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Abstract

In the present proceedings the experimental and theoretical investigations of sterilization of medical instruments by a barrier discharges were performed. It is shown that moistening the air results in essential growth of sterilization efficiency, and this effect may be due to formation of hydrogen peroxide H2O2, nitric HNO3 and nitrous HNO2 acids, HO2NO2 radicals and such biologically active particles as N2O4 and N2O5 in the discharge.

1. Introduction

In the past years the great attention has been paid to developing the new technique for low temperature sterilization using atmospheric pressure discharges which does not need operating in vacuum, and different discharges which do not produce essential heating of working gas already have been used for this purpose [1-3]. The bactericidal action of discharges at pressure of one atmosphere is due to fact that they represent a source of electrons, ions, excited atoms and molecules, active free radicals and radiation in the range from infrared to ultraviolet. These particles are able to interact with microorganisms causing their destruction and death. In our previous report [3] it was established that all investigated discharges (streamer-less corona, streamer-spark and barrier discharge) provided the bactericidal effect independently on kind and humidity of used gases. The amount of bacteria surviving after the processing during 0,5 – 2 hours decreased by the factor of 104 – 105. The ultraviolet radiation did not provide essential influence on bactericidal effect; the main role in the sterilization was performed by chemically active particles. Moistening the gas increased the sterilization effect. The best bactericidal effect was achieved with the use of barrier discharge in moistened oxygen and air. Present proceeding is devoted to experimental and theoretical studies of main factors of sterilization of medical articles by means of barrier discharge. 

2. Experimental set-up and results

The experimental set-up [3] consisted 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 and allowed to create all the types of studied discharges (a barrier discharge, a DC negative corona without streamers and a spark discharge in the self-breakdown mode) due to a combined electrode system. Moistened [image: image7.wmf]        
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and dry gases (air, O2, N2, Ar) 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 l/min. Barrier discharge was created with AC (50 Hz ) or pulsed power supply. The pulse duration was about 10 (sec at the pulse rates up to 10 kHz. Specific power normalized to volume of the discharge gap of barrier discharge comprised Wd = 2(4 W/cm3. 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 3.10‑3. The holders surrounded the electrode unit and the mean distance from the discharge zone to the samples was about 10 cm.
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Polished stainless steel strips inoculated with 106 spores Bac. Stearothermophilus  (the surface spore density ( 0,5(106 sp/cm2) were used as bio-indicators (BI). 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.1, 2. As one can see from Fig.1, 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.2 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 moistened air. One can see from the figure that during initial several minutes the number of survived spores decreases significantly with time, and in subsequent the decrease of the number of survived spores occurs much more slowly.

3. Numerical simulation of plasma composition and discussion

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 BI were placed, at parameters corresponding to experimental conditions. 

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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(1)

Here Ni are concentrations of molecules and radicals,; kj, kjl are rate constants of molecular processes; Sei is rate of forming the products of electron-molecular reactions, which was calculated from the following equation:
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Here W is power introduced into barrier discharge; V is discharge chamber volume; Wej is specific power spent to electron-molecular process on non-elastic scattering with threshold energy ej:
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where q = 1.602(10‑12 erg/eV; m and ne are electron mass and concentration, respectively; Qei is cross section of respective non-elastic process; f() is electron energy distribution function (it was calculated from Boltzman equation [1]).

Wi is specific power spent for the gas heating:
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where Mi is mass of respective kind of molecules; Qi is transport cross section of scattering.

Electron energy distribution function and specific powers Wei и Wi 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 [5], where barrier discharge in air at atmospheric pressure was studied, mean electric field value in current channels comprises E = 10 kV/cm.
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At solving equations (1) more than 100 elementary processes were taken in consideration. Calculation of the concentrations of atoms, molecules and radicals in sterilizing chamber was also performed on basis of equations (1), but with substitution of Sei by 
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, where ( is time of the gas pumping through barrier discharge; Ni() is concentration of mixture components in the discharge for the time point ; 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. 
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Equations (1) were solved together with Boltzman equation by means of numeric methods analogous to [4].

In Figs. 3,4 component contents of the mixture in sterilizing chamber in dry air (water vapor is absent) for various times  of pumping through barrier discharge (
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, where S is cross section of the discharge chamber, v is pumping rate). The first figure corresponds to  = 0.1 s; 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 [image: image11.wmf]        
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reached by O3 and N2O5 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. 5,6 component contents are presented for the mixture in sterilizing chamber in case of moistened air (H2O 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. 5 and 6 with Figs. 3 and 4 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 O3 concentration.

2.
N2O2 concentration increases by factor of several orders of magnitude at low pumping rate, and it exhibits small variation at high pumping rate.

3.
Efficient generation of H2O2, HNO3, HNO2, HO2NO2 molecules occurs, at that their concentrations can essentially overcome ozone concentration.

Since experimental conditions correspond to those given in Figs. 3 and 5, 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 H2O2, nitric HNO3 and nitrous HNO2 acids, HO2NO2 radicals and the growth of N2O and N2O5 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. 

4. Acknowledgements.

This work was supported in part by grants # 57, #57C of Science and Technology Center of Ukraine.

References.

[1]
T.C.Montie, K.Kelly-Wintenderg, J.R.Roth, IEEE Trans. Plasma Sci., 28 (2000), 41-50.

[2]
M.Laroussi, I.Alexeff and W.L.Kang, IEEE Trans. Plasma Sci., 28 (2000), 184-188.

[3]
V.A.Khomich, I.A.Soloshenko, V.V.Tsiolko, et al, Contributed papers of International Symposium on High Pressure, Low Temperature Plasma Chemistry (HAKONE VII), Volume 2, Greifswald, Germany, September 10-13, 2000, 402-406.

[4]
I.A.Soloshenko, V.V.Tsiolko, V.A.Khomich et al, Plasma Physics Report, 26 (2000), 792-800. 

[5]
D.Braun, V.Gibalov, G.Pietsch, Plasma Sources Sci.Technol., 1 (1992), 166-174.

�


Fig.4. Component content of the particles in sterilizing chamber at barrier discharge operation in dry air (0% RH) for pumping time through the discharge gap ( = 0 s.
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Fig.5. Component content of the particles in sterilizing chamber at barrier discharge operation in moistened air (100% RH) for pumping time through the discharge gap ( = 0.1 s (gas flow 1 l/min).
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Fig.6. Component content of the particles in sterilizing chamber at barrier discharge operation in moistened air (100% RH) for pumping time through the discharge gap ( = 0 s.
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Fig.2. Survival curves for spores Bac. steraothermophilus at metal strips obtained by colony count method at sterilization by barrier discharge in moistened (90% RH) air. Gas flow is 1 l/min, Wd = 2 W/cm�3.
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Fig.3. Component content of the particles in sterilizing chamber at barrier discharge operation in dry air (0% RH) for pumping time through the discharge gap ( = 0.1 s (gas flow 1 l/min).
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Fig.1. 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. Sterilization time is 60 min; gas flow is 1 l/min, Wd = 2 W/cc; ozone concentration is shown for oxygen and air.
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