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Introduction
The following trade study was done to answer the following task from the Sandia JPL Collaboration for 
Europa Lander Statement of Work:

Perform a trade study to assess the feasibility of other sterilization/decontamination methods for 
reducing forward biological contamination on S/C and assess their suitability for PP applications.

Scope
For the alternative sterilization methods we focused on current technologies for gas phase 

sterilants and non-chemical sterilization.  Gaseous chemical sterilants were characterized in terms of 
dose, contact time required, physical properties, environmental parameters known to be required for 
effective sterilization and finally, the likely effect on spacecraft electronics. The results of this literature 
survey are summarized in Table 1. Sterilization parameters were based on the sterilization of gram 
positive spore forming bacteria such as Bacillus anthracis, B. pumilus, B. atrophaeus, B. globigii and 
Geobacillus stearothermophilus.  Although each of these species may vary in the rate of inactivation by 
any given sterilant, these data should give a general indication of the properties of each sterilant and its 
potential suitability for in flight sterilization of the spacecraft vault. 

Decontamination Methods Studied
Several sterilants can be rejected out of hand for having known environmental requirements 

that are unlikely to be found in the spacecraft vault during flight.  The most significant of these is a 
requirement for high relative humidity.  Sterilants that were rejected on that basis include ethylene 
oxide vapor (Schley et al 1959, Ernst and Dole 1968), peracetic acid vapor (Malchesky 1993), beta 
propiolactone vapor (Hoffman et al 1958) and ozone (Menetrez et al 2009, Ishizaki et al 1986).  Very 
little literature was found for the use of chorine for gas phase sterilization, with one recent study on the 
combination of high temperature, high humidity and chlorine gas increasing the efficiency of thermal 
inactivation for bacterial spores (Zhou et al 2016). Chlorine gas is known to be incompatible with 
electronics.  
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Other sterilants have drawbacks that may make them less than optimal for this application.  
Hydrogen peroxide vapor (Pottage et al 2012, Rastogi et al 2009), a commonly used sterilant for high 
containment facilities (biosafety level 3 or 4) may be insufficiently stable for use after long periods of 
storage during spaceflight and may not perform well under conditions that would freeze water.   Methyl 
bromide is known to have a low dose requirement, but the contact time (24 hrs) is on the high end of 
those reported (Kolb et al 1950).  Propylene oxide proved to be less than 100% effective at killing spores 
(Bruch et al 1960).  

From this analysis, one can conclude that perhaps the three most promising chemical sterilants 
for rapid in-flight sterilization of the vault are chlorine dioxide (Pottage et al 2012, Rastogi et al 2009), 
nitrogen dioxide (Noxilizer Inc.) and paraformaldehyde gas (Taylor et al 1969).  All 3 have been deemed 
safe with most materials according to information provided by the manufacturer and may be compatible 
with non-destructive sterilization of spacecraft components during flight.   There is a substantially longer 
history of chlorine dioxide use as a sterilant. Published values indicate that 40 grams of chlorine dioxide 
would be sufficient to sterilize a 1 cubic meter vault.  Nitrogen dioxide is the most recent addition to the 
suite of gas phase chemical sterilants.  The attractiveness of nitrogen dioxide is the combination of low 
concentration and low contact time required.  Manufacturer values suggest that 3 grams of nitrogen 
dioxide would be sufficient to sterilize a 1 cubic meter spacecraft vault.  

Paraformaldehyde gas is another common sterilant used for the decontamination of biosafety 
cabinets prior to the replacement of HEPA filters (Taylor et al 1969). Paraformaldehyde gas is usually 
produced in situ from the relatively rapid depolymerization of the solid material by heat.  Under 
standard pressure conditions, this is carried out a 232°C.  An advantage of this method of sterilization is 
the stability, ease of handling, and ease of storage of the solid material and the relatively low dose and 
contact time required for sterilization.  The major disadvantage is the energy input required to 
depolymerize the solid.  Approximately 10g would be necessary to decontaminate a 1 cubic meter vault.  
This amount of material can be depolymerized in less than 1 minute.   

The major caveat in this analysis is that no data have actually been reported for the activity and 
effectiveness of any chemical sterilant under conditions that approach those of the vault during 
spaceflight.  The most significant of these is the low temperature (-40°C) that is expected in the vault 
during spaceflight.  Most reports consider 20-25°C to be “low temperature”.  The warming of the vault 
prior to sterilization is indeed a possibility, but the energy and weight required to do this is beyond the 
scope of this analysis.   

Three non-chemical sterilization methods were evaluated: ultraviolet irradiation (Vesley et al 
2000), gamma irradiation (Horne et al 1959) and heat.  U.V. irradiation is a common method for killing 
microorganisms, however, it is markedly less effective on spores and all surfaces to be decontaminated 
must be in line of site of the UV source.  The energy required for sterilization of the vault would be 
dependent on the number and strength of individual U.V. sources required to illuminate all surfaces.  
Gamma irradiation is a well characterized method of sterilization with 1X106 rad required to kill bacterial 
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spores and has the advantage of penetrating the less dense spacecraft components, limiting the number 
of sources that must be included in the space craft.  

Heat, in the form of incineration is the most likely form of destructive non-chemical sterilization 
to be applied. This method has a long history of effective use and is a principal method of destroying 
infectious materials (Peterson and Stutzenberger 1969, Barbeito, M.S. and Gremillion, G.G. 1968).  
Standard incinerators operate at temperatures of 600-1000oC.  According to 1 report, incinerator 
residence times as low as 12 seconds are sufficient to destroy bacterial spores (Allen et al 1989).  More 
recent work on rapid thermal pulses has shortened the time required for the inactivation of spores to 
sub seconds.  This is dependent on a rapid temperature ramp rate of 104-105°C/sec.  The actual 
parameters for sterilization will be dependent on the rate of heat production and the thermal properties 
of the surfaces to be decontaminated. 

Finally low temperature (below 70 °C) atmospheric plasma mixtures for sterilization is a 
developing area.  Plasmas are created by the electrical discharge of a gas.  Several gas mixtures (e.g. 
helium with 2% oxygen) and ionization methods (e.g. radio frequency of 13-56MHz) have been used 
(Hong et al 2008). Most of the literature is in regards to decontamination of surfaces using a plasma jet, 
and it is unclear as to whether this is applicable to a 1 cubic meter space.  There are not currently any 
commercial processes available (Shintani et al 2010).
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Sterilzation method Dosage Time reguired temperature requirements/effects Other Limitations Electronics compatiblilty References

Ethylene Oxide Vapor 400-800 mg/l 35-60 minutes
10 degree drop in temperature requires doubles the
contact time relative humidity 30-60% Safe with most materials Schley et al 1959, Ernst and Dole 1968

Chlorine Dioxide 40 mg/l 60 Minutes at 25 °C
Melting point - 59 °C
Boiling point 11 °C Safe with most materials Pottage et al 2012, Rastogi et al 2009

Chlorine Gas 0.3 mg/L fast heating to 300 C° 40-100% humidity Incompatible Zhou et al 2016

Hydogen Peroxide Vapor 2.4 mg/ 8 to 60 minutes at upt to 50 C
Melting point 0.43 °C
Boiling point 150. 2 °C degree

spores required contact time of greater than 20
minutes Safe with electronics Pottage et al 2012, Rastogi et al 2009

Nitogen Dioxide Gas 3.0 mg/L 5 minutes
Melting point -11.2 °C
Boiling point 21 °C Safe with most materials Noxilizer Inc. 2012

Paraformaldehyde Gas 10 mg/l 60-180 minutes at 23 C 20 g/min depolymerized at 232 °C relative humidity above 60% Safe with most materials Taylor et al 1969

Ozone 3.0 mg/L innefectve against spores requires highhumidity Safe with most materials Menetrez et al 2009, Ishizaki et al 1986

Peracetic Acid 1 mg/l 10 min
Melting point boiling 0 °C
Boiling point 77 °C Reqires high humidity Safe with electronics Malchesky 1993

Beta Propriolactone Vapor 1.5 mg/L
2 minutes at 27 C
>300 minutes at -10C

Melting point -93.66 °C
Boiling point 38.41 °C Ineffective at low relative humidity Hoffman et al 1958

Methyl Bromide 3.4-3.9 g/l 24 h
Melting point 0.43 °C
Boiling point 150. 2 °C Kolb et al 1950

Propylene Oxide 1000 mg/l 3 h 3.7 % survival Bruch et al 1960

Plasma He/O2 Hong et al 2008, Shintani et al 2010

U.V. Irradiation 40 microWatts/cm2 10-30 min
Less effective against spores. Must be in line of
sight of source Vesley et al 2000

Gamma Irradiation 1 X106 Rad Horne et al 1959

Heat 600-1000 °C

sub second pulse at 700 °C or
12.5 second residence time at
1000 °C in incinerator

Peterson and Stutzenberger 1969,
Barbeito, M.S. and Gremillion, G.G. 1968
Allen et al 1989, Zhou et al 2015



UNCLASSIFIED UNLIMITED RELEASE
<SAND#>

UNCLASSIFIED UNLIMITED RELEASE
5

Sandia National Laboratories is a multi-mission laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin 
Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.

References

Allen, R.J., Brenniman, G.G., Logue, R.R. and Strand V.A.  1989. Emission of Airborne Bacteria 
from a Hospital Incinerator JAPCA 39:164-168

Barbeito, M.S. and Gremillion, G.G. 1968.  Microbiological Safety Evaluation of an Industrial Refuse 
Incinerator. App. Microbio.  16:291-295 

Bruch, C.W. 1961. Gaseous Sterilization.  Annu. Rev. Microbiol.15:245-262. 

Ernst, R.R. and Doyle J.E. 1968.  Sterilization with Gaseous Ethylene Oxide: A Review of Chemical and 
Physical Factors.  Biotechnol. Bioeng, 10:1-31

Hoffman. R.K. and Warshowsky B.  1958. Beta Propiolactone Vapor as a Disinfectant. App. Microbio. 
5:358-362

Hong, Y.F.,  Kang, J.G.,Lee, H.Y., Uhm H.S., Moon E.  and Park, Y.H. 2009.. Sterilization Effect of 
Atmospheric Plasma on Escherichia coli and Bacillus Subtilis Endospores.  Lett. App. Microbiol. 48:33–37

Horne, T. Turner, G.C. and Willis, A.T. 1959. Inactiivation of Spores of Bacillus anthracis by Gamma 
Irradiation.  Nature 183:475-476

Ishizaki, K., Shinriki, N., and Matsumaya, H.  1986. Inactivation of Bacillus Spores by Gaseous Ozone J. 
App. Bact. 60:67-72

Kolb, R.W. and Schneiter, R. 1950. The Germicidal and Sporicidal Efficacy of Methyl Bromide for Bacillus-
Anthracis.  J.Bact. 59:401-412

Malchesky P.S. 1993. Peracetic Acid and Its Application to Medical Instrument Sterilization. Artificial 
Organs 17:147-152 

Menetrez, M.Y. Foarde, K.K., Schwartz T.D., Dean T.R, and Betancourt, D.A. 2009. An Evaluation of the 
Antimicrobial Effects of Gas-Phase Ozone. Ozone: Science & Engineering, 31: 316–325 

Peterson, M.L., and Stutzenbereger F.J. 1969. Microbiological Evaluation of Incinerator Operations. App. 
Microbi. 18:8-13

Pottage, T., Macken, S., Giri, K. WalkerJ.T. and Bennett, A.M. 2012. Low-Temperature Decontamination 
with Hydrogen Peroxide or Chlorine Dioxide for Space Applications.  App. Environ. Microbio. 78:4169-
4174

Rastogi, V.K., Wallace, L., Smith, L.S., Ryan, S.P., and Martin, B. 2009. Quantitative Method To Determine 



UNCLASSIFIED UNLIMITED RELEASE
<SAND#>

UNCLASSIFIED UNLIMITED RELEASE
6

Sandia National Laboratories is a multi-mission laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin 
Corporation, for the U.S. Department of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.

Sporicidal Decontamination of Building Surfaces by Gaseous Fumigants, and Issues Related to 
Laboratory-Scale Studies. App. Environ. Microbio. 75:3688-3694

Rutala, W.A. and Weber, D.J, 2008. Guideline for Disinfection and Sterilization in Healthcare Facilities 
CDC

Shintani,  H., Sakudo, A., Burke, P. and McDonnell, G. 2010  Gas Plasma Sterilization of Microorganisms 
and Mechanisms of Action (Review). Exp. and Therap. Med. 1:731-738.

Schley, D.G. Hoffman R.K. and Phillips C.R. 1959. Simple Improvised Chambers for Gas Sterilization with 
Ethylene Oxide. App. Microbiol

Taylor, L.A., Barbeito, M.S. and Gremillion, G.G. 1969. Paraformaldehyde for Surface Sterilization and 
Detoxification. App. Microbiol 17:614-618

Vesley, D., Lauer, J.L. and Hawley, R.J. 2000. Decontamination, Sterilization, Disinfection, and Antisepsis 
In Biological Safety Principles and Practices. Fleming D.O., and Hunt D.L., eds ASM press Washinton DC. P 
383-403

Zhou, W., Orr. M.W., Jian, G., Watt, S.K., Lee, V.T. and Zachariah, M.R. 2015. Inactivation of bacterial 
spores subjected to sub-second thermal stress. Chem. Eng. J.  279:578-588

Zhou, W., Orr. M.W., Lee, V.T. and Zachariah, M.R. 2016. Synergistic Effects of Ultrafast Heating and 
Gaseous Chlorine on the Neutralization of Bacterial Spores. Chem. Eng. Sci. 144:39-47


