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Abstract—We have designed and built a prototype
Supercritical CO, Cleaning (SCC) system at JPL. The key
features of the system are: 1) the parts inside a high-pressure
vessel can be rotated at high speeds; 2) the same
thermodynamic condition is maintained during First-In
First-Out flushing to keep solvent power constant; and 3)
the boil-off during decompression is induced in a separate
vessel downstream. Our goal is to demonstrate SCC’s
ability to remove trace amounts of microbial and organic
contaminants down to parts per billion levels from
spacecraft material surfaces for future astrobiology
missions. The initial cleaning test results showed that
SCC can achieve cleanliness levels of 0.01 ug/cm? or less
for hydrophobic contaminants such as dioctyl phthalate and
silicone and it is less effective in the removal and
inactivation of the hydrophilic bacterial spores as expected.
However, with the use of a polar co-solvent, the efficacy
may improve dramatically. The same results were obtained
using liquid CO,. This opens up the possibility of using
subcritical cleaning conditions, which may prove to be more
compatible with certain spacecraft hardware.
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1. INTRODUCTION

Astrobiology mission plans are incorporating instrument
technology with very high sensitivity for bio-organic
compounds. For example, instruments on the Mars Science
Laboratory (MSL) are capable of detecting target organic
molecules in Martian samples. The goal is to detect
organics at parts per billion levels (nanograms of analyte per
gram of soil).

Conventional cleaning methods include sterilization, high
temperature baking, vapor degreasing, and wiping.
Sterilization methods are intended for killing live
microorganisms.  Alcohol wiping and liquid sonication

reduce the bio-burden on surfaces. Both may leave
remnants of dead or live microbes, or other residues, on
surfaces, posing risk of cross contamination of
extraterrestrial samples. Wiping is ineffective in cleaning
parts with complex geometry. Vapor degreasing is not as
effective at removing medium or low molecular weight
hydrophilic biomolecules of relevance to astrobiology.

To address the new bio-organic cleanliness requirements,
we are developing an innovative new cleaning technology
that will support the current Planetary Protection
requirements and will facilitate future spacecraft
contamination control requirements. This will provide
additional technology needed to achieve the science goal of
detecting very low levels of extraterrestrial materials in
samples without significant risk of interference by terrestrial
contaminants carried from Earth.

Supercritical CO, precision cleaning has been proven to be a
viable method in the manufacturing environment for
cleaning common oil, grease, and hazardous solvents [1].
We adapt this precision cleaning technology to clean
bacteria and organic molecules from small to medium sized
parts with complex geometry in order to meet the flight
instrument science requirements. The critical point of CO,
is moderately at 7= 31 C and P = 1070 psi. In a typical
application region of 32 < T and 1,070 < P < 3,500 psi,
supercritical CO, fluid has high density, high diffusivity and
low viscosity, and tremendous solvent properties regarding
non-polar molecules. It is able to spread out along a surface
because of its negligible surface tension, dissolve the non-
polar molecules, and remove them from the surface even if
it has an intricate geometry. In this paper, we present the
design and development of our prototype SCC system, SCC
cleaning procedures, and preliminary cleanliness results of
several known contaminants.

2. SCC SYSTEM AND PROCEDURES

We have designed and built a prototype SCC system as
shown in Fig. 1. The main components of our prototype
system are: a) high-pressure cleaning vessel Ve, b) boil-
off vessel V}0;) located downstream from the cleaning vessel,
c) syringe type high-pressure pump subsystem, d) heat
exchanger, and e) Back Pressure Regulator (BPR).
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Figure 1 — Schematic SCC system setup with scales in
proportion.

Our cleaning procedures follow the steps of soaking,
flushing, and decompression. After soaking the parts to be
cleaned in Ve, for a period, the CO, with contaminants are
flushed out of V., using pure CO, in a way of First-In-
First-Out.  The contaminants are trapped in a filter
subsystem and used CO, is vented out into air via a fume
hood.

The main features of our SCC system and procedures are,

(1) The parts to be cleaned are
secured in a basket inside V.., as
shown in Fig. 2. The basket can
be rotated up to a very high speed
by a magnetically coupled drive.
The fluid flows within the
vessel, generated by the
centrifugal force, will rub parts’
surfaces, enhancing the cleaning
effectiveness and shorten the
soaking time.

(2) During the FIFO flushing, the
pump subsystem pushes pure

CO, into Vean at a constant flow ~ Figure 2 —
rate while the BPR regulates the oEfxBa“ded view
clean

pressure in Ve, by controlling
the needle position in an outlet
valve.

(3) The fresh CO, gas flows through the heat exchanger at
a given temperature before entering V... The heat
exchanger also pumps temperature regulated fluid to
the coils surrounding V., and Vi to lessen the PID
controls loads that use electrical heaters for quick
response. A PRT thermometer reads the Vi, interior
temperature as shown in Fig. 2 that can be controlled
precisely at 5 < 7'< 40 C. As a result, T, remains
constant during the FIFO flushing.

(4) Because both T;jea and Py, remain unchanged during
FIFO flushing, the solvent power remains unchanged,
thus minimizing contaminants left behind.

(5) During decompression from liquid CO,, Tyoii ~ T5ae(P)
> Teean prevents bubbles from generated in Vi, that
could stir up the contaminants sank to the bottom by
gravity.

(6) The parts to be cleaned are prepared by first baking at
a high temperature to remove any residues from the
surface. For hydrophobic contaminations, such as
Dioctyl Phthalate (DOP) and Silicone, known
concentrations prepared in solutions of
dichloromethane and deposited by syringe onto the
parts in predetermined amounts. The dichloromethane
evaporates leaving the contaminant on the part surface.

(7) After cleaning, parts are prepared for analysis by
rinsing the surface with the appropriate amount of
dichloromethane there by removing any remaining
contaminant from the surface. The rinse is collected
and analyzed using Diffuse Reflectance Infrared
Fourier Transform (DRIFT) spectroscopy. FTIR
provides chemical functional group information for
quantitative analysis and qualitative identification of
materials [2-5]. So the parts cleanliness using SCC
method can be verified for the flight instrument
science requirements.

3. RESULTS

We prepared aluminum coupons with several known
contaminants. For each contaminant, clean coupons are
kept as a baseline for analysis. Three clean control coupons
were placed in the basket together with three contaminated
coupons during the cleaning process for statistical purpose.
After the cleaning vessel was sealed and pressurized with
pure CO, to either supercritical or liquid state, the coupons
were soaked for an hour either with or without the basket
rotated. Then the cleaning vessel was FIFO-flushed out
with pure CO, at the same temperature and pressure. It was
followed by a decompression process slow enough to make
sure that the interior temperature was not too cold due to the
Joule-Thomson effect. To prevent bubbles from generated
in Vean during decompression that could stir up the
contaminants sank to the bottom by gravity, the
decompression path never crossed the saturated vapor
pressure curve for supercritical CO,. For decompression
from liquid CO,, the temperature of the boil-off vessel Ty
was kept slightly higher than T§,(P) while maintaining 7.,
< Tsu(P). Hence, most of the bubbles formed in the boil-off
vessel.

Table 1 shows the results of cleaning Dioctyl Phthalate
(DOP) off the pre-contaminated coupons. Two sets of
coupons, one with 1.2 ug/cm?” and another with 12.6 ug/cm?
DOP, were placed inside the basket together with a set of
clean control coupons. Two different runs were carried out,
one in supercritical CO, and one in liquid CO,. The basket
was not rotated in either run. The coupons cleaned with
both SCC and liquid CO, had the cleanliness levels that



meet the current flight-hardware cleaning requirement [4].
The set of clean coupons had same residue as the cleaned
ones, indicating a cross contamination in the same solvent.
Table 2 shows the results of cleaning silicone off pre-
contaminated coupons in the identical runs as done for the
DOP contaminants. The same satisfactory cleanliness was
obtained.

Table 1. Test results for DOP using both SCC and liquid
CO,.

Sample Chemical Functional Amount
(Coupons) Group (ug/cm?)
Clean - Control Trace AHC <.01
Low DOP 1.2
Positive Control DOP, AHC
High DOP 12.6
Positive Control DOP, AHC
Supercritical CO,
Light DOP 1 Trace DOP, AHC ~.02
Light DOP 2 Trace DOP, AHC ~.02
Light DOP 3 Trace DOP, AHC ~.02
Heavy DOP Trace DOP, AHC ~.02
Heavy DOP Trace DOP, AHC ~.02
Heavy DOP Trace DOP, AHC ~.02
Liquid CO,
Light DOP 1 Trace AHC <.01
Light DOP 2 Trace AHC <.01
Light DOP 3 Trace AHC <.01
Heavy DOP Trace AHC <.01
Heavy DOP Trace AHC <.01
Heavy DOP Trace AHC <.01

We also prepared the coupons contaminated with 1.1
ug/cm’ L-Cysteine. As expected, neither SCC nor liquid
CO, had any effect on cleaning L-Cysteine off the pre-
contaminated coupons.

Another set of experiments was conducted to determine if
SCC or liquid CO, can clean or inactivate spores deposited
on aluminum coupons. The coupons were each inoculated
with approximately 6.2x10° Bacillus atrophaeus spores.
Preliminary results show SCC and liquid Co, are ineffective
in the removal of the hydrophilic bacterial spores even the
basket with coupons in it was rotated at a very high speed.

4. CONCLUSION

A new cleaning method using supercritical CO, has been
developed in a prototype to face the new challenges of
continuously improving instrument sensitivity for bio-
molecule detection. Supercritical CO, was used as both
solvent and carrier for removing organic and particulate
contaminants. The cleaning test results showed that the
supercritical CO, cleaning method can achieve a cleanliness
of 0.01 ug/em? or less for hydrophobic contaminants such as
dioctyl phthalate (DOP) and silicone [5]. This level of

surface cleanliness will meet the current working guideline
for hardware that will be in direct contact with the
extraterrestrial sample. Since the supercritical and liquid
CO, were both highly effective at cleaning and removing
the DOP and silicone contaminants, it opens up the
possibility of using subcritical cleaning conditions, which
may prove to be more compatible with certain spacecraft
hardware.

None of the first three spore experiments showed any
significant reduction in the number of spores remaining on
the aluminum coupons.

Once it is proved to be efficient at cleaning spacecraft and
instrument surfaces that are incompatible with other
solvents, it can be incorporated as an in-situ cleaning or
extraction method for future Mars missions since 95% of
the Martian atmosphere is CO,.

As expected, preliminary results show that this technique is
less effective in the removal and inactivation of the
hydrophilic bacterial spores. Further tests will be performed
with the use of a polar co-solvent and the efficacy may
improve dramatically.
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Table 2. Test results for silicone using both SCC and liquid
CO..

Sample Chemical Functional Amount
(Coupons) Group (ug/cm?)
Clean - Control Trace AHC <.01
Silicone (low) Silicone, Trace AHC 0.8
Positive Control
Supercritical CO,
.. Trace Silicone, Trace <.01
Silicone (low) 1 AHC
. Trace Silicone, Trace <.01
Silicone (low) 2 AHC
. Trace Silicone, Trace <.01
Silicone (low) 3 AHC
Liquid CO,
.. Trace Silicone, Trace <.01
Silicone (low) 1 AHC
.. Trace Silicone, Trace <.01
Silicone (low) 2 AHC
. Trace Silicone, Trace <.01
Silicone (low) 3 AHC
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