mathematical modeling is in this case an effective
method for obtaining such information. In this work,
we used an approach based on the joint solution of the
Boltzmann equation for electrons, the equations of
vibrational kinetics for the ground states of molecules,
and the equations of chemical kinetics [17]. The cur-
rent densities j and the reduced electric field strengths
E/N (N is the total concentration of particles) required
for calculation were taken from experience. For air,
the initial composition of the gas phase included N
and O, molecules and Ar atoms, as well as atoms and
molecules that were formed in the gas phase during
discharge combustion, and H,O molecules coming
from the solution. When calculating the energy distri-
bution functions of electrons (EEDF), collisions of
the 1st and 2nd kind were taken into account: with Ar
atoms in the ground and excited states 'Pi, 3Po, °P1,
3P,; with Oz molecules in the ground state and meta-
stable Oz(a'Ag), O2(b'Zs") molecules; with oxygen
atoms in the ground state and excited O(*D,!S, 3s°S,
3s°S); with H2 molecules in the ground and vibration-
ally excited states; with H,O molecules in the ground
and vibrationally excited states; with NO molecules in
the ground and vibrationally excited states. Electron-
electron collisions were also taken into account.
When calculating the vibrational kinetics, the excita-
tion-de-excitation of vibrational levels by electron
impact, single-quantum V-V and V-T exchange, and
some chemical reactions were taken into account. The
level constants of the rates of vibrational exchange
were calculated from the relations of the SSH theory
with normalization to experimental values, where
they are known. The equations of vibrational kinetics
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described the vibrational energy exchange in the sys-
tem of ground vibrational states of the Oz, Nz, H:0,
NO, and H> molecules. Since the content of H.O mol-
ecules was not known, it was chosen in such a way as
to achieve agreement between the calculation of the
vibrational temperatures of the N(C°Il,) state, the
intensities of the emission bands of the N, second
positive system (the C3[1,—B®[1, transition), the some
emission intensities of the Ar lines and oxygen atoms,
and the experimentally found values [17-20]. The
equations of chemical kinetics for plasma included
328 reactions involving electrons, as well as ground
and excited states of atoms and molecules (O.(X),
0Oa(atA), 0,(bx), 02(A3X), OCP), O(*D), O(!S), Os,
O(3p3P), 0(3533), Hzo, H, OH, HzOz, HOz, H2, H,
N2(X), N2O, NO, NO, NOs, HNO, HNO;, HNOs,
Nz(X), Nz(A32u+), Nz(B3Hg), Nz(C3Hu), Nz(a’12+),
Ar(X), Ar (*P1,%Po,%P1,°P;) A list of these reactions is
given in work [20].

The chemical kinetics equations for solutions
included 28 components (H.O, HO,, OH, HO,,
HNOs, HNO;, HO3, Os, Oz, H, Hz, NO, NO2, NOs3, ey
(solvated electron), ONOOH, O, H*, OH",0O", O2, HO_,
Oz, NO3, NO2, 03,0,%, NO* ) and 119 reactions
between them [21]. This system of stiff kinetic equa-
tions was solved by the 5th order Gear method [22]
with boundary conditions in the form of a flow of the
corresponding particles from the plasma at the plas-
ma-solution interface.

DEGRADATION OF TOXIC COMPOUNDS

The studied substances were highly toxic,
persistent compounds (chlorinated organic compounds
(tetrachloromethane (TCM), 1,4-dichlorobenzene
(1,4-DCB), 2,4-dichlorophenol (2,4-DCP)). The con-
centrations of the studied compounds in water were:
2,4-DCP — 5 - 100 mg/l (62-616 umol/l); TCM -5 -
100 mg/l (6.5 - 650 umol/l). The concentrations of the
studied compounds in the gas phase were: 2,4-DCP -
0.06 - 1.0 g/m® (368 - 6134 pumol/1); 1,4-DCB - 0.076 -
0.382 g/m® (517 - 2599 umol/l); TCM - 0.03 - 1.65 g/m®
(194 - 10714 pmol/1). In all cases, the plasma-forming
gas was oxygen (99.8%).

KINETICS OF DESTRUCTION
OF VAPOR-GAS MIXTURES

Studies have shown that the Kinetics of the
destruction of CCl4, 2,4-DCP, 1,4-DCB (dependence
of the concentration at the outlet of the reactor as a
function of the residence time of gas in the discharge
zone) is well described by a formal equation of the
first kinetic order (determination coefficient R2 > 0.95)
(see, for example, Fig. 5) [23-25].
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Some rate constants and decomposition rates
are presented in Table 1. Rates correspond to contact
times tending to zero. The effective rate constants
decrease with increasing concentration at the reactor
inlet, however, the decrease is slower than the in-
crease in concentration, which leads to an increase in
the rate of decomposition and the energy efficiency of
the process, however, a decrease in the degree of de-
composition is observed. The degrees of decomposi-
tion of substances decrease with increasing their con-
centration. In general, the degrees of decomposition
of all the investigated substances reach values of 0.8-1.

When cleaning vapor-gas mixtures, it is im-
portant not only to obtain a high degree of decompo-
sition of the target substance, but also to know the
composition of the resulting products. At a degree of
TCM decomposition of 0.99 (concentration at the in-
let is 195 mmol/m?, power is 1 W/cm?, residence time
is 4.2 s), chloroform (CHCIs), 1,2-dichloroethane
(CH.CI-CH:CI) and trichlorethylene (CCIl,=CHCI)
were found with concentrations less than 0.01
mmol/m?3. The main decomposition products were CO
and Cl, molecules with a yield of about 90%. Approx-
imately the same situation with products is observed
for 1,4-DCB and 2,4-DCP. The main decomposition
products are CO, and Cl, molecules. Small amounts of
carboxylic acids and aldehydes are also formed.

Thus, the dielectric barrier discharge of at-
mospheric pressure is an effective method of destruc-
tion of chlorine-containing compounds in gas mix-
tures (decomposition degree up to 100% under certain

A.A. Guschin et al.

conditions) at low energy costs. The main decomposi-
tion products are CO; and Cl,, which are easily neu-
tralized by simple chemical methods into non-toxic
carbonates (COs?) and chlorides (CI").

1,0

0,8

n

0,6

CiC

0,4

0,2

0,0

0 4 8 12

TR,

Fig. 5. Dependence of the concentration of TCM at the outlet of

the DBR reactor on the residence time of the gas with the dis-

charge zone. Specific power is 1 W/cm@. 1, 2 - TCM concentra-

tions at the reactor inlet (Cin) are 30 mg/m? and 1.65 g/mé, respec-
tively. Points - experiment. Lines - calculation according to the

equation of the 1st kinetic order

Puc. 5. 3aBucumocts koHneHTpauuu TXM Ha BBIXOZE U3 PEaKTO-
pa ABP ot BpemeHu KOHTaKTa ra3a ¢ 30HOM pa3psna. Y AeabHas
MourHocTh 1 BT. 1, 2 - koruenTpauun TXM Ha BXoze B peakTop
(Cin) 30 Mr/M® 1 1.65 r/M® cootBeTCTBEHHO. TOUKH - PKCIIEPUMEHT.

JIvanm — pacyeT no ypaBHEHUIO 1-ro KHHETUYECKOTO TopsJiKa

Kinetics of destruction in water solution

As for the gas phase, the decomposition ki-
netics of TCM and 2,4-DCP in their aqueous solu-
tions is well described (R? > 0.98) by the equation of
the first kinetic order with respect to the concentration
of the target substance [26-28].

Table 1
Decomposition characteristics of chlorinated derivatives [23-25]. Power is 0.8 W/cm?®
Tabauya 1. XapaKTepHCTHKH Pa3Jo:keHHs XJI0pPIPOu3BoIHbIX [23-25]. Mommuocts 0,8 Br/em®
Reactor inlet con- Decomposition i Energy efficiency
Substance centration, g/m? rate, c?n'&s‘l Rate constant, $* mol/100 eV kJ/I
ccla 0.03 0.7-10% 0.594+0.08 0.0010 2.9
1.65 10.1-10% 0.16+0.02 0.0120 14.5
2,4-dichlorophenol 1.0 4.4-10% 0.22+0.03 0.0035 18.9
1,4-dichlorobenzene 0.3 2.0-10* 0.13+0.05 0.0027 24.0
Table 2
Decomposition characteristics of chlorinated derivatives in water solutions [26-28]
Tabnuya 2. XapaKTepUCTHKH Pa3JioKeHUs XJI0PNPOU3BOIHBIX B BOJHBIX pacTBopax [26-28]
Reactor inlet concentra- Decomposition Rate constant. -1 Energy efficiency mole-
tion, mol/Il rate, mol/(I's) ' cules/100 eV
CCly, (power) 5 Bt
3.25-10* 0.000584 4.89 = 0.08 1.34
1.95-10* 0.000319 4.45+0.03 0.78
9.75-10° 0.000197 5.48 £0.19 0.40
3.25-10° 0.000067 5.61+0.29 0.14
2,4-1X® (2,4-DCP), (power) 10.4 Br
6.2:10° 0.00005 2.17+0.17 0.04
9.3-10° 0.00006 1.90+0.10 0.05
3.08-:10* 0.00023 2.00+0.15 0.17
ChemChemTech. 2023. V. 66. N 7 125
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Effective constants, decomposition rates and
energy efficiencies are shown in Table 2. The energy
efficiency of 2,4-DCP degradation is significantly
higher than that of TCM, i.e., aromatic compounds
are more stable than aliphatic chlorinated hydrocar-
bons. Comparing the efficiency of 2,4-DCP decom-
position processes in the liquid phase with similar
processes in the gas phase (Table 1), we can conclude
that in the gas phase they are less efficient by about
an order of magnitude. The degree of decomposition
achieved for both compounds is close to unity.

During the decomposition of TCM, the pres-
ence of small amounts of aldehydes and chloride ions
in solution was found. CO, and CO molecules are
registered in the gas phase. Almost all carbon in CO
and CO; corresponds to the amount of decomposed
TCM, as well as the amount of Cl- ions in the solution.

Experiments have shown that the decomposi-
tion of 2,4-DCP in solution produces carboxylic acids
and aldehydes, and carbon dioxide is formed in the
gas phase. The chlorine formed during decomposition
is represented by Cl, molecules in the gas phase and
Cl- ions in solution.

PARAMETERS OF DC DISCHARGES
AND CONCENTRATIONS
OF ACTIVE SPECIES [17-20, 29]

Plasma physical parameters

In all studied plasma-forming gases (O2, N,
A, air), the discharge has the form of a cone-shaped
luminous column. In this column, a number of areas
characteristic of a glow discharge can be distin-
guished: the region of the anode glow, the positive
column of the discharge, the dark cathode space, and
the cathode glow. In the wavelength range of 200-
400 nm, the spectral composition of the radiation is
qualitatively the same for all the studied gases. Emis-
sion bands of the NO y-system (AZ2Z—XZII transi-
tion), OH-radical (A’Z— X1 transition) and the sec-
ond positive N system (C3ITu—B®[lg transition) are
observed in this region. Only the absolute emission
intensities of the bands of the listed components dif-
fer. The presence of NO and OH emission bands, as
well as hydrogen lines in argon, nitrogen, and oxygen
plasmas, is associated with the transfer of liquid cath-
ode decomposition products into the gas phase—
hydrogen and oxygen atoms or molecules and hy-
droxyl radicals. The presence of weak emission bands
of the second positive nitrogen system in pure argon
and oxygen is associated with the transition to the gas
phase of nitrogen molecules dissolved in water. The
long-wave part of the spectrum is individual for each
working gas. For oxygen and air plasmas, these are
emission lines of atomic oxygen; for argon plasma,
these are emission lines Ar.
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The measured dependences of the cathodic
potential drop, the reduced electric field strengths, the
powers put into the discharge, the gas temperatures,
and the vibrational temperatures on the pressure of the
plasma-forming gas are shown in Figs. 6-10.

For the studied molecular plasma-forming
gases, the mechanisms of gas heating are considered.
It has been established that in all molecular gases, the
heating of the gas is due to the processes of transfer-
ring the energy of vibrational excitation of molecules
(VEM) into thermal energy (V-T relaxation). In oxy-
gen plasma, the characteristic V-T relaxation times
are much shorter than the diffusion residence times of
the VEM for the plasma zone. For plasmas of air and
nitrogen, the opposite picture is observed. Therefore,
in O plasma, almost all the energy deposited in the
VEM is released in the plasma zone, while for a dis-
charge in air and nitrogen, a significant part of the
energy is carried out by the VEM outside the dis-
charge zone. This feature determines higher tempera-
tures for O, plasma. For a discharge in nitrogen and in
air, it is shown that vibrationally excited nitrogen
molecules in the ground state have a strong effect on
the EEDF due to superelastic collisions with electrons.

U, V(B)
1000

800 -

600

400

200

0 0.2 0.4 0.6 0.8 1.0
P, 10° Pa (Ma)
Fig. 6. Cathodic potential drop vs pressure. 1,=40 mA: 1,2,3 - air;
4-02;56-N2;7,8—-Ar. 2,3,6,8 - literature data
Puc. 6. Karoanoe najesne noTeHAaIa Kak (byHKuI/I;[ IaBJIECHUS.
17=40 MA: 1,2,3 — Bo3myx; 4 — O2; 5,6 — N2; 7,8 — Ar: 2,3,6,8 — nan-
HBIE TUTEPATYPhI

E/N, 10,V cm? (B cm?)

3 —J
1 " 2 - ]
4 -
O L L L L L
0.2 0.4 0.6 0.8 1.0
P, 10° Pa (Ma)

Fig. 7. Reduced electric field strength in the positive discharge col-
umn as a function of pressure. 1,=40 mA. 1 —air; 2 - N2; 3- Oz; 4 - Ar
Puc. 7. [IpuBeneHHast HaNPSKEHHOCTD 3JIEKTPUYECKOTO TOJIS B
TOJIOXKHTEIEHOM CTOJIOE paspsiia Kak pyHKIMS JaBICHHSI.
1p=40 MA: 1 — Bo3myx; 2 — N2; 3—O2; 4 — Ar
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Fig. 8. Gas temperatures (Tg) as a function of pressure. 1,=40 mA:

1—air; 2- N2; 3 - Oz; 4-Ar
Puc. 8. I'azoBbIie Temnepatypsl (Tg) kKak GYHKIINH AaBICHUS.
1,=40 MA: 1 — Bo31yx; 2 — N2; 3—0O2; 4 — Ar
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Fig. 9. Power deposited in the discharge as a function of pressure.

1,=40 mA: 1 —air; 2 - N2; 3 - Oz; 4-Ar

Puc. 9. BxiagpiBaeMasi B pa3psii MOIIHOCTh Kak (DYHKIIUS JTaBJie-

uust. =40 MA: 1 — Bo3ayx; 2 — N2; 3— O2; 4 — Ar
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Fig. 10. Calculated and measured vibrational temperature of
N2(C3Iy) as a function of pressure. 1,=40 mA.: 1 —air; 2 - Na.
Points - experiment, lines — calculation
Puc. 10. PacueTHast u n3MepeHHas KoyiebaTelibHas TemMIeparypa

N2(C®Iu) xak pynkuus gapaenns. l,=40 MA.: 1 — Bo3ayx; 2 — Na.

Toukw - OKCHOEPUMEHT, JIMHUU — PACUCT
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Chemical composition of plasma

Modeling of the plasma composition showed
that the qualitative composition of the formed parti-
cles is the same regardless of the type of plasma-
forming gas. The main oxygen-containing species are
H.O, OH, H,0,, O(®P) and HO,. Discharge plasmas
in oxygen and air also contain a significant number of
metastable states O2(a'Ag) and O(b'=*g). When dis-
charged in air, NO, NOz, N,O, HNO, HNO3; mole-
cules are also formed. Figs 11-14 show the depend-
ences of the concentrations of the main neutral com-
ponents in air plasma on pressure.

N, cm’s(cm's)

0.0 0.2 0.4 0.6 0.8 1.0

P, 10° Pa (Ma)

Fig. 11. The concentration of nitrogen oxide molecules in the
discharge in air as a function of pressure. I, = 40 mA. 1 - NO;
2-NO2; 3-N20; 4 - NOs3
Puc. 11. KoHnenTpanuu MosieKys1 OKCHIOB a30Ta B pa3psiie B
Bo3ayxe Kak ¢pyHkuus nasierus. =40 MA. 1 — NO; 2 — NOg;

3—N20; 4 - NOs3
N, cm® (cm”®)
1016 _
2,3
104 [ P
i R .
102f o7

0.0 0.2 0.4 0.6 0.8 1.0
P, 10° Pa (Ma)

Fig. 12. Concentrations of HNO2, HNO3z and HNO molecules in a
discharge in air as a function of pressure. 1,=40 mA: 1 — HNOs;
2 - HNOg2; 3-HNO
Puc. 12. Konnenrparpu monekya HNO2, HNOs u HNO B pa3sps-
Ie B Bo3ayxe kak ¢pyHkims nasnenus. 1,=40 MA: 1 — HNOs;

2—-HNO2; 3—HNO
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N, cm®(cm™®)
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[RRRTRTERREEERRRREREE ;
10" 1
2
10¥

0.0 0.2 0.4 0.6 0.8 1.0
P, 10° Pa (Ma)

Fig. 13. Concentrations of H202 molecules and OH and HOz radi-
cals in air as a function of pressure. 1,=40 mA: 1 — H202; 2 - HOz;
3-OH
Puc. 13. Konuentpanuu monekyn H202 u pagukano OH u HO2 B
Bo3ayxe Kak QpyHkums nasinenus. 1,=40 MA: 1 — H202; 2 — HO;

3-0OH

C, mol/L pH

O

1 1 1 2
300 400 500 600

t, s
Fig. 14. Hydrogen peroxide concentrations (1,2) and solution pH
(3.4) as functions of time for discharge in air at a current of 40 mA.
Points - experiment, lines — calculation. 1, 3 — liquid cathode.
2, 4 —liquid anode
Puc. 14. Konnentpanuu nepoxcuzaa sogopoaa (1,2) u pH pacrtso-
pa (3,4) xak GyHKUNE BpeMEHH IS pa3psiaa B BO3LyXe MPU TOKE
40 MA. To4kH - S5KCIEPUMEHT, JIMHAN — pacyer. 1, 3 — KUK
Karof. 2, 4 — )KAOKUIH aHOL

CHEMICAL TRANSFORMATIONS
IN AQUEOUS SOLUTIONS INITIATED
BY THE ACTION OF A DISCHARGE

0 100 200

To understand the possibilities of using a so-
lution activated by the action of a discharge, infor-
mation is needed on the types and concentrations of
active particles formed in the solution. And the de-
termination of the main reactions of formation and
decay of particles is of interest from the point of view
of predicting changes in the properties of the solution
with changes in the discharge parameters. Unfortu-
nately, the possibilities of experimental methods for
determining the concentrations of short-lived parti-
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cles, such as radicals, are severely limited. For exam-
ple, the use of radical scavengers is hindered by the
fact that, due to the complex chemical composition of
the solution, the scavengers, as well as the substances
obtained from them (which are identified), can react
simultaneously with several components of the solu-
tion. Experimental data are available for hydrogen
peroxide concentrations, pH values, and nitrite and
nitrate ion concentrations [21]. For this reason, math-
ematical modeling actually becomes a tool for study-
ing the composition of a solution and the mecha-
nisms of reactions occurring in it.

o
Ie) i
£ 10° S
9]

Fig. 15. Changes in the concentration of components over time.
1-12: Oz, Hz, HNO2, HO2, ONOOH, NO2, HNOs, NO, OH, 0%,
O3, O, respectively. Gas is air. Discharge current 40 mA. Solu-
tion is cathode
Puc. 15. Usmenenue KOHLCHTpalu KOMIIOHCHTOB BO BPEMECHMU.
1-12: Oz, Hz, HNO2, HO2, ONOOH, NO2, HNO3s, NO, OH, 07,
O3, O coorBercTBeHHO. ['a3 — Bo3ayx. Tok paspsaa 40 MA.
PacTBOp — KaTOx

The concentrations of the solution compo-
nents obtained in the experiment and during simu-
lation for a direct current discharge in air are shown
in Fig. 14, 15. The results of calculations of the
fluxes of the main components from the discharge
to the solution surface showed that they differ not
too much for both the liquid cathode and the liquid
anode. And the differences in the kinetics and con-
centrations of species in the solution are due to the
fact that in the liquid cathode, unlike the anode,
there is a channel for the formation of hydrogen
peroxide, due to the bombardment of the solution
surface by positive ions accelerated in the cathode
potential drop. This leads to the fact that the con-
centration of hydrogen peroxide in the liquid anode
is at least two orders of magnitude lower than in the
liquid cathode. This explains the higher efficiency
of the liquid cathode compared to the anode in the
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reduction reactions Cr(VI1) and Mn(VII), where hy-
drogen peroxide plays the main role due to the re-
actions Cr,07+ 8H*+H,0,—2Cr*+5H,0+20, and
2MnOs+ 6H*+5H,0,—2Mn?*+8H,0+50, (stoichio-
metric equations, acidic environment) [30-36]. The de-
composition of H.O, with the formation of OH radi-
cals provides a significantly higher concentration of
OH in the liquid cathode. For this reason, it can be
expected that the processes of oxidative degradation
of organic compounds in a liquid cathode will be
more efficient. But we are not aware of such studies.
In the liquid anode, the concentrations of NO and
NO-" ions are higher than in the liquid cathode, while
the concentrations of NOgs™ ions are close. For a liquid
cathode and an anode, the dependences of the pH of
the solution on the treatment time differ fundamental-
ly. If in the first case, pH monotonically decreases
with increasing time, and then in the second case, af-
ter passing through the minimum, an increase in pH is
observed. The reason for the increase in pH is associ-
ated with the formation of solvated electrons due to
the bombardment of the liquid anode by plasma elec-
trons. The reactions of these electrons decrease the
concentration of H* ions and increase the concentra-
tion of OH" ions, which leads to an increase in pH.
Such changes in pH explain the predominant for-
mation of metal hydroxy compounds in solution,
which is the anode. An increase in the pH of the solu-
tion ensures an increase in the concentration of OH"
ions. When the solubility limit is reached, insoluble
particles of the corresponding compound are formed.
Indeed, the experiment [37-42] shows that when a
discharge acts on a liquid anode containing salts of
cations Zn?*, Cd?*, Fe®*, Cu?*, colloidal solutions are
first formed, the destruction of which leads to the
formation of precipitates. The resulting colloidal par-
ticles have both a crystalline structure (compounds of
zinc, cadmium, copper) and amorphous (in the case of
iron). The resulting structures are mainly hydroxo
compounds, oxides and hydroxides. So, for solutions
of copper nitrates, these are ruatite (Cuz(NO3)(OH)s)
and copper oxide (CuO, monoclinic). In solutions of
cadmium nitrate, crystalline Cd(NOs)(OH).-H0, B,
and y Cd(OH); are formed. The calcination of all pre-
cipitates obtained in an air atmosphere leads to the
formation of the corresponding oxides.

The resulting colloidal particles form from
two to three fractions, depending on their size. The
average size of one of the fractions is in the nanome-
ter range. A typical particle size distribution is shown
in Fig. 16.

The process of formation of colloidal particles
has its own kinetics. A typical dependence of the light
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transmission of a solution on the plasma treatment
time is shown in Fig. 17. In the semi-logarithmic co-
ordinates, two linear dependences are clearly ob-
served. The processing allows one to determine effec-
tive rate constants or characteristic times.

These data show that the formation of colloi-
dal particles and their subsequent sedimentation in-
cludes two stages. The first slow stage (the induction
period) points to a threshold nature of the process. A
particular critical concentration of particles is required
to start the process, leading to their coagulation (the
so-called coagulation limit). The magnitude of the
induction period depends on the discharge current and
initial concentration: the higher the current and con-
centration, the less the induction period.

Obtained in this way oxide materials have
semiconductor properties, high specific surface area
and catalytic properties.

0.06
0.05F
0.04 -

0.03

Rel. intensity

0.02 -

0.01

10° 100 10° 10° 10* 10° 10° 10
Intensity distrib., nm
Fig. 16. Spectrum of dynamic light scattering for particles of a
colloidal solution obtained from cadmium nitrate
Puc. 16. CiekTp IMHAMHYECKOTO PacCesiHUs CBETA JJIsl YaCTHI]
KOJUIOMAHOTO pacTBOpa, MOJYUYCHHOI'O U3 HUTPATa KaJMus

=
o
w

Intensity, arb.u.
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200 300 400 500 600
Treatment time, s
Fig. 17. The dependence of the normalized light transmission of
the Cu(NOs3)2 solution on the processing time. Discharge current
is 40 mA. Initial concentration is 0.005 mol-L*

Puc. 17. 3aBUCUMOCTh HOPMHUPOBAHHOT'O CBETOTPOITYCKAHHS pac-

tBOopa Cu(NO3)2 oT BpeMenu 00paboTku. Tok paspsaa 40 MA.
Havanbhas konuentpanus 0,005 mons-mt

0 100
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CONCLUSION

Thus, atmospheric pressure gas discharges are
an effective way to purify gases and aqueous solu-
tions from organic and inorganic contaminants. Along
with the purification of agueous solutions from heavy
metal cations, nanometer-sized oxide materials can be
obtained. These materials can be used as semiconduc-
tors and catalysts.
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