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Abstract

In the present proceedings the experimental and theoretical investigations of the features of sterilization by plasma of glow discharge in hydrogen peroxide vapor were performed. It is determined that in such system main role in sterilization is performed by active particles, rather than by UV radiation of the plasma (as it does in case of discharge in gases, particularly, air and oxygen). It is shown that efficiency of sterilization by discharge plasma in hydrogen peroxide vapor is higher than that by plasma of the discharge in gases – sterilization time of open surface is 2-3 times shorter, and that of sterilization of packed articles is shorter by factor about 10. Accomplished calculations of the plasma component content in the discharge in hydrogen peroxide have shown that sterilization efficiency enhancement can be due to fact that concentrations of such biologically active particles, as atomic oxygen and oxygen molecules excited to lower metastable states, reach value of  ~ 1014(1015 cm‑3, which is 2-3 orders of magnitude higher than that in oxygen plasma at the same parameters of the discharge.

1.
Introduction

The new technique for sterilization of medical instruments by low pressure gas discharge plasma is now developed intensively. In our previous reports [1,2] main sterilization factors of plasma of the discharge glowing in different gas media (H2, O2, N2, Air, CO2, Ar and their mixtures) were determined. In this proceeding the results of experimental and theoretical investigations of sterilization efficacy of the plasma of low pressure discharge glowing in hydrogen peroxide vapor and results of theoretical studies of the component composition of the plasma are presented.

2.
Experimental technique and methods
Investigations have been performed at the experimental set-up with chamber volume of 25 liters. In accomplished experiments the following sterilization algorithm was used: 

1. The chamber was evacuated by forevacuum pump down to pressure lower than 0.1 Torr.

2. The pump was turned off, and after that particular dose of vapor of hydrogen peroxide aqueous solution with concentration either 30% or 60% was supplied to the chamber.

3. After that the chamber was evacuated down to operating pressure of ( 0.2 Torr, and the discharge was ignited for the sterilization duration. (Density of the power Wd introduced into the discharge was varied from 0.001 to 0.01 W/cc).

Supply of vapor of hydrogen peroxide aqueous solution into preliminarily evacuated chamber was performed in two ways. In the first case H2O2 solution was injected into the chamber at pressure of several atmospheres via special nozzle. Increase of evaporation square due to solution dispersion, as compared to that in case of evaporation from free surface, ensured filling the chamber with vapor for the time 5‑10 s. Shields mounted on the nozzle prevented direct coming of H2O2 solution droplets to sterilized articles. In the second case evaporation occurred in special evaporator. The evaporator was comprised by massive hollow cylinder with 70 mm length and 10 mm diameter heated up to temperature of 70‑800 C. Hydrogen peroxide solution was supplied via one end of the evaporator, then it was evaporated and came to the chamber already as a vapor. Maximum amount of the solution, which should be evaporated, was estimated following from vapor amount required for creation saturated vapor pressure in the chamber. For 30% H2O2 aqueous solution this amount comprised about 0.5 ml at temperature of the chamber walls of 200 C.

Time of evacuation the chamber filled with vapor of H2O2 solution down to operating pressure of ( 0.2 Torr did not exceed one minute. During the sterilization pressure in the chamber was kept in range 0.3(0.1 Torr due to evaporation of hydrogen peroxide and water from the chamber walls (at that evacuation rate was forcedly reduced).

The sterilization time was counted starting from the moment of discharge ignition. Density of power Wd introduced into the discharge was varied from 0.001 to 0.01 W/cc.
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Metallic Petri dishes with internal surface of ≈ 10 cm2 were used as test objects. Medical studies have been performed using spores Bac. subtilis and Bac. stearothermophilus as the most resistant kinds of microorganisms.

3.
Experimental results
Since hydrogen peroxide itself represents efficient sterilizing agent, the first series of our experiments was devoted to determining contribution of hydrogen peroxide molecules, active particles and UV radiation in overall sterilizing features of the system. For that one group of test objects was exposed to action of the only hydrogen peroxide vapor, the second one – to combined action of peroxide vapor and plasma and the third one – only to action of UV radiation of the plasma. In the last case test objects were vacuum-tightly covered by filter made of KU‑1 quartz, so that neither peroxide vapor, nor active plasma particles could not penetrate to contaminated surface. In Fig.1 survival curves of the spores (dependencies of the number of survived spores on the sterilization time) are presented for three these cases. One can see that at the plasma use the sterilization time decreases by about three times, as compared with the sterilization by the only hydrogen peroxide vapor. It also follows from the figure that main role in sterilization of open surfaces by plasma of the discharge in hydrogen peroxide vapor is performed by active particles, rather than UV radiation of the plasma (as it takes place in case of the discharge in gases [1,2]). Besides, it should be noted that sterilization time of open surfaces by plasma of the discharge in peroxide vapor is 2‑3 times less than that in case of using the discharge plasma in the most efficient gaseous medium – oxygen [2].
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Even more essential difference is observed at sterilization of the articles packed in porous paper, which is commonly used in the technology of gaseous sterilization and, as well, at sterilization of articles with complex shape (particularly, probes, catheters, etc.). Fig.2 exhibits survival curves obtained at sterilization of test objects packed in paper TPT‑260 (Type 1073‑B Tyvek) by oxygen and peroxide plasmas at various powers introduced into the discharge. One can see that sterilization time for packed article in case of hydrogen peroxide use is about ten time less than that in case of oxygen use. It also follows from the figure that sterilization time decreases essentially with the growth of power introduced into the discharge. However, measurements of the surface temperature of typical articles made of plastics (catheters, endoscopes, etc.) have shown that specific power increase above the level of 0.01 W/cc is unreasonable, because it leads to heating processed articles up to more than 50‑550 C.

The investigations of sterilization efficiency for packed articles at injection of various doses of 30% hydrogen peroxide solution in range from 0.125 to 1.0 ml have been also performed. The experiments have shown that initially with the increase of dose of evaporated solution from 0.125 to 0.5 ml the sterilization time decreases sharply, and at subsequent dose increase up to 1.0 ml it remains practically unchanged. Possible reason for such effect consists in saturation of packaging paper by water vapor, which causes decrease of its penetrability. It is confirmed indirectly by the results of experiments performed at injection of the same dose of hydrogen peroxide by means of the use of aqueous solutions with various concentrations (Fig.3).

Thus, accomplished experiments have shown that:

1. Main role in sterilization of open surfaces by plasma of the discharge in vapor of hydrogen peroxide solution is performed by active particles, rather than by UV radiation of the plasma.

2. Sterilization efficiency for packed articles and the articles with complex shape by peroxide plasma is essentially higher than that by plasma of the discharge in oxygen.

4.
Results of computer simulation
Calculation of the plasma component content in glow discharge with hollow cathode in mixture of water and hydrogen peroxide vapors was performed on a basis of kinetic equations, which were solved together with Boltzman equation using scheme described in [2]. Elementary processes, which were taken into consideration at modeling of the component content, are presented in Table 1. It should be noted that at present time there are practically no experimental data in literature regarding cross sections of interaction the electrons with hydrogen peroxide molecules. For this reason cross sections of non-elastic scattering of electrons on H2O2 molecules were calculated by Thompson-Gryzinski formulas [3,4]. Values of rate constants for molecular processes were taken from [5-7].

Table 1.   *- rates were calculated with the use of electron energy distribution function.

##
Reaction
Rate

1
e + H2O ( OH + H-
*

2
e + H2O ( H2 + O-
*

3
e + H2O ( H + OH-
*

4
e + H2O2 ( H2O2+ + e + e
*

5
e + H2O2 ( HO2+ + H + e + e
*

6
e + H2O2 ( OH+ + OH + e + e
*

7
e + H2O ( H2O+ + e + e
*

8
e + H2O ( H + OH + e
*

9
e + H2O ( H2 + O + e
*

10
e + H2O2 ( OH + OH + e
*

11
e + H2O2 ( HO2 + H + e
*

12
O2 + e ( O2+ + e + e
*

13
O2(a) + e ( O2+ + e + e
*

14
O2(b) + e ( O2+ + e + e
*

15
O + e ( O+ + e + e
*

16
O(d) + e ( O+ + e + e
*

17
O(s) + e ( O+ + e + e
*

18
O2 + e ( O2(a) + e
*

19
O2 + e ( O2(b) + e
*

20
O + e ( O(d) + e
*

21
O + e ( O(s) + e
*

22
O2 + e ( O + O + e
*

23
O2+ + e ( O + O
*

24
O2 + e ( O- + O
*

25
H2 + e ( H2+ + e + e
*

26
H + e ( H+ + e + e
*

27
H2 + e ( H + H + e
*

27
H2+ + e ( H + H
*

28
H2 + e ( H- + H
*

29
O- + O2 ( O3 + e
5.0(10-15 cm3s-1

30
O- + O2+ + M ( O3 + M
2.0(10-25 cm6s-1

31
O + O2 + M (  O3 + M
6.9(10-34 cm6s-1

32
O- + O2(a) ( O3 + e
5.0(10-14 cm3s-1

33
O- + M+ ( O + M
8.0(10-8 cm3s-1

34
O- + e ( O + e + e
4.7(10-8 cm3s-1

35
O- + M ( O + M + e
2.0(10-10 cm3s-1

36
O+ + O + M ( O2+ + M
1.0(10-32 cm6s-1

37
H- + M+ ( H + M
8.0(10-8 cm3s-1

38
H- + e ( H + e + e
5.36(10-10 cm3s-1

38
H- + M ( H + M + e
2.8(10-10 cm3s-1

39
H+ + H + M ( H2+ + M
1.0(10-34 cm6s-1

40
OH- + M+ ( OH + M
8.0(10-8 cm3s-1

41
O + HO2 ( OH + O2
5(10-11 cm3s-1

42
H2O2 + h( ( OH + OH
7.77(10-6 s-1

43
H2O2 + h( ( OH + OH
3.87(10-5 s-1

44
O3 + h( ( O(d) + O2(a)
9.07(10-4 s-1

45
O3 + h( ( O + O2
1.0(10-4 s-1

46
O + H2O2 ( OH + HO2
1.45(10-15 cm3s-1

47
O + H2O2 ( H2O + O2
1.45(10-15 cm3s-1

48
O + OH ( O2 + H
5.0(10-11 cm3s-1

49
H2O2 + OH ( HO2 + H2O
2.0(10-12 cm3s-1

50
O(s) + H2O ( O(d) + H2O
3.0(10-10 cm3s-1

51
O(s) + H2O ( O + H2O
3.0(10-10 cm3s-1

52
O(s) + H2O ( OH + OH
3.0(10-10 cm3s-1

52
O(s) + H2O ( H2 + O2
3.0(10-10 cm3s-1

53
OH + HO2 ( H2O + O2
7.0(10-11 cm3s-1

54
O(d) + O3 ( O + O + O2
2.33(10-10 cm3s-1

55
O(d) + O3 ( O2 + O2
2.33(10-10 cm3s-1

56
O2(b) + O3 ( O + O2 + O2
1.03(10-11 cm3s-1

57
O2(b) + O3 ( O2(a) + O3
1.03(10-11 cm3s-1

58
OH + O3 ( HO2 + O2
7.55(10-14 cm3s-1

59
H + HO2 ( H2O2*
9.0(10-11 cm3s-1

60
H + HO2 ( OH + OH
9.0(10-11 cm3s-1

[image: image4.wmf]        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

        

1

2

3

4

5

6

7

8

9

10

10

10

10

11

10

12

10

13

10

14

10

15

9

8

7

6

5

4

3

2

1

1 - H

2

;



2 - O

2

;



3 - O

2

(a)

4 - H;



5 - O;



6 - O

2

(b)

7 - O(d);

8 - H

2

O

2

;

9 - OH 

Concentrations, cm

-3

Time, sec

Fig.5 shows temporal evolution of neutral components of the mixture for the discharge parameters Wd = 0.01 W/cc, P = 0.1 Torr used in the experiment. Ratio of initial concentrations of hydrogen peroxide and water vapors corresponded to that for saturation pressures of these components over the surface of 60% aqueous solution of hydrogen peroxide at 200 C. As one can see from the figure, already in about 1 s practically complete decomposition of hydrogen peroxide occurs, which is due to low dissociation energy of H2O2 molecule (energy of breaking HO‑OH bond is ~ 2.2 eV, and that of HO2‑H is ~ 3.8 eV). Final products of H2O2 decomposition are oxygen and hydrogen molecules, which concentrations become equal to initial hydrogen peroxide density. Among biologically active particles, as well as in case of the discharge in oxygen, the highest concentrations are possessed by oxygen atoms and oxygen molecules excited to initial metastable levels. However, in hydrogen peroxide plasma their concentrations are 2‑3 orders of magnitude higher than those in case of the discharge in oxygen. Possibly, exactly this fact may explain high sterilization efficiency of the plasma of discharge in hydrogen peroxide.
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Fig.2. Survival curves for spores Bac. subtilis, obtained by colony count method at sterilization of test objects under paper TPT-0260 (Type 1073-B Tyvek) by oxygen and peroxide plasmas at various powers introduced into the discharge. Working medium dose - 0.5 ml 30% aqueous hydrogen peroxide solution, P ( 0.2 Torr. Initial bacterial loading 107 spores.
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Fig.3. Survival curves for spores Bac. subtilis, obtained by colony count method at sterilization of test objects under paper TPT-0260 (Type 1073-B Tyvek) with the use of hydrogen peroxide solution of various concentration: 0.5 ml of 30% Н2О2 solution (1); 0.25 ml 60% Н2О2 solution, Р ( 0.2 Torr, Wd = 0.003 W/cc. Initial bacterial loading 107 spores.
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Fig.1. Survival curves for spores Bac. subtilis, obtained by colony count method at sterilization of open surfaces of test objects due to ultraviolet radiation of the plasma (curve 1), hydrogen peroxide vapor (curve 2) and joint action of the discharge plasma and hydrogen peroxide vapor (curve 3). Working medium dose - 0.5 ml 30% aqueous hydrogen peroxide solution; P ( 0.2 Torr, Wd = 0.003 W/cm2. Initial bacterial loading 107 spores.
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Fig.4. Temporal evolution of neutral plasma components of the discharge in vapor of 60% aqueous solution of hydrogen peroxide; Wd = 0.005 W/cc, P = 0.1 Torr.








735

_1057052389.bin

