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Abstract

In the present paper theoretical and experimental investigations of the water vapor
influence on the biological activity of the medium generated by barrier discharge on
atmospheric air were performed. Numerical calculation of the component composition of
the particles generated by barrier discharge in dry and moisture air shown that
moistening the air on the one hand results in the ozone concentration reduction, but on
the other hand it results in increase of the concentration of the such biologically active
particle as N,O,4 and formation of the new active particles — molecules of hydrogen
peroxide H,0O,, nitric HNO; and nitrous HNO, acids, and HO,NO, radicals in the
discharge. Experiments on the spores processing have shown that moistening of air leads
to increase of the biological activity of the medium generated by barrier discharge. On
basis of experiments and theoretical calculation one can insists that the rise of the
medium activity is connected with generation of the hydric particles HO,, HNO;, HNO,

and HO2N02.



1. Introduction

In the last ten years gas discharge plasma attains more and more wide applications in
biology and medicine at creation of biomaterials and membranes with pre-defined features
(biocompatibility, clot resistance, lowered friction, etc.) and, as well, at cold sterilization of
articles made of thermolabile materials. In modern medical practice the cold sterilization of a
wide variety of heat-sensitive instruments and materials is mainly performed by means of
toxic gases — pure ethylene oxide or its mixture with fluorochlorocarbons. This sterilization
technique requires long (up to 24 hours) aeration process and, which is most important,
creates serious threat both for servicing personnel health and for the environment. Currently
one of the most serious alternatives of gaseous sterilization consists in the use of gas
discharge plasma as sterilizing agent. Main advantage of plasma technique is given by fact
that plasma, as chemically active medium, is formed in result of excitation, dissociation and
ionization of any gaseous or vaporous substance, including non-toxic ones (even inert gases).
Whereas a low pressure plasma sterilizers already have been commercially available since
early 1990’s [1], the great attention to developing of the low temperature sterilizers using
atmospheric pressure discharges, which are more attractive due to absence of a vacuum
system, has been paid at the past years [2-4]. However, solving this problem is complicated
by the fact that up to now complete investigations of barrier discharge plasma, first of all, that
of component composition of active particles, are not accomplished. Present paper is devoted
to the theoretical studies of the component composition of the particles, which are generated
by the barrier discharge in dry and moisture ambient air, and to experimental investigation of

the sterilization efficacy of the barrier discharge depending on air moisture.



1. Numerical simulation of air plasma composition and discussion

According to [4] and the experiments described below, in the sterilization by air barrier
discharge, besides of ozone, others active particles play role as well. In order to understand,
what active particles are, and to find the plasma component content, we modeled barrier
discharge in air under conditions close to experimental ones. Modeling of the plasma
component content was performed separately for each of two parts of working chamber — the
discharge gap of barrier discharge and sterilizing chamber itself, where processed items were
placed.

At calculation of the plasma component content and the concentrations of molecules
and radicals formed immediately in barrier discharge, kinetic equations were used:
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Here N; are concentrations of molecules and radicals,; k;, kj; are rate constants of
molecular processes; S,; is rate of forming the products of electron-molecular reactions,
which was calculated from the following equation:

S. = w1 e (2)
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Here W is power introduced into barrier discharge; V is discharge chamber volume; W,;

is specific power spent to electron-molecular process on non-elastic scattering with threshold

energy &g
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where ¢ = 1.602-10"'? erg/eV; m and n, are electron mass and concentration, respectively; Q.
is cross section of respective non-elastic process; f(€) is electron energy distribution function

(it was calculated from Boltzman equation [5]).

Wi is specific power spent for the gas heating:

W= %neN,IsZQ,-(s)f(s)da, 4)

where M, is mass of respective kind of molecules; Q; is transport cross section of scattering.

Electron energy distribution function and specific powers W, u W, are strongly
dependent on electric field value in microscopic chaotically moving current channels in the
discharge gap. Since electric field in current channels changes in space and time in random
way and in rather wide ranges, mean field value was used in the calculations. As it is shown
in [6], where barrier discharge in air at atmospheric pressure was studied, mean electric field
value in current channels comprises £ = 20 kV/cm.

At solving equations (1) more than 100 elementary processes were taken in
consideration (see Table 1). (In the absence of the experimental data in the literature the cross
sections of non-elastic scattering of electrons on some molecules were calculated by
Thompson-Gryzinski formulas [13, 14])

Calculation of the concentrations of atoms, molecules and radicals in sterilizing

chamber was also performed on basis of equations (1), but with substitution of S, by
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, where 1 is time of the gas pumping through barrier discharge; N(t) is

concentration of mixture components in the discharge for the time point t; Vs is sterilizing
chamber volume. Electron and ion processes in sterilizing chamber were not taken into

account due to absence of charged plasma particles in it.



Equations (1) were solved together with Boltzman equation by means of numeric
methods analogous to [5].

In Figs.1,2 component contents of the mixture in sterilizing chamber in dry air (water
vapor is absent) for various times t of pumping through barrier discharge (t = S5 where S is
v

cross section of the discharge chamber, v is pumping rate) are given. The first figure
corresponds to t=0.1s; the second one — to higher pumping rate, when it is possible to
neglect the destruction by electrons of the products of plasma-chemical reactions in the
discharge chamber. Dark strips correspond to concentrations of the mixture components after
30 minutes of the discharge operation; light strips represent maximum achievable values of
the densities during mentioned time period. The largest values are reached by O3 and N,Os
concentrations. As one can see from the figures, the densities of particular mixture
components in sterilizing chamber possess rather strong dependence on pumping rate. At
that, concentrations of certain components increase, whereas concentrations of other ones
decrease with variation of pumping rate. With the decrease of pumping rate, amount of
nitrogen-containing molecules decreases, however, ozone density grows up. It is due to fact
that at low pumping rate of the mixture through the discharge gap essential decomposition of
nitrogen-containing molecules occurs due to dissociation by electron hits. And, in turn, it
results in the growth of ozone concentration via the sequence of chain reactions.

In Figs. 3,4 component contents are presented for the mixture in sterilizing chamber in
case of moistened air (H,O concentration corresponds to partial pressure of saturated water
vapor) for two given above rates of pumping through the discharge chamber.

It is clearly seen from comparison of Figs. 3 and 4 with Figs. 1 and 2 that moistening

the air results in the following effects:



1. Ozone concentration decreases significantly, at that its dependence on pumping rate

changes to opposite one — increase of pumping rate results in increase of Oz concentration.

2. N,O, concentration increases by factor of several orders of magnitude at low pumping

rate, and it exhibits small variation at high pumping rate.

2. Efficient generation of H,O,, HNO;, HNO,, HO,NO, molecules occurs, at that their

concentrations can essentially overcome ozone concentration.

3. Experimental set-up and results

The experimental set-up was described in detail in [4]. It consists of a glass work
chamber with volume 7 liters, an electrode unit, holders for samples to be sterilized, gas and
electric power supply systems. The electrode unit was placed in the center of the chamber.
Gases (air, O,, N, Ar) with different humidity (RH) were supplied into the electrode unit,
and chemically active particles generated by discharges were directed to the samples. A gas
flow was varied in the range of 0.5 — 10.0 I/min. Barrier discharge was created with pulsed
power supply. The pulse duration was about 10 pusec at the pulse rates were up to 10 kHz.
Specific power normalized to volume of the discharge gap of barrier discharge comprised
Wq=2+4 W/cm’. The whole working chamber volume was spatially split into two parts —
central one, where the plasma generation occurred, and sterilizing one, where processed
articles were placed. Ratio of volume of the discharge gap to that of sterilizing chamber
comprised about 3107, The holders surrounded the electrode unit, and the mean distance
from the discharge zone to the samples was about 10 cm.

Polished stainless steel strips inoculated with 10°spores Bac. Stearothermophilus

ATCC 7953 (the surface spore density > 0,5-10° sp/cm?) were used as bio-indicators (BI).



After the processing the samples were treated by the standard method used in microbiology,
and then the number of surviving bacteria was determined by using the pour-plate method.

The data for sterilization by barrier discharge are given in Figs.5, 6. As one can see
from Fig.5, the least efficiency of the sterilization is in the cases of nitrogen and argon. In the
case of dry gases the most efficient processing is observed in oxygen (due to the highest
ozone concentration). Oxygen moistening results in decrease of ozone concentration,
however, efficiency of the sterilization practically is not changed at that. This fact gives an
evidence that sterilizing action of ozone is enhanced at presence of moisture in the chamber.
At the same time, moistening the air (which is also accompanied by the decrease of ozone
concentration) results in essential diminishing of the number of survived spores. As it will be
shown below, this effect is most likely due to fact that, in addition to ozone, other chemically
active particles participating in the sterilization are also created — first of all, they are
hydrogen peroxide, nitrogen oxides, nitric and nitrous acids.

Fig.6 exhibits the survival curves (that is, dependencies of the number of survived
spores on the processing time) obtained at sterilization with the use of barrier discharge in dry
and moistened air. One can see from the figure that during initial several minutes the number
of survived spores decreases significantly with time (practically with the same “speed” for
dry and moistened air), and in subsequent the decrease of the number of survived spores
occurs much more slowly. Difference in biological activity of the active media generated by
barrier discharge in dry and wet air is exhibited especially at the second stage — the number of
survived spores in case of wet air is essentially lower.

Since experimental conditions correspond to those given in Figs. 1 and 3, it follows
from their comparison that observed increase of the sterilization efficiency at air moistening
is due to generation of biologically active particles — hydrogen peroxide H,O,, nitric HNO;

and nitrous HNO, acids, HO,NO; radicals and the growth of N,O and N,Os concentrations.



Thus, as it follows from theoretical calculations and the experiment, by means of
variations of pumping rate one can control concentrations of biologically active particles in

wide range and, consequently, optimize the process of sterilization of medical instruments.
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Figure captions
Fig.1. Component content of the particles in sterilizing chamber at barrier discharge operation

in dry air (0% RH) for pumping time through the discharge gap t= 0.1 s (gas flow 1 1/min).

Fig.2. Component content of the particles in sterilizing chamber at barrier discharge operation

in dry air (0% RH) for pumping time through the discharge gap t=0s.

Fig.3. Component content of the particles in sterilizing chamber at barrier discharge operation
in moistened air (100% RH) for pumping time through the discharge gap 1= 0.1 s (gas flow

1 Vmin).

Fig.4. Component content of the particles in sterilizing chamber at barrier discharge operation

in moistened air (100% RH) for pumping time through the discharge gap 1= 0s.

Fig.5. Comparison of sterilizing ability of barrier discharge in various dry (45% RH) and
moistened (90% RH) gases by suppression of the number of survived spores Bac.
stearothermophilus at metal strips. Initial bacterial loading 8-10° spores. Sterilization time is

60 min; gas flow is 1 I/min, W4 =2 W/cc; ozone concentration is shown for oxygen and air.

Fig.6. Survival curves for spores Bac. steraothermophilus at metal strips obtained by colony
count method at sterilization by barrier discharge in dry (45% RH)(curve 1) and moistened
(90% RH) (curve 2) air. Initial bacterial loading 8-10° spores. Gas flow is 1 1/min,

Wy=2 W/em™.
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Table 1.

Ne Reactions reference
1 H,O+e—>OH+H+e 1.66/n,

2 0,+e—>0+0+e 7.5-107/n,
3 0,+e—>0+0(d)+e 2.5-107/n,
4 N,+e>N+N+e 5.5-107/n,
5 | O(d) + H,0 - OH + OH 2.2-10"°

6 Od)+N, > O+ N, 2.6:10"
7 0(d)+0,>0+0, 3.8-10™"
8 0O(d) + H,0 —» O + H,0 1.2.10™"
9 N+ HO, » NO + OH 2.2:10™"
10 | NO; + OH — NO, + 00 2.3-10™"

11 OH+OH+M—)H202+M

6.5-10°' (300/T)"’

12 OH+ O; > HO, + O,

1 3.10-12 e>956/T +2 3'10-11 el]O/T

13 OH + HO, -» H,0 + O,

4.8'10_11 eZ50/T

14 | O+HO,—> OH+O,

2.9. 10—11 eZOO/T

15 [H+0,—> OH+0,

1.4 10-10 e—480/T

16 H+HO, > OH + OH

301070 o 30T

17 |H+OH+M—> H,0+M

1.1-102 12°

18 |OH+OH—» H,0+0

10100 30T

19 OH + HzOz —> H20 + HOz

1 2.10-11 e»270/T +8 0.10-12 e206O/T

20 [0+0O+M—>0,+M

2.76-10°YT

21 HO, + HO, —» H,0,+0,

2.2_10-13 e600/T

22 H02+H02+M—)H202+02+M

1.9. 10—33 e980/T

23 |IN+N+M—->N,+M

8.3. 10-34 e500/'1-

R0 QI[N DN D[N DN DN DN DN NN\ *| *| *| *

24 | O+ H,0, > OH + HO, 1.45-10°

25 | 0+H,0, > H,0+0, 1.45-10°

26 | O(d)+0;>0+0+0, 2.33-107°

27 | O(d)+0;—>0,+0, 2.33.10™"°

28 | H+HO, » H,0, 9.10™" 9
29 IN+0O;—>NO+0, 2:107" 10
30 [ N+NO,—>N,+ 0, 7.108 10
31 |N+NO,»>N,+0+0 9.1.10" 10
32 [0+0;5>0,+0, 2:1071 BT 10
33 | 0+NO; — 0,+ NO, 1-10™M" 10
34 | NOy +NO; —»> 0, +NO, + NO, 2.3-107"7 ¢ 1O00T 10
35 |N+OH—>NO+H 3.8:10" ¥ 11
36 |N+0,—>NO+O 4.4.1072 3201 7
37 |[N+O+M—>NO+M 5.46-107%3 ¢!5T 7
33 [ NO+H+M—> HNO+M 3.4.10% 7
39 | NO+ HO, - HNO + O, 9.1:10° X197 7
40 | NO+ HO,+M — HNO; + M 5.6:107% 7
41 | NO + HO, —» NO, + OH 3.7-10712 20T 7
42 |NO+N—->N,+0 3.1-10™ 7
43 | NO + NO; — NO, + NO, 1.6-10" 10T 7
44 | NO+O+N,—>NO,+N, 9.1.10% T'¢ 7
45 | NO+ O3 > NO, + 0, 2.0-10712 g 1400T 7




46 | NO+ OH+ M — HNO, + M 7.4-10°" (T/300)** 7
47 | NO, + HO, + M — HO,NO, 1.5-10°" (T/300)°* 7
48 | NO,+N— N,0+0 2.4-10™" 7
49 | NO,+N — NO+NO 6.0-10" 7
50 | NO,+NO,+M— N,0,+ M 1.4-10% (T/300)°* 7
51 | NO,+NO;+M — N,Os+ M 2.7-10°°(T/300)>* 7
52 | NO, +0 —> NO+0, 6.5-10712 1297 7
53 | NO, + 03— NO + 0, +0, 1.0-10°® 7
54 | NO,+0O+M—NO;+M 9.0-10°%(T/300)*° 7
55 | NO,+ O; » NO; + O, 1.2:10713 2401 7
56 | NO,+OH+M — HNO; + M 2.2-10™ (T/300)*° 7
57 | N,Os+M — NO; + NO, + M 8.8:10° ¢ 70T 7
58 | N,Os+ H,O — HNO; + HNO, 5.0-10% 7
59 | HNO + O, — NO + HO, 5.25.10712 13101 7
60 | HNO, + OH — NO, + H,0 1.8-10" 3T 7
61 | HNO; + OH — NO; + H,0 1.5-10"4 ¢ 0T 7
62 | HNO; + NO — HNO, + NO 7.37-10% 7
63 | HO,NO, + M — HO, + NO, + M 5.0-107 ¢ 10000T 7
64 | 0+0,+M—>0;+M 6.2:10* (T/300)*° 7
65 |O+OH—>0,+H 2.3-10" "7 7
66 |H+0,+M—>HO,+M 4810 7
67 |H+OH+M— H,0+M 8.6:10>! 7
68 | O3+e—>0,+0+e 7.3-10%/n, *
69 |N,O+e—>N,+O+e 1.68-10%/n, *
70 | NO,+e—>NO+O+e 7.5-10%/n, *
71 | NJO,+e—> NO,+ NO,+e 2.5-107/n, *
72 | N,Os+e — NO,+ NO;+e 2.5-10%n, *

* - rates were calculated with the use of electron energy distribution function.




KIHETUYHI ITPOIECH B IIVIA3MI BAP’EPHOI'O PO3PALY HA
ATMOC®EPHOMY IIOBITPI: BIIJIUB ITAPIB BOJIU HA BIOJIOI'TYHY
AKTHUBHICTb CEPEJTOBHUIIA

B.IO.baxenos, A.B.Psa61es, [.0.Conomenko, B.O.Xomuy, B.B.Ilionko, A.LIenpiH,
A.LLKy3pmuuos, B.I.Kpmxanoscbkuit, [.JI.MuxHo.

Pes3rome

PoGoTa mpucBsiueHa TEOPETHUHOMY Ta EKCIIEPUMEHTAIBLHOMY JOCIIDKCHHIO BIUIMBY TapiB
BOJM Ha OIONIOTIYHY aKTUBHICTh CEPENIOBHINA, IO TCHEPYEThCS Oap’€pHUM pPO3PSAOM Ha
atMochepHoMy TOBITpi. YUuciIoBEe MOACIIOBAaHHS KOMITOHEHTHOTO CKJIaJy YacTOK, SKI
TeHEPYIOTHCS Oap’€PHUM PO3PSAOM B CYXOMY Ta BOJIOTOMY ITOBITpi, TOKA3aJI0, IO
3BOJIOKEHHS MOBITPSL 3 OJIHOTO OOKY MPUBOAUTH 10 3MEHBIICHHS KOHIICHTpAIlil 030HY, a 3
JPYToro - 10 30UTHINICHHS KOHIIEHTpAIlli TakuX OI0JIOT1YHO aKTUBHUX 4acTOoK K N;O4 Ta
‘MOSIBM HOBUX aKTUBHUX YaCTOK - MOJIeKysn mnepekucy BoaHio H,O,, azotnoi (HNO;) ta
azotuctoi (HNO,) xucnot, pagukans HO,NO, ExcnepumeHnTr mo oOpoOIli criop mokas3as,
10 3BOJIOKEHHHSI TTOBITPS IPUBOAUTH 10 MIABUILIEHHS 010J0TTYHOT aKTHBHOCTI CEPEAOBHUIIIA,
K€ TeHepyeTbcs Oap’epHUM po3psaaoM. Ha miacTaBi eKCHEPUMEHTIB Ta TEOPETUYHUX
pO3paxyHKiB MOKHA CTBEPPKYBaTH, IO 30UIBIICHHS aKTUBHOCTI CEPEOBHINA ITOB’s3aHE 3

reHepaiiero BogHeBMinrytounx yactok HO,, HNOs;, HNO, Ta HO,NO,.



KNMHETUYECKHUE ITPOLECCHI B IIVIASME BAPBEPHOI'O PA3PSAIA HA
ATMOC®EPHOM BO3JYXE: BJIUSIHUE ITAPOB BOJbI HA
BUOJIOI'MYECKYIO AKTUBHOCTDb 'EHEPUPYEMOMUM CPE/1bI

B.1O. baxxenos, A.B.Ps61eB, . A.Conomenko, B.A. Xomuy, B.B.I{lnonko, A.N.1enpun,
A.MN.Ky3pmuues, B.U. Kpbixanosckuii, U.JI.Muxno.

Pestome

PaGoTta mocBsIIeHa TEOPETUYECKOMY W JKCIEPUMEHTAJIHbHOMY WCCIICOBAHUIO BIUSHUS
MapoB BOJbI Ha OMOIOTUYECKYIO0 aKTHBHOCTh Cpeibl TEHEPUPYEMOi OapbepHBIM pa3psiioM Ha
atMocepHOM BO3myxe. UWCIEHHOE MOJCTUPOBAHHE KOMIIOHEHTHOI'O COCTaBa 4YacCTHII,
KOTOpBIE TEHEPHUPYIOTCS OapBEPHBIM Pa3psiioM Ha CYXOM U BIIaKHOM BO3AyX€ MOKa3ajo, YyTo
YBJIa)KHEHHE BO3/IyXa C OJHON CTOPOHBI MPUBOJUT K YMEHBIIEHUIO KOHIIEHTPAIIMN 030Ha, a C
JPYToi — K YBEJTMUEHUIO KOHIICHTPALMH TaKOW OMOJOTHYECKH aKTUBHOW 4acTUIIBI Kak N>Oy
U TIOSABIICHUIO HOBBIX AaKTHBHBIX YAaCTHIl - MOJIEKYN mepekucu Bogopona H,O,, azoTHOM
HNO; Ta azotuctoit HNO, kucnot, paaukanoB HO,NO, DkcrniepuMeHTsI 110 00padoTKe Criop
MOKa3alli, YTO yBJIAXKHEHUE BO3/lyXa MPHUBOJUT K MOBBIIICHUIO OMOJIOTHYECKON aKTUBHOCTH
cpenbl reHepupyeMoil GapbepHbIM pa3psiioM. Ha ocHOBE KCIIEpUMEHTOB U TEOPETUUYECKUX
pacueToB MOXXHO YTBEPXKIaTh, YTO YBEJIWYEHUE AKTUBHOCTH CpPEJbl CBSI3aHO C TeHepaluei

Bosoposocoaepxkanux yactuil H,O,, HNO3;, HNO; u HO,;NO,.



