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We investigate physical properties of a secondary discharge in

plasma contacts a solid-phase or liquid-phase substance.

two-phase plasmaliquid systems. The discharge is maintained

It is just the first-priority reason for plasma chemists to

by means of an additional source of a plasma flow based on a
low-pressure discharge in liquid vapors. It is shown that the volt-

show intense interest in studying the physico-chemical

ampere characteristics of the secondary discharge in such systems

properties of plasmochemical systems and trying to

have a form typical of secondary gas discharges: in the case where

use them in technological processes [1]. Typical plasma

the potential of liquid with respect to plasma is positive, the

generators in plasmaliquid systems are self-maintained

current of the secondary discharge is two orders higher than that
in the case where the potential is negative. The conditions for

discharges in a liquid having two electrodes immersed in

the development of a thermal instability in the plasma column

it as well as discharges having one electrode immersed in

essentially depend on the distance from the liquid surface. The

a liquid and another located in the gas phase. Such kinds

population temperatures for the electronic levels of atoms and

of discharges are often called liquid-electrode discharges

the vibrational levels of molecules are practically equal. Physicochemical processes running in the liquid are significantly influenced
by gases dissolved in it under the plasma treatment.

[23]. The discharges that can be attributed to the
first class are as follows: a contact glow discharge of
electrolytes [4], an electrolyte-plasma discharge [5], a
diaphragm discharge [6], microdischarges with a valve
metal electrode [7], corona, barrier, and spark discharges
with electrodes immersed in a liquid electrolyte [4].

Introduction
In

Electric self-maintained discharges having one liquid

plasmochemical

technologies,

the

high

chemical

activity of a plasma medium

was attributed

long

temperature

time

to

either

a

high

for a

or

high

concentrations of highly active particles: ions, electrons,
radicals, excited particles, and photons. However, it
has become clear to date that the unique chemical
activity
low

of

plasma

selectivity

of

is

the

payment

plasmochemical

for

a

very

transformations,

that is, their multichanneling and, respectively, very
weak controllability of plasmochemical processes [1].
Moreover,

it

was

traditionally

supposed

that

the

principal way of increasing the selectivity lies in the
transition to nonequilibrium plasmochemical systems.
However, the possibilities of the existing sources of
nonequilibrium

plasma

(especially

at

high

pressures

electrode [2] were used as far back as one hundred
years ago for the electrolysis of aqueous solutions, where
one electrode was taken out of the electrolyte to the
gas phase in order to avoid reactions running on the
surface of this electrode. Since the mid-forties of the
past century, one has started to use these discharges
for heating metals and alloys in electrolytes.
Unfortunately,

despite

a

wide

field

for

using

plasmaliquid systems, their physics and chemistry are
practically unstudied. Moreover, the mentioned kinds
of discharges have no theoretical description allowing
one to explain all the totality of phenomena taking
place in the positive column, near-electrode layers, and
especially in the intermediate plasma-liquid layer, and
even a generally accepted terminology is absent.

equal to the atmosphere one and higher) can provide

The principal peculiarity of plasmaliquid systems

at best only the nonisothermality of plasma (with the

is the presence of a free liquid surface which always

electron temperature being different from that of heavy

represents an intense source of liquid molecules brought

particles) at an average energy of electrons lower than

into

energies where the cross sections for inelastic processes

evaporation of the solution and formation of gas phase

of the first kind, such as the dissociation of molecules,

products of plasmochemical processes. That's why such

are maximal.

systems are characterized by a generation of plasma at

the

discharge

volume

at

the

expense

of

both

It is clear that the latter remark concerns the volume

pressures of the order of the saturated vapor pressure of

of plasma, rather than the transition region where

the liquid and higher. For aqueous solutions, the lower
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in the system was of the order of the saturated vapor
pressure of the liquid.

Experimental Methods of Investigating
Plasma-liquid Systems
The

diagrams

investigating

of

the

the

experimental

plasmaliquid

setups

systems

used
at

a

for
low

pressure P are depicted in Fig. 1. They consisted of
Fig. 1. Plasmochemical reactors used for the study of low-pressure

a glass vacuum chamber 1 and a source of a plasma

plasmaliquid systems: à  for P <

flow 2. The latter could be a coaxial-end discharger

30 Torr, b  for P = 10  300

Torr

boundary of the pressure in plasma of the order of
10 Torr can be maintained only in the dynamic mode
when the volume is continuously pumped. However,
as plasma generators in such systems are electric gas
discharges, one should take into account that, under
such conditions, the discharge burning is described by
the right (ascending) branch of the Paschen curve,
which corresponds to the conditions favorable for the
development of the thermal instability [8]. One of the
additional factors contributing to the development of
instabilities in plasma-liquid systems with gas discharges
lies in the presence of negative ions in plasma. It is clear
that the development of instabilities in a plasmochemical
system can in no case promote solving the principal
problem of increasing the selectivity of carrying out the
processes of conversion of substances.
It is obvious that the number of the channels of
plasmochemical conversions of a substance in plasma
liquid systems can be decreased due to [9]:
 transition to stationary plasma systems characterized
by a high level of ionization nonequilibrium;
 realization of the high uniformity of parameters at the
plasma-liquid boundary;

(Fig. 1,à) or a bare source (Fig. 1,b). The electric field
of the secondary discharge was created by means of a
system of electrodes of either a similar form (for example,
disk-shaped) or different ones, or the voltage of the
secondary discharge was applied between the electrode
immersed into liquid and one of those of the auxiliary
self-maintained discharge. When using a coaxial-end
source of the plasma flow, its anode was an electrode of
the secondary discharge at the same time. The distance
between the source of the plasma flow and the surface
of the solution didn't exceed 70 mm, while the height of
the solution column was usually equal to 30 mm.
In order to investigate the axial distributions of the
potential of the electric field in plasmaliquid systems,
we used a probe technique. The population temperatures
for the electronically excited levels of atoms and the
vibrationally excited levels of molecules in plasma were
determined from emission spectra [2].
The

investigations

of

the

physical

properties

of

the solutions treated in plasmaliquid systems were
carried

out

by

means

of

spectrophotometric

and

ionometric techniques. We used a SDL-2 setup for
the spectrophotometric measurements and a generalpurpose ionometer EV-74 for the ionometric ones.

 an essential increase (as compared to traditional
electric

discharges)

parameters

which

of

the

influence

number
the

of

the

parameters

external
of

Investigation Results

the

plasma-liquid interaction and can be controlled in a real

The

plasmochemical process.

peculiarities of the burning of secondary discharges in

On the ground of these considerations, a special

working

solutions

used

for

investigating

the

plasmaliquid systems were as follows: liquid-phase

attention should be paid to the secondary discharges

substances

maintained by means of a plasma flow in plasma

(glycerin), those having a high saturated vapor pressure

having

a

low

saturated

vapor

liquid systems with one liquid electrode [10]. In these

(distilled water), and the aqueous solutions of inorganic

discharges, one metal electrode is immersed into liquid

compounds: an alkali (NaOH) and a salt (Na SO ).

2

pressure

4

while another one is the electrode of an auxiliary self-

The investigations of the volt-ampere characteristics

maintained discharge in the gas-vapor medium. In the

(VAC) of secondary discharges in low-pressure plasma

present work, we consider the fundamental physical

liquid systems have demonstrated that, in the range of

processes in such low-pressure (0.1300 Torr) systems.

low currents Id , they are similar to customary VAC of

The lower boundary of the interval of pressure variations

a probe, while, in the range of high currents, one can
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Fig. 2. Volt-ampere characteristics of the plasma  glycerin
system at high (a) and low (b) discharge currents Id at a pressure
of 0.1 Torr. The current of an auxiliary discharge in the coaxialend source Is = 60 mÀ (1) and 200 (2)

observe

a

rapid

increase

of

the

current,

which

is

characteristic of secondary gas discharges in strong

Fig. 3. Axial distributions of the potential in the plasma 
distilled water system

electric fields [7]. Typical dependences of the current of
the secondary discharge on the potential of the liquid

concentration of the solution. The concentration of the

electrode Ud are represented in Fig. 2.

solution also influences the form of the plasma column:

If we use liquids having a low electroconductivity

2

2

there are no regions of its abrupt extension near the

the

liquid surface, and the form of the plasma column

plasma column of the secondary discharge in plasma

is cylindrical or even spindle-shaped, i.e. it narrows

liquid systems (Fig. 1) at a pressure of the order of 1

near the liquid surface with increase in the solution

Torr looks like a cut cone with its larger basis leant on

concentration.

(glycerin

(CHOH(CH OH) ),

distilled

water),

the liquid surface. Moreover, the additional expansion is

In Fig. 3, we represent the typical axial distributions

observed on the surface of the distillate. With increase in

of the floating potential in a plasmaliquid system with

the discharge current from 30 to 100 mA, the apparent

a liquid anode (Fig. 1,(a)) for the plasma  distilled

size of the cross section of the plasma column, which

water system at

amounts to Dç

 20 mm near the exit of the source,

P

= 1 Torr,

I

d

= 100 mA, and

s

I

= 150 mA

rises from 10 to 30 mm at a distance of 50 mm and from

at various distances r from the axis of the system.

20 to 80 mm near the liquid surface.

The

given

dependences

indicate

the

existence

of

a

gas-vapor

region near the liquid surface where the axial gradient

mixture up to 30 Torr, the cross section of the plasma

of the plasma potential abruptly increases. Such an

column decreases almost half as much again. A further

increase of the voltage drop in the region, where plasma

increase in the pressure of the gas-vapor mixture results

contacts liquid, can be interpreted as a decrease of the

in the disruption of the discharge that breaks into an

electroconductivity of plasma in it at the expense of

unstable mode. The discharge contracts into a filament

the processes of dissociative attachment of electrons to

75 mm in diameter which ramifies near the liquid

water molecules, e + H O

surface by forming several branches approximately 1 mm

negative ions in plasma also explains the fact that the

in diameter. During the discharge burning, the branches

conditions for the development of the thermal instability

move chaotically on the liquid surface. This fact testifies

in the discharge become milder [8], which is observed

that with increase in the distance from the liquid surface,

when approaching the liquid in systems with one positive

the

liquid electrode.

With

increase

conditions

for

in

the

the

pressure

of

development

the

of

the

thermal

instability in the plasma column of the gas discharge
essentially change.

2

! OH

+ H. The presence of

Earlier [10], just a great part of the ion component
among negative charges of plasma was considered to be

If we use the aqueous solutions of an alkali (NaOH)

the reason explaining the existence of the axial minima

and a salt (Na SO ), the conditions for the burning

on the radial distributions of the potential of the electric

of the discharge are practically the same as those for

field in the plasma  distilled water system near the

the distillate except the fact that, at equal discharge

liquid surface. As the measured radial distributions of

currents, the burning voltage of the discharge onto

the concentration of charges are of monotonic character

the

and the radial profile of the potential in the plasma

2

aqueous

4

solution

decreases

with increase in the
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column of the discharge is formed at the expense of the

by means of the variation of the discharge voltage Ud if

ambipolar diffusion of charges, it was assumed that, for

the width of the potential jump is less than the free path

the case of pure water and the positive polarity of a

of electrons. It is worth noting that it is just the energies

liquid electrode, the mobility of negative charge carriers

lower than 100 eV that correspond to the maxima of

OH

in the near-surface region of plasma at the axis of

the excitation functions for many inelastic processes of

the discharge is lower than the mobility of positive ions

the first kind with participation of electrons, which are

H .

interesting for plasmochemistry [8].

+

However, the existence of the near-surface jump

A

more

detailed

investigation

of

the

plasma

of the potential in a plasmaliquid system with a

composition in the considered secondary discharge in a

secondary discharge cannot be accounted for solely by

heterophase medium was carried out by using emission

peculiarities of the kinetics of elementary processes,

spectroscopy. For a low-pressure plasma-liquid system

because the axial jump of the potential is also observed

with a coaxial-end source of the plasma flow (Fig. 1,a),

in plasmaliquid systems, where the radial distributions

we investigated the radiation spectra of the plasma layer

of the potential monotonically decrease near the liquid

which contacts distilled water in the wavelength range

surface, namely in a plasma  distilled water system

from 200 to 1000 nm. The discharge current Id was

with a negative liquid electrode and the plasma 

varied in the range 60200 mA while the pressure in

aqueous solution of an alkali (NaOH) or a salt (Na SO )

the vacuum chamber was changed in the interval 435

system in the range of concentrations 2

Torr. It was observed that the spectral composition of

10

2 4
5  3 mole/l

regardless of the polarity of the liquid electrode.

the radiation in the visible region was also influenced by

The existence of the potential jump at the plasma-

the time moment of switching on the discharge, namely,

liquid interface in the considered plasmaliquid systems

whether it was switched on: 1) before the water stopped

with

to boil or 2) after that.

a

secondary

discharge

can

be

also

associated

with a fundamental peculiarity of the discharge itself

In the first case, the measured spectra have a rather

maintained due to a plasma flow that is created by

complicated composition including both single atomic

means of an auxiliary discharge.

lines and molecular bands. In turn, molecular bands

For example, a secondary gas discharge which is

have both red and violet tones, which testifies to their

maintained due to the plasma flow coming from an

belonging to the spectra of different molecules. The most

auxiliary source is also characterized with a potential

intense components are atomic lines of hydrogen H , H ,

jump near the electrode of the secondary discharge at

H , and HÆ and the bands corresponding to the spectra

both low pressures [11] and pressures of the order of

of OH and N

2

the atmospheric one [12]. The three-electrode system of

In

the

molecules.

second

case,

up

a

pressure

water

was

preliminary

evacuated

position [11]: two electrodes of such a system are the

evaporation of dissolved gases. In other words, vigorous

electrodes of a plasma generator, while the third one

boiling of water took place. In this case, the pressure

is immersed into the plasma of the flow coming from

P

the plasma generator, that is can be regarded as an

Torr. Vigorous boiling of water lasting for 10 min was

analog of a Langmuir probe in plasma. However, unlike

accompanied by the almost complete evaporation of

the probe, it has a large area, and the current of the

dissolved gases, and then boiling practically stopped.

secondary discharge flowing onto it is comparable to

After that, we switched on the secondary discharge and

the discharge current of the plasma generator. That's

carried out the spectral analysis of the radiation of the

why, the third electrode can essentially perturb the

discharge in the wavelength range from 200 to 1000

surrounding plasma. But, as is well known, an electrode

nm. The discharge currents were varied in the ranges:

having a potential different from that of the medium

I

is shielded with a layer of space charge, when being

between the water surface and the end-plate source was

immersed in plasma. In other words, there exists a

changed from 20 to 65 mm. The most intense bands in

potential jump between the electrode and plasma, and

the obtained spectra were those corresponding to the A

its width is determined by the width of the space charge

 X transition of ÎÍ radical and separate spectral lines

region.

of atomic hydrogen.

d

to

the

such a gas discharge can be considered from another

corresponding

to

the

in the investigated volume was equal to 10  35

= 100

 150 mA,

I

s

= 200

 250 mA. The distance

d

Investigations of the secondary gas discharge [11]

From the measured radiation spectra, we obtained

indicate the possibility of controlling the magnitude of

the population temperatures for the electronic levels of

the voltage jump near its electrode in the range 0100 V

hydrogen atoms and for vibrational levels as functions
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Fig. 5. pH of distilled water after a plasma treatment. The current
of an auxiliary discharge Is = 200 mÀ and that of a secondary
discharge Id =100 mÀ. Dashed curves (1 0 ; 2 0 ; 3 0 ) correspond to
the treatment by the plasma of a liquid-electrode secondary
discharge, solid curves (1 ; 2 ; 3 )  to the case of the liquid anode.

1;10

 water degassed up to pH = 5.8,

2; 20

 6.5,

3; 30

 6.8

Fig. 4. Absorption spectra of precipitated (a) and non-precipitated

and non-settled water after the plasma treatment are

(b) water after plasma treatment

depicted in Fig. 4.
of the layer width. It was observed that the population
temperatures for the electronic levels of hydrogen atoms
is constant,

whereas the

population temperature of

vibrational levels slightly increases with the width of
the water layer, and its value (Tv = 0:33

 0 41 åV)
:

is practically equal to the population temperature of


electronic levels (T =0.35 eV).
The

absorption

spectra

of

the

solutions

treated

by plasma were investigated on a SDL-2 setup using

The absorption spectra given in Fig. 4,a are typical

2 2

of the water solution of hydrogen peroxide H O . The
presence of ozone in the spectrum (the band near 260
nm) [13] becomes evident only after a 10-min treatment.
The absorption spectra given in Fig. 4,b testify to both
a significant increase of the absorption and the presence

2

of NO

ions in water after its treatment (the band near

360 nm) [13].
Since

the

differences

noticed

in

absorption

can

the

be related to the gases dissolved in water, we have

absorption spectra of distillate after a plasma treatment

investigated their influence on the acidity of water

depend on the duration of the time interval, during

after a plasma treatment. For this purpose, the initial

which

distillate having pH=5.5 was preliminarily degassed by

a

10-cm

quartz

the

cell.

distillate

We

is

have

settled

observed

before

its

that

treatment
carried

means of keeping it for some time at a pressure of

out experiments both with settled distilled water and

8 Torr. A variation of the exposition duration in the

unsettled one. In the first case, we used the water settled

range 010 min resulted in an increase of pH of distilled

for at least 6 days after distillation. In the second case,

water from 3.5 to 6.8. After reaching a certain level of

water was not settled more than 5 h. Before starting

pH, we initiated a discharge and started the treatment.

a plasma treatment, the volume containing water was

The experimental dependences of pH of water after

evacuated for 10 min. The distance between the water

a treatment on the exposition duration are given in

and the end-plate source d was equal to 55 mm, and

Fig. 5.

in

a

plasmochemical

reactor.

Therefore,

we

the width of the water layer l amounted to 15 mm.

The

presented

dependences

testify

to

that

the

The parameters of the secondary discharge having an

variation of the pH of water resulting from the plasma

end-plate source as one electrode and distilled water as

treatment is greatly influenced by the dissolved gas. In

another were as follows: Id = 150 mA, Ud = 450

addition, as seen in Fig. 5, the acid effect can turn into

V, Is = 250 mA, Us = 320

 340 V, and

P

 1250
= 27  30

the alkaline one if the plasma treatment is carried out

3,

3 0)

Torr. The duration of the existence of a discharge was

at a low pressure (curves

varied in the interval from 1 to 12 min. The absorption

pH is higher than a certain value pHêð . The polarity of

coefficient for water was measured in the spectral region

the liquid electrode influences only the form of the initial

200400 nm. The typical absorption spectra for settled

region of the considered dependences of pH on t.
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the electroconductivity of the solution arising from the

Translated from Ukrainian by A.G. Kalyuzhnaya

dissolution of an alkali or a salt of alkali metals in the
investigated range of concentrations practically doesn't
change the stable burning of a secondary discharge in
a plasmaliquid system, but results in both a decrease

ÔIÇÈ×ÍI ÂËÀÑÒÈÂÎÑÒI ÍÅÑÀÌÎÑÒIÉÍÎÃÎ ÐÎÇÐßÄÓ
Â ÏËÀÇÌÎÂÎ-ÐIÄÈÍÍÈÕ ÑÈÑÒÅÌÀÕ
ÍÈÇÜÊÎÃÎ ÒÈÑÊÓ

of the voltage drop and a variation of the form of the
Â.ß. ×åðíÿê, Ñ. Â. Îëüøåâñüêèé

plasma column.
In

the

plasma

of

a

liquid-electrode

secondary

discharge maintained due to a plasma flow, there exists
a jump of the potential on the liquid surface.
In

the

plasma

of

a

secondary

discharge,

the

Ð å ç þ ì å
Äîñëiäæåíî ôiçè÷íi âëàñòèâîñòi íåñàìîñòiéíîãî ðîçðÿäó â äâîôàçíèõ ñèñòåìàõ ïëàçìàðiäèíà. Ðîçðÿä ïiäòðèìó¹òüñÿ äîäàòêîâèì äæåðåëîì ïëàçìîâîãî ïîòîêó íà îñíîâi ðîçðÿäó íèçüêîãî

population temperatures for the vibrational levels of

òèñêó â ïàðàõ ðiäèíè. Ïîêàçàíî, ùî âîëüò-àìïåðíi õàðàêòåðè-

molecules are practically equal to those for the electronic

ñòèêè (ÂÀÕ) íåñàìîñòiéíîãî ðîçðÿäó â òàêèõ ñèñòåìàõ ìàþòü

levels of atoms.
Physico-chemical processes in a solution treated by
plasma are greatly influenced by the gas dissolved in it.

âèãëÿä, òèïîâèé äëÿ íåñàìîñòiéíèõ ãàçîâèõ ðîçðÿäiâ; ñòðóì
íåñàìîñòiéíîãî ðîçðÿäó â ðàçi ïîçèòèâíîãî ïîòåíöiàëó ðiäèíè âiäíîñíî ïëàçìè íà äâà ïîðÿäêè áiëüøèé çà òàêèé ñòðóì
â ðàçi íåãàòèâíîãî ïîòåíöiàëó. Óìîâè ðîçâèòêó iîíiçàöiéíîïåðåãðiâíî¨ íåñòiéêîñòi â ïëàçìîâîìó ñòîâïi ñóòò¹âî çàëåæàòü
âiä âiäñòàíi äî ïîâåðõíi ðiäèíè. Òåìïåðàòóðè çàñåëåííÿ åëåê-

1.

Kutepov A.M., Zaharov À.G., Maximov À.I., Òitov V.À.

òðîííèõ ðiâíiâ àòîìiâ i êîëèâàëüíèõ ðiâíiâ ìîëåêóë ïðàêòè÷-

//
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