M3BECTUS BBICIINX YUEBHBIX 3ABEJIEHUI.

T 59 (12) Cepus «XUMHUA U XUMHNYECKASA TEXHOJIOI'USA» 2016
IZVESTIYA VYSSHIKH UCHEBNYKH ZAVEDENIY
V 59 (12) KHIMIYA KHIMICHESKAYA TEKHNOLOGIYA 2016

DOI: 10.6060/tcct.20165912.5413

st ntuTUpoBaHMs:
TyxypoB A.JL., Manyksa A.C., lllytoB JI.A., PeiOkun B.B. ®n3nko-xuMudeckue CBOUCTBA IIa3Mbl pa3psiia IOCTOsSHHO-
TO TOKa C KUJKUM KaToJoM. M36. 8y308. Xumus u xum. mexronozus. 2016. T. 59. Bem. 12. C. 4-16.
For citation:
Choukourov A., Manukyan A.S., Shutov D.A., Rybkin V.V. Physico-chemical properties of dc current discharge plasma
with liquid cathode. Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12. P. 4-16.

VJK: 537.528+541.15

AJL Mykypos, A.C. Manyksn, /I.A. lllytos, B.B. Peiokun

®U3NKO-XUMUYECKHE CBOVICTBA TIJIA3MEI PA3PSIIA TOCTOSIHHOTO TOKA
C )KUJIKAM KATOJIOM

B cmampve ananuzupyiomcea pe3yniomanmsl IKCREPUMEHMATLHBIX UCCTIE006AHUIL U MOOETUPO-
6aHUA PUIUKO-XUMUUECKUX XAPAKMEPUCMUK NIIA3MbL PA3PA00E NOCHOAHHO20 MOKA C INeKmponum-
HotvM Kamodom npu oagnenusx (1,01-0,101)-10° ITa, co30asaemoii 6 MONEKYAAPHBIX U AMOMAPHBIX 2~
3ax. Ilpueodamcesa ceedenusn o Quzuueckux napamempax naazmvl (HANPANCEHHOCMU INEKMPUYECKUX
noneil, KaMoOHbvle NAOCHUA NOMEHYUANA, 2A306ble MeMnepamypul). AHANUIUPYIOMCA Pe3yTbmambl
u3Mepenuil u paciemos KOHUeHmpayuii aKMuHvIX YACMul, I1eKMPOHO8, A MAKHCe PACHPeOeNeHUll
MOJIEKYIl RO KOJIeOamenbHbIM YPOGHAM U (PYHKUUAX PAChPedeNeHUsA IIeKMPOHO8 RO IHEPLUAM.

KiroueBble ci1oBa: mia3ma, ra3oBbli paspsi, GU3ndeckre mapaMeTpbl, aKTHBHBIC YACTHIIbI, MCXaHU3-
MBI TIPOIIECCOB

Anpapeii JleonngoBuy Anna Cl1aBUKOBHA JAmutpuii Asiekcanaposuy  Baagumup BaagumupoBuy
Illykypos Manyksin Ilyros Puiokun (<)

Andreiy L. Choukourov Anna S. Manukyan Dmitriy A. Shutov Vladimir V. Rybkin
Kadenpa pusuku makpomore- Kadenpa rexaomoruu npruOOpoB U MaTEpPHAIOB JICKTPOHHON TeXHUKHU, IHCTHTYT Tep-
KyJI, aKyJIbTeT MATEMATHKH U MOJMHAMUKH U KUHETUKH XUMHUYECKHUX polieccoB, IBaHOBCKUI TroCy1apCTBEHHbBIN
¢uznku, Kapios ynusepcuter B XUMHUKO-TEXHOJIOrM4eCcKuil yHusepcurer, lllepemeresckuii mp., 7, UBanoBo, Poccuii-
IIpare, I'onemosuie, 2, [Tpara, ckasg @enepanus, 153000
Yexus, 180 00 E-mail: ivkkt@isuct.ru, shutov@isuct.ru, rybkin@isuct.ru (D<)
E-mail: choukourov@kmf.troja.mff.
cuni.cz

O6nacTh HAaYYHBIX UHTEPECOB! ®du3uKa 1 XUMHS IJIa3Mbl, KHHETHKAa HEPABHOBECHBIX MTPOLECCOB, B3aHMO£[€I710TBHG IJIa3MbI
C IOBEPXHOCTHIO

4 U3B. By30B. Xumus u xuM. TexHoxorus. 2016. T. 59. Beim. 12


mailto:shutov@isuct.ru
mailto:rybkin@isuct.ru

W3B. By30B. Xumus u xuM. TexHosorus. 2016. T. 59. Bemm. 12

UDC: 537.528+541.15

A. Choukourov, A.S. Manukyan, D.A. Shutov, V.V. Rybkin

Andreiy L. Choukourov

Department of Macromolecular Physics, Faculty of Mathematics and Physics, Charles University
in Prague, V Holesovickach 2, 180 00 Prague, Czech Republic

E-mail: choukourov@kmf.troja.mff.cuni.cz

Anna S. Manukyan, Dmitriy A. Shutov, Vladimir V. Rybkin (B<)
Department of Electronic Devices and Materials, lvanovo State University of Chemistry and Technology,

Sheremetevskiy ave., 7, lvanovo, 153000, Russia
E-mail: rybkin@isuct.ru (X1), shutov@isuct.ru

Institute of Thermodynamics and Kinetics of Chemical Processes

PHYSICO-CHEMICAL PROPERTIES OF DC CURRENT DISCHARGE PLASMA
WITH LIQUID CATHODE

In article the results of experimental studies and modeling of physic-chemical parameters
of plasma of DC current discharges with electrolyte cathode are analyzed at the pressure range of
(1.01-0.101)-10° Pa for molecular and atomic gases. The data on physical parameters of plasma
(electric field strength, cathode voltage drop, gas temperatures) are given. The results of meas-
urements and calculations of active species concentrations, electrons, as well as molecule distri-
butions on vibrational levels and electron energy distribution functions are analyzed.
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INTRODUCTION

Numerous studies published last ten years
(see reviews [1-7]) on various aspects of high pres-
sure non-equilibrium plasma created with gas dis-
charges in water solutions or above their surface em-
phasize the increasing interest of researches to the
given area of chemistry and physics of plasma. One of
the reasons of that interest is the new possibilities
which provide these discharges for practical applica-
tion. To date, many applications were already tested.
Among them biomedical applications (plasma scal-
pels, sterilization, wounds repair (NO-therapy), mi-
crosized sources of emission for analysis of water
solutions containing the ion admixtures of metals (in-
cluding heavy metals), modification of polymer sur-
faces, obtaining fullerenes, nano powders of semi-
conductors, and catalysts. There is successful experi-
ence on the discharge application for soil remediation
and food treatment from pesticides [8, 9]. One of the
promising directions of such discharge application is
the use for organic substances degradation and re-
moving ions of heavy metals (for example, Cr, Mn)
contained in wastewaters. A plasma action is attrac-
tive since the plasma itself is a source of active spe-
cies (for example, UV radiation, H,O,, molecules of

singlet oxygen, oxygen and hydrogen atoms,-OH and
HO,-radicals etc.). These particles are capable to man-
ifest as oxidative as reduction properties depending
on conditions. Another important peculiarity of pro-
cesses in plasma systems is high rates at relatively
low temperatures. This is due to the fact that plasma
systems are non-equilibrium ones. The primary source
of active species formation is not heat activation but
processes with participation of electrons. Electrons
gain the energy from external electric field and trans-
form this energy colliding with atoms and molecules to
the energy of excitation of various states and to disso-
ciation. Further reactions of particles being formed
provide the formation of other active particles.

In the given paper the properties, peculiarities
and possibilities of plasma forming at DC discharge
burning above a surface of water or water solution,
which serve as cathodes of the discharge, will be con-
sidered.

REACTOR DESIGN. MAIN PHYSICAL PROPERTIES

The typical sketch of reactor for creation and
study of DC discharge properties is shown in Fig. 1
[10-13]. The discharge is created by applying a DC
high voltage (~several kV) between metal anode (4)
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and water solution. The cell with solution can be
thermo stabilized and include the mixer. The solution
flow is also possible.
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Fig. 1. The schematic diagram of the experimental set-up.
1 — cathode, 2 - glass bell-jar, 3 — anode, 4 — discharge, 5 - quartz
window, 6 — radiation output to entrance lens of light fiber,
7 — glass cell with solution, 8,9 — gas outlet and inlet, 10 - en-
trance lens of light fiber, 11- light fiber
Puc. 1. Cxema 3KCIepUMEHTANIBHOTO peakTopa. 1 — Karox,
2 — BaKyyMHBIH KOJIIAaK, 3 — aHOT, 4 — pa3psa, 5 — KBapIeBoe
OKHO, 6 — BBIXOJ] H3JTYUCHHS, COOMPAEMOT0 CBETOBOJIOM,
7 — siyelika ¢ pacTBOpoM, 8,9 — BX0oJ M BBIXOJ ra3a, 10 — BXxoHas
JIMH3a CBETOBOJIA, 11 — cBeTOBOX

The discharge image is glowing cone in the
base of which the cathode spot is situated with the
diameter of D.. The area of cathode voltage drop
abuts upon this spot (Fig. 2).

Geometrical parameters of discharge cone
depend on the discharge current. At given pressure
with the current increase the radius of cathode spot
and radius at height H (Fig. 2) depends linearly on the
discharge current. At fixed current the discharge di-
mensions decrease with the pressure growth (Fig. 3).
Also, the radius depends on a kind of plasma-forming
gas. Thus, at atmospheric pressure the radius is in-
creased from 1.42 to 1.8 mm at the current change
from 10 to 30 mA for air discharge, from 0.4 to 0.6
mm for argon discharge and from 0.08 to 0.2 mm for
helium discharge.

Fig. 2. The discharge view. 1 — anode, 2 — discharge, 3 — cathode
spot on the solution surface
Puc. 2. Bun pazpsina. 1- anon, 2 — pa3psiz, 3 — KaTolHOE MSATHO Ha
IIOBEPXHOCTHU PacTBOpa
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Fig. 3. The dependence of discharge radius at height of H on the
pressure. 1,3 — N, [12,14], 2 — O, [13]. The discharge current is
40 mA
Puc. 3. 3aBucumocts paguyca paspsaa Ha Beicote H oT naBnenus.
1,3-N,[12,14], 2 — O, [13]. Tok paspsiaa 40 MA

Forming discharge is very close to normal
glow discharge of low pressure on own parameters.

1) Discharge has the space of cathode voltage
drop contacting directly with a water surface [15-19].
But values of cathode drops, U, are essentially higher
that for discharges with metal cathodes. For metal
cathodes, the U, values are less than ~300 V [6],
whereas for cathode from distilled water they lie in
the range of 400-750 V (Fig. 4, [16]). Therefore, y-
emission coefficient for water system is less than for
metals.
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700 | 5 .
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e 2 1 : ;
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. l
300 1 1 1 1 1
10 20 30 40 50 60

Tok paspsaga, MA

Fig. 4. The cathode voltage drop vs discharge current for distilled
water (1) and KClI solutions. 2,3,4,5 — KCI concentrations are
0.08, 0.25, 0.42 and 0.5 mol/Il, respectively. Plasma-forming gas is
ambient air
Puc. 4. KatoqHoe najeHue NoTeHIMaNa Kak GyHKIMS TOKa pas-
psina st auctiwimpoBantoii Bosl (1) u pacreopos KCI. 2,3,4,5 —
KoHIeHTpanuu pacteopos 0,08, 0,25, 0,42 u 0,5 MonB/1 cOOTBET-
cTBeHHO. [Tna3mMoo6pasyouii ra3-Bo3ayx
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Unlike discharges of low pressure where U,
does not depend on the discharge current, for the dis-
charge with liquid cathode the trend of U, dropping is
clearly observed under the current increase. The fact
is that at discharge action on water, other substances
are formed, partially, hydrogen peroxide [20]. And at
every current value we deal with the cathode of dif-
ferent chemical nature. This fact is confirmed by U,
change at addition to water of different salts. The U,
value depends also on the kind of plasma-forming
gas. It decreases from 719 to 426 V in series of air,
N2, N,O, He, O,, CO, and Ar at the disharge current
of 25 mA [13, 21]. The discharge current increase
results in the reduction of cathode drop and in the in-
crease in a diameter of cathode spot. When this diam-
eter reaches the vessel diameter, the discharge trans-
fers to abnormal form as it takes place for the dis-
charge of low pressure. The cathode drop starts grow-
ing with the discharge current [22].

2) The discharge structure is the same as for
glow discharge at low pressure. It includes cathode
drop, negative glowing, Faraday’s dark space, posi-
tive column and anode glowing [15, 23, 26].

3) Electric field strength, E, is constant within
positive column (in plasma) [15, 18, 24, 25]. E values
depend on the discharge current, pressure and plasma-
forming gas kind and less on electrolyte composition
(Fig. 5-6).

E, B/cm
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Fig. 5. The electric field strength in a plasma vs discharge current
for distilled water (1) and KCI solutions. 2,3,4,5 — KCI concentra-
tions are 0.08, 0.25, 0.42 and 0.5 mol/l, respectively. Plasma-
forming gas is ambient air
Puc. 5. HanpsbkeHHOCTB 0TI B T1a3Me Kak (QyHKIUS TOKa pas-
psina st quctrinmpoBannaoi Bojsl (1) u pactopos KCI. 2,3,4,5
— KoHueHTpanuu pactsopos 0,08, 0,25, 0,42 and 0,5 mous/1 co-
0TBETCTBEHHO. II1a3Mo06pasyromnuii ra3-Bo3mryx

4) Like normal discharge of low pressure the
discharge current density doesn’t depend on the dis-
charge current at given pressure [15, 19].
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Fig. 6. The electric field strength vs pressure. 1- N,, 2 — O,
3 - Ar+2% N,, 4 — Ar, 5 —air. 6, 7, 8 — for N,, air, and Ar on data
[20]. The discharge current is 40 mA
Puc. 6. HanpsiKeHHOCTD 3JIEKTPHYECKOTO T0JIS B 3aBUCHMOCTH OT
nmasnenus; 1- Ny, 2 — 0,5, 3— Ar+2% N,, 4 — Ar, 5 — Bo31yX,
6, 7, 8 — B a30Te, BO3yXE M aproHE COOTBETCTBEHHO 1O TAHHBIM
[20]. Tok 40 MA

ROTATIONAL, VIBRATIONAL AND GAS
TEMPERATURES

Due to small discharge dimensions (Fig. 3)
practically the only methods for discharge studies are
emission spectroscopy [1], absorption spectroscopy
[27], and laser induced fluorescence (LIF) [12]. The
emission spectroscopy is exclusively used for deter-
mination of rotational and vibrational temperatures.
The rotational temperatures are obtained from a dis-
tribution of emission intensities in vibrational bands
of emission of excited states of second positive sys-
tem Ny(C’I1,—BI1y), usually (0-2) band is utilized.

Emission bands of OH are detected already in
a discharge with water cathode and N, exists as ad-
mixture or it is intentionally introduced into plasma-
forming gas as a small addition ~0.1-0.2% [11, 13,
21]. Since the rotational constants of OH (A°Y) and
N,(C°[1,) are essentially less than xxT (k is the
Boltzmann constant) (for A°Z —17.4 cm™ or 25 K, for
C*,-1.8 em™ or 2.6 K) and collision frequencies of
molecules for atmospheric pressure are 10° s it is be
possible to assume that the rotational degrees of free-
dom are in equilibrium with the translational ones, i.e.
the rotational temperature has to be equal to the gas
temperature. All studies showed that for N,(C°I1,)
molecules, the distribution on rotational levels is the
Boltzmann one with the same value of temperature
[14, 15, 21, 26, 27-31]. At the same time, the distribu-
tion on rotational levels for OH (A%Z, V=1) can be
described with the two Boltzmann distributions with
different temperatures. Up to some rotational level, J”,
which depend of plasma-forming gas kind (J in-
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creases from 13 up to 25 in series He, Ar, CO,, N,0O,
N,) the distribution is realized with the temperature
which is equal to the one determined on the rotational
temperature of N, molecules (see Table). For higher
J’ values, the temperature is significantly higher and
it does not depend on the gas kind. At the same time,
for the O, discharge the temperatures determined with
both methods are the same [13]. When the irradiation
is collected from the whole positive column, then the
result is the temperature averaged on the reactor
cross-section. Some results of such measurements are
listed in Table.

Table.
The results of rotational temperatures measurements at
atmospheric pressure
Tabnuya. Pe3yabTaThl H3MepeHUH BpalaTeJbHON TeM-
neparypsl IpH aTMOC(EPHOM J1ABJICHUHU

Gas Tiot(OH), | Tiot(No), Current References
(raz) K K (T;)X)’ (;uTepatypa)
air (Bo3myx)|3250+250| 32504250 | 25 [21]
N, 32424200 2900+£200 | 25 [21]
He  [1282+200] 11004200 | 25 [21]
Ar 2008+200| 2400+200 | 25 [21]
N,O 27554200| 20004200 | 25 [21]
CO, |2931+200] 2100+200 | 25 [21]
air (Bo31yx) 1800+200 20 [26]
air (Bozmyx)| 2540 | 19004200 | 31 [30]
N, [3112£150 31 [14]
N,  |1450£150 40 [12]
He  [2218+150 31 [14]
Ar |1720£150 31 [14]
air (Bo3myx)|3400+200| 1800+200 | 23 [15]
air (Bo31yx) 2000£1500| 10-40 [16]
O,  |2700£100] 2700£100 | 40 [13]

The temperatures depend only slightly on the
discharge current [15, 16] but significantly on the
pressure [11-13]. Any essential dependence on the
concentration of the dissolved substance (KCI, NaCl)
is not observed [15, 16].

The distribution of N,(C%I1,) molecules on vi-
brational level (V = 0-4) was measured for atmospheric
pressure plasma in air in studies [10, 15, 26, 24, 31]. It
was found that the distribution is the Boltzmann one
with the temperature of T,~(4200+200) K. The tem-
perature did not depend on the discharge current in
the range of 10-110 mA.

The distribution of NO(A%E, V =0, 1, 2) mol-
ecules on vibrational levels was determined on the
intensity of vibrational-rotational bands of y-system
for air plasma in study [26] at the discharge current of
20 mA. The temperature obtained was (3800+£200) K,
i.e. it was close to Ty, for N2(C3Hu) in a limit of error.

8

T K T, K
3500} °

2800
3000

2400
2500
2000 2000
1500 1600
1000 1200

0.2 0.4 0.6 0.8 1.0
P, 6ap

Fig. 7. Gas temperatures (Tg) averaged over plasma cross-section
and effective vibrational temperature (T\/) of O,(X) as a function
of pressure. 1 — Ar from study [11], 2 — N, from study [12], 3, 4,
7,8—0,[13], 5 - ambient air from study [16]. 1, 2, 3 were ob-
tained on the rotational temperature of N,. 4 was obtained on the
rotational temperature of OH. 6 -the Ty, calculation at averaged
gas temperature [13], 7 — the temperature at discharge axis, T,
8 — the temperature at discharge boarder, Tg. The discharge cur-
rent is 40 mA
Puc. 7. Cpennue mo ceueHnro mwia3mMsl TeMmneparypsl rasa (Tg) u
s¢derruBHas konedarensHas Temmeparypa O,(X) kak GpyHKuust
nasienus. 1- Ar[9], 2 - N, [12], 3,4,7,8 -0, [13], 5 — Bo3myx
[16]. 1,2,3 - monyueHo 1o BpamaresapHoii Temmeparype N,.

4 — momy4eHo 1o BparaTenbHoi Temmepatype OH. 6 - Ty, pacuer
C UCIIOJIb30BaHUEM cpeiHuX Temnepatyp [13]. 7 — temneparypa
ra3a Ha OCH paspsna, 1o, 8 — TeMmeparypa ra3a Ha TpaHHIle pa3-

psna, Tg. Tok 40 MA

The distribution of OH (A%L, V = 0, 1, 2)
molecules on vibrational levels was found on the in-
tensity of vibrational-rotational bands of (A’X—X’II)
transitions for air plasma in studies [24, 26]. The tem-
perature obtained in [26] was (3800+£200) K at the
discharge current of 20 mA. The Ty values were in-
creased from (2000£200) up to (3300+£200) K at the
discharge current increase from 15 up to 50 mA [24].

We do not know any experimental data on vi-
brational temperatures of ground state molecules of
plasma-forming gases and products of their reactions.
But there are several calculations carried out in stud-
ies [10, 31] for air plasma, in [11] for argon plasma,
in [12] for N, plasma, and in [13] for O, plasma. In
these studies, the self-consistent calculation of elec-
tron energy distribution functions (EEDF), molecule
distributions on vibrational levels of ground states and
equations of chemical kinetics was carried out. For
discharges in Ar and O, the small admixture of
N,(<0.2%) molecules was introduced. The calculated
Ty was fitted to the measured one to find the water
molecule content in a gas phase. In all cases the cal-
culated distributions were non-equilibrium. But they
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can be described by the Boltzmann distribution for
low values of vibrational quantum number (Fig. 8, 9).

N(V)/N

10°

10

10*

10°

10'4 1 1 1 1 1 1

0 4 8 12 16 20 24
Vv

Fig. 8. The normalized distribution of N,(X'Z,") molecules on
vibration levels for nitrogen plasma [12]. V- number of level.
1- 0.1 bar, 2 — 1.0 bar. The discharge current is 40 mA
Puc. 8. HopmupoBaHHOe pacnpeiesieHne MOJIeKy NZ(X129+) mno
KoJIeOaTeIbHBIM YPOBHSM B 1azMe azota [12]. V — Homep Koite-
GarensHOTO ypoBHs. 1-0,1 6ap, 2 -1,0 6ap. Tok paspsaa 40 MA

N(V)/N(0)

0 5 10 15 20 25 30 35

Fig. 9. The OZ(X3Zg') molecule distribution on vibrational levels
at the averaged gas temperature for oxygen plasma [13]. V- num-
ber of vibration level. 1, 2 — pressures are 0.1 and 1.0 bar, respec-

tively. The discharge current is 40 mA

Puc. 9. Pacmipenenenue Moaeky OZ(X3EQ') O KOJieOaTeIbHBIM
YPOBHSIM JUTA TIa3Mbl kucaopoaa [13]. V — Homep konedaTenbHO-
ro ypoBHs. 1, 2 — naBienue 0,1 u 1,0 6ap, coorBercTBeHHO. TOK

pazpsaaa 40 MA

Calculated vibrational temperatures for
No(X'Z,") ground state practically agree with the
measured ones for N2(C3Hu). Therefore, vibrational
temperature found for N,(C’I1,) are a good estimate
of the vibrational temperature of the ground state. For
atmospheric pressure in air, the vibrational tempera-
tures do not depend both on the discharge current as
for No(X'Z,") and for ground states of other mole-
cules. They were OZ(X3Zg‘) ~1700 K, H,0O(010)

~3000 K, HO(100,001) ~2700 K, NO ~1600 K [10].
At the given discharge current, the vibrational tem-
peratures increase with pressure. Such dependence is
presented in Fig. 7 [13] for current of 40 mA in oxy-
gen whereas for Ar plasma — in Fig. 10 [11].

T, K
5000
4000

3000

2000

1000

0,2 0,4 0,6 0,8 1,0
P, 6ap

Fig. 10. The effective vibrational temperatures of molecules
ground states for Ar plasma [11]. H,0(100)—(1), H,0(001)-(2),
0,—(3), H,0(010) — (4). The gas temperature —(5). The discharge
current is 40 mA
Puc. 10. KonebarenpHble TeMIepaTypbl OCHOBHBIX COCTOSIHHI
Mouteky. st mwiasmel Ar [11]. H,0(100)—(1), H,0(001)-(2), O—
(3), H,0(010) — (4). Temneparypa raza —(5). Tok paspsiua 40 MA

REDUCED ELECTRIC FIELD STRENGHT.
ELECTRON PARAMETERS

In non-equilibrium plasma the initiation of all
primary processes proceeds under the electron impact.
To find the rate constants of these processes, it is nec-
essary to know the EEDF which is non-equilibrium.
For the conditions of high pressures the EEDF cannot
be determined experimentally. The only possible way
is the numerical solution of the Boltzmann equation.
Parametrically, the EEDF is a function of reduced
electric field strength, E/N (N is the total concentra-
tion of particles), and plasma chemical composition
[32]. E/N value is to some extent an analog of tem-
perature for non-equilibrium EEDF. E/N is deter-
mined on the basis of E measurement and N is calcu-
lated on a pressure. Ty is calculated from state equa-
tion P = NxkTy. E/N/ values depend on pressure and
discharge current (Figs. 11, 12).

The electron collisions with water molecules
have the strongest effect on the EEDF formation. The
reason for this is an abnormally high value of moment
transfer cross section for electron collision with H,0O
in comparison with other gases [33]. H,O molecules
are affected most strongly at E/N<5-10™° V-cm® [34,3
5]. These values are typical for atmospheric pressure
gas discharges (Figs 11, 12).
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E/N, 107° B cm?

6,0

4,0

2,0

0,0

P, 6ap
Fig. 11. The dependence of E/N on pressure. 1 — O,, 2 — N,,
3 — Ar [11-13]. The discharge current is 40 mA
Puc. 11. 3aBucumocts E/N ot masnenns. 1 — O,, 2 — Ny, 3 — Ar
[11-13]. Tox paspsma 40 MA

E/N, 10" B cm®
35}

3,0+
25+
2,0+
1,51

1,0F

20 30 40 50
I, MA
Fig. 12. The dependence of E/N on discharge current at atmos-
pheric pressure for air plasma [17]
Puc. 12. 3aBucumocts E/N ot Toka paspsima npu arMochepHOM
JIaBJICHUU B I1a3Me Bo3ayxa [17]

Such data for O, plasma are presented in Fig.
13 [13]. Formation of other particles in plasma — ex-
cited molecules, atoms, and products of their reac-
tions — influences the EEDF only slightly since their
concentrations are less than 1% of main plasma-
forming gas density. The exception is vibrationally
excited nitrogen molecules in the ground state
N,(X'Z,",V). For air and nitrogen plasmas, it is oblig-
atory to take into consideration the second-kind colli-
sions of electrons with these molecules in EEDF cal-
culations [10, 12]. If these processes are ignored it
results in the strong underestimation (by orders of
magnitude) of the rate constants of processes with the
electron participation as it can be seen from Fig. 14. It
is necessary to point out that all EEDF are not the
Maxwell ones. Maxwell EEDF must be the straight
lines for coordinates of Figs. 13, 14.

10

f(e), aB™?

10'13 L L L L )
0 2 4 6 8 10
g, 9B

Fig. 13. Calculated electron energy distribution functions (EEDF)
for O, plasma at E/N = 1-10° \//cm? (the pressure is 1 bar) and
different content of water molecules [12]. 1, 2, 3, 4 — water mole-
cules content is 0.3%, 5%, and 10%, respectively. The discharge
current is 40 MA. The EEDF is normalized as Ofm f(e)e¥2de =1
Puc. 13. Paccunrarnas ®PDD s mmasmer O, mpu E/N = 1.107%

B/cMm? (naBnerne 1 Gap) 11 pasHBIX COLCPIKAHHIT MOJCKYI BOIbI
[12]. 1, 2, 3, 4 — conepsxanue H,0 0,3%, 5% u 10%, cooTBeTCTBEH-

Ho. Tok paspsia 40 MA. Hopmuposka ®PDID- Ofw f(e)-e¥2de =1
f(e), aB™*

10
10°
10°
107
10°
10™

10-13

16 18
¢, 9B

Fig. 14. Calculated EEDF for N, plasma. 1,3 — at the pressure of
1 bar. 2,4 - at the pressure of 0.1 bar. 1,2 — second kind collisions
with vibrationally excited N(X) did not take into account. 3,4 —
second kind collisions with vibrationally excited N,(X) were tak-

en into account. The discharge current is 40 mA
Puc. 14. Paccunrannsie PO mst mnasmer Ny, 1,3 — naBnenue
1 6ap. 2,4 — naBnenue 0,1 6ap. 1,2 - coymapenust 2-ro pona He
YUHUTBIBAIOTCS. 3,4 - COylapeHust 2-T0 pojia yUTEHbI

10‘15 1 1 1

10 12 14

Another important parameter of electrons is
the electron density, which is necessary for the calcu-
lation of process rates. Available data on concentra-
tions were obtained either from experiments [19, 26,
28, 36, 37, 40] or from calculations using plasma
conductivity [10-13, 16, 24, 38] by the relationship
J = Nee'Vp (e, Ng,Vp are the charge, concentration
and drift velocity of electrons, respectively).
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In study [36] the electron density was meas-
ured for atmospheric pressure air plasma on absorp-
tion of microwave radiation at the discharge current
of 40-60 mA. The electron density did not depend on
the current and was found to be (4-7)-10" cm™. This
value was confirmed with probes measurements [40].

Electron density was measured on Stark
broadening of Hg line of atomic hydrogen for atmos-
pheric pressure air discharges in studies [19, 26, 28,
37]. Furthermore, the slight dependence on discharge
current was observed. The concentrations obtained in
all studies were close: [19, 28] — ~(5-9)-10" cm?,
[24] - ~6-10" cm®, [35] — ~(1.5-4.5)-10* cm™.

In any case, the calculation of plasma conduc-
tivity gave the values by one order of magnitude low-
er. Thus, in study [10] for the atmospheric pressure
air plasma it was obtained that the electron density
increased with discharge current from 1.5-10" cm™ to
2.8:10" cm™ at current range of (20-50) mA. The val-
ue estimated in [38] gives N.<2:10* ¢cm™. In studies
[11-13] the values of ~1-10" cm®, ~8:10" c¢m™ and
~1.1-10" cm® were obtained for atmospheric pressure
plasmas in Ar, N, and O,, respectively at discharge
current of 40 mA.

To explain so large difference, the authors of
review [1] write that photometric determination of the
discharge radius, which is necessary for discharge
current density calculation, results in large errors. But
it is not completely true. Photometric determination
can only underestimate the radius due to the insuffi-
cient sensitivity. Therefore, the calculation of conduc-
tivity has to result in concentration overstating rather
than in understating. Later, in study [39] a detailed
analysis of the methods based on Stark line broaden-
ing was carried out. On the basis of careful analysis
authors concluded that at N.<1-10** ¢m™ the use of
the relations connecting concentration and line width,
which were obtained for N;>1-10* cm™ (see, for ex-
ample, [41]) for N, determination, results in large er-
rors. It follows that the relationships obtained for
Ne>1-10" cm™ do not take in consideration the differ-
ences in average energies of electrons and ions, nei-
ther the fine structure of lines. The authors of all cited
studies [19, 26, 28, 37] treated the results exactly so.
Therefore, the data obtained from plasma conductivi-
ty appear more realistic. Some data on electron con-
centrations and their “effective” temperatures are also
discussed in the review paper [47].

For the fixed discharge current the electron
densities depend on a pressure and they grow with the
pressure. Such dependencies for discharges in Ar, O,
and N, are shown in Fig. 15 [11-13].

0,2 0,4 0,6 0,8 1,0
P, 6ap
Fig. 15. Average electron energies (1-3) and their densities (4-6)
vs pressure. 1,6 — Ar, 2,4 — O,, 3,5 — N,. The discharge current is
40 mA
Puc. 15. Cpennue snepruu (1-3) 1 KOHIEHTPAIMHU JISKTPOHOB (4-
6) B 3aBHCUMOCTH OT jnaBieHus. 1,6 — Ar, 2,4 — O,, 3,5 — N,. Tok
paspsaga 40 MA

Numerous studies are devoted to the determi-
nation of the so called effective temperatures of exci-
tation and ionization. For this, the assumptions on
Boltzmann distribution and ratio of intensities of ap-
propriate lines or bands are used (see, for example,
[19, 26, 42]). It is clear that such parameters do not
have any physical sense for non-equilibrium systems.
That is why we even avoid the discussion of these
results. The estimation of electron “temperatures” and
their average energy have also restricted application
since EEDFs are not Maxwellian ones. Nevertheless,
Fig. 15 shows some data obtained in [11-13] on the
basis of the calculated EEDF.

PARTICLE COMPOSITION OF GAS PHASE

Qualitative data on composition are available
for excited particles only. All data were obtained by
optical spectroscopy. But it is known that for non-
equilibrium conditions, the particle concentration in
ground state is essentially higher than for excited
states. Of course, it is impossible to determine the
presence of metastable states as well as polyatomic
molecules using emission spectra.

For any plasma-forming gases the spectra
show the bands and emission lines of excited states of
dissociation products of H,O molecules [13, 14, 19].
OH radicals are usually presented with two bands of
AZZ XTI (1-0) and AZZ—XIT (0-0) (excitation en-
ergy from the ground states is ~4.1 eV). Atomic hy-
drogen shows three lines: H, (656 nm, excitation en-
ergy is ~12.1 sv), H, (434 nm, excitation energy is
~13.1eV), and Hg (486 nm, excitation energy is ~12.8 eV).
The radiation of O(l) atom is presented with the two
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most intensive lines — 777 nm (3p°P—3s°S transition,
excitation energy is ~10.7 eV) and 845 nm
(3p*P—3s°S transition, excitation energy is ~10.9 V).

If plasma-forming gas contains molecular ni-
trogen, then in emission spectra the bands of second
positive system (C’I1,—B°[, transition, excitation
energy is ~11 eV) corresponding to (1-2); (0-1); (2-4);
(1-3); (0-2); (3-6); (2-5); (1-4); (0-3); (4-8), (3-7); (2-
6) vibrational levels appear. The bands of the first
positive system (transition B[, —A°:") are also
present but are essentially less intensive.

The emission bands of nitrogen oxide (NO) of
y-system (transition A’X—XII, excitation energy of
~5.7 eV) corresponding to (1-0), (2-2), (0-0), (0-1),
(0-2), (0-3) and (0-4) transitions are also appeared.

The discharge in CO, shows the emission
bands of CO molecules of Angstrom system, and in
Ar plasma the set of characteristic emission lines is
appears. The exception is He plasma where the emis-
sion lines do not appear. This is due to the fact that
the excitation energy of He electronic states is too
large (19.8 eV and higher), whereas the electron ener-
gies at atmospheric pressure are low. As the result,
the excitation rates of electronic states are low.

At the presence of salts dissolved in water, the
emission lines (presumably for resonance transitions)
of appropriate metal (Na, K, Ca, Cu, Cd, Zn, Ni, Pb,
Cs, Mg) [16, 17, 26, 38, 43-44] show up. The emission
has the threshold character, i.e. the appropriate lines
appear at the definite value of discharge current.

It is necessary to point out that in spite of the
fact that the appropriate metals are present in a solu-
tion as cations, the emission spectrum shows only the
lines of neutral atoms. Any lines or bands of anions
contained in the salt are not observed.

As for discharge of low pressure, the emission
bands of O, molecule are not registered. It is not sur-
prising, since the potential curves of the excited states
(with the exception of the two lowest) are shifted
against the ground state so that their excitation with
electron impact from ground state has to result in dis-
sociation according to the Franck-Condon principle.

Experimental data have been obtained for OH
radicals only at atmospheric pressure. In studies [14,
29, 46] these data were obtained by LIF method and
in study [27] — by the wideband adsorption. It was
discovered that for the current range of 10-30 mA,
OH concentration almost does not depend on the dis-
charge current and equals to ~5-10" cm® for Ar
plasma. For He and N, plasmas the concentration
growth is directly proportional to the current and
changes from 5:10* to 1.4-10" ¢cm™ for He and from
2:10™ t0 2.3-10"™ cm™ for N, plasma. For air plasma

12

-3
C,cm

[e¥e)
10" F 22 3

0y

I 7
10%

20 25 30 35 40 45 50

I, MA
Fig. 16. The dependence of *OH u HO,* radicals concentration on
the discharge current. Water content is 1, 5 — 0.05%; 2, 6 — 2.3%;
3,7-5%, 4,8 - 10% , respectively. *OH (1, 2, 3, 4), HO,* (5, 6,

7, 8). Points are experimental data of study [46]
Puc. 16. 3aBucumocts koHueHTpauuu paaukanos *OH u HO,® ot
Toka paspsiga. Coxeprkanue mapos Bozel 1, 5 —0,05%; 2, 6 — 2,3%;
3,7 -5%, 4, 8 — 10% cootserctBenno. *OH (1, 2, 3, 4), HO,* (5,

6, 7, 8). Touku — SKCIIEpUMEHTAIBHBIE TaHHbIE paboThI [46]

[29, 46] in the same range of currents the concentra-
tion increases from 1.3-10™ up to 1.8:10"° cm™. The
radial distribution of OH concentration was measured
for air plasma for the discharge current of 13 mA in
study [27]. The concentration at the discharge axis
was ~1.7-10"" cm™. Therefore, averaged on discharge
cross-section concentration is ~8:10™ cm™. Concen-
trations of all other particles were obtained by numer-
ical modeling. The most reliable data for atmospheric
pressure air plasma are presented in study [10] in the
discharge current range of (20-40) mA. For Ar, N,
and O, plasmas the similar results were obtained in
the pressure range of (0.1-1) bar and at the discharge
current of 40 mA [11-13]. These articles are the only
ones, where the self-consistent approach was used for
modeling. The Boltzmann equation for the electrons,
equations of vibrational kinetics, equation of plasma
conductivity, and equations of chemical kinetics in-
cluding excited states were jointly solved. The re-
duced electric field strengths, gas and vibrational
temperatures for N,(C°I1,), intensities of bands and
lines were measured experimentally. Intensities of
bands and lines and vibrational temperatures were
used for determination of water content. For vibra-
tional kinetics, the pumping of vibrational states (for
air it were N,, O,, NO, H,0) with electron impact as
well as V-V and V-T single quantum exchange were
taken into consideration. The rate constants of these
processes were calculated by the generalized SSH
theory without any approximations [48]. Some chem-

W3B. By30B. Xumus u xuM. texHosorus. 2016. T. 59. Beim. 12



W3B. By30B. Xumus u xuM. TexHosorus. 2016. T. 59. Bemm. 12

ical reactions were taken into account as well. For air
the process list included 187 reactions with the partic-
ipation of the excited and ground states for the fol-
lowing molecules and atoms: Ny, O,, H,0, H,O,, N,
NO, N,O, NO,;, NO;, HNO,, HNO3, O, OH, HO,, H,
H,, O3, O,", 0%, O,, O and the electrons.
Calculations showed that in plasma of such
discharge the substantial amount of nitrogen oxides
with the different oxidation level are formed (NO-
~10" em®, NO;~6:10" cm® N,0-~2:10* cm?).
Along with nitrogen oxide molecules the nitric acid
(HNO;~10" cm’®), nitrous acid (HNO~4-10" cm™®),
and nitroxyl molecules (HNO ~6-10" cm®) are
formed. The main oxygen-hydrogen containing parti-
cles were ‘OH, HO', radicals (Fig. 16) and hydrogen
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peroxide (~10™ cm). The interesting feature of this
discharge is low concentration of ozone (<10™ cm™®)
even in the case of oxygen plasma.

The concentrations of atomic oxygen O(’P)
and Oy(a'Ay) and O,(b'Z,") metastable states were
~10" cm™.

Therefore, the discharges of higher pressure
with liquid cathode provide a wide set of active spe-
cies possessing high redox properties.
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