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Several perfluorohexaneC6F14 fluids with different isomer concentrations were evaluated for use in an upcoming

NASA experiment. Two commercial high-purity n-perfluorohexane fluids and a technical grade mixture of

branched and linear isomers (FC–72TM) were evaluated for exact chemical composition, impurities, and high

temperature degradation (pyrolysis). Our investigation involved simulated thermal stressing under conditions likely

to occur in the event of a leakwithin the ISS and subsequent vapor exposure to the high temperature catalyst present

in its trace contaminant control subsystem. Exposure to temperatures in the temperature range of 200–450�C in an

inert or oxidizing atmosphere, with and without the presence of catalyst, was investigated. The most aggressive

conditions studied were exposure of vapors to 450� in air and in the presence of palladium catalyst. Gas

chromatography/mass spectrometry and gas chromatography analyses were conducted on the samples before and

after pyrolysis. The FC–72 and n-perfluorohexane samples showed no significant degradation even under the most

aggressive study conditions. A potential byproduct of exposure of perfluorohexane fluids to high temperatures is the

production of perfluoroisobutene, which is extremely toxic. The perfluorohexanes showed no signs of

perfluoroisobutene production to an analytical detection limit of 10 parts per billion.

I. Introduction

N ASA is currently developing several space experiments that use
fluorocarbon fluids. These experiments are scheduled to be

flown in the next few years. One such experiment is the boiling
experiment facility (BXF), which uses a perfluorocarbon fluid called
perfluorohexane (PFH). BXF provides a research platform to carry
out critical research necessary for NASA’s long-term space
objectives. This experiment will be carried out in the microgravity
science glove box (MSG) aboard the International Space Station
(ISS).

Boiling is known to be an efficient mode of heat transfer, and as
such, it is employed in component cooling and in various energy
conversion systems. Boiling is a complex phenomenon in which the
hydrodynamics, heat transfer, mass transfer, and interfacial
phenomena are tightly interwoven. For space-based applications,
boiling is the heat transfer mode of choice, because for a given power
rating, the size of the components can be significantly reduced. For
any spacemission, the size and, in turn, theweight of the components
plays an important role in the economics of themission. Applications
of boiling heat transfer in space can be found in the areas of thermal
management, fluid handling and control, and power systems. It is of
importance to space-based hardware and processes due to the large
amounts of heat that can be removed with relatively little change in
temperature. Design and development of safe operating procedures

for on-orbit storage and supply systems for cryogenic propellants and

life support fluids requires quantitative data for boiling heat transfer

under long duration ofmicrogravity conditions. An understanding of

boiling and critical heat flux in microgravity environments is

important to the design of future heat removal equipment for these

space-based applications.
A key element of the future space vehicles supporting the

president’s vision for space exploration is the use of cryogenic
liquids for the propulsion, power, and life support systems. Liquid
hydrogen and liquid oxygen are the baseline propellants for the
reusable launch vehicle main propulsion system. The proposed
nontoxic upgrade of the space shuttle on-board propulsion systems
uses liquid oxygen as a propellant. In situ resource utilization (ISRU)
has been shown to reduce, significantly, the Earth launch mass of
lunar and Mars missions. Central to the ISRU theme is the
production, liquefaction, and storage of oxygen and methane as
propellants, oxygen as a reactant for localized power generation, and
for crew life support. These systems can be expected to operate under
gravity levels varying from 1 to 10�6 g, thus necessitating an
understanding of boiling heat transfer including maximum and
minimum heat fluxes at these gravity levels.

At present, there is little understanding of this important mode of
heat transfer at low gravity levels, and, consequently, there are no
verified correlations or models that a designer can use to design
efficient heat exchange equipment with any level of confidence.
Although much research in this area has been performed since the
space station was proposed, the mechanisms by which heat is
removed from surfaces under these environments are still unclear.
The BXF will go a long way in providing a sound physical basis for
the development of design guidelines.

Of special importance with relevance to the fluid analyses
presented in this paper is the potential use of fluorocarbon fluids in
heat transfer loops in space-based operations. The use of these
fluorocarbon fluids as heat transfer fluids could potentially reduce
current two-loop systems, which use two different fluids and heat
exchangers, to a one-loop systemusing onefluid. In addition, a single
fluid system would not require heat exchangers to thermally couple
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two different fluids. Current two-loop systems use radiative heat
exchangers, which by the nature of their heat transfer mode, are
inherently inefficient.

The reduction in upmass through the removal of the heat
exchangers is the primary “figure of merit.” The amount of mass
reduction will depend on heat reduction needs of future spacecraft. A
full quantitative study should be performed on future new spacecraft
designs; however, a preliminary assessment is performed here. An
emissivity of 0.95 was assumed for the radiative heat exchanger and
the fluorocarbon fluid was assumed to be FC–72. The results are
shown below in Table 1. It should be noted that a rather large area is
needed to transfer heat across the heat exchanger per mass flow rate
of fluid.

Table 1 also shows that a largerflow rate of fluorocarbonfluid than
water is needed. However, the ammonia side is completely
eliminated, which leads to other thermal advantages. For instance,
the ISS radiators are made of honeycomb aluminum panels. There
are 14 panels, each measuring 6 by 10 ft (1.8 by 3 m), for a total of
1680 ft2 (156 m2) of ammonia-tubing-filled heat exchange area. If
the fluorocarbon fluid is pumped directly to the radiators in future
spacecraft, the efficiency of those radiators will be dramatically
improved because a temperature drop is not experienced at an
internal heat exchanger, potentially resulting in higher external
radiator temperatures. The radiative heat transfer from those
radiators is a highly nonlinear function of temperature at T4. In
example, a 19% increase in absolute temperature results in about
100% increase in heat transfer. If the fluorocarbon fluid is pumped
directly to the radiators and heats them to levels above the present
ammonia system, an increase in efficiency, or corresponding
decrease in required radiator area, will occur, as seen by the radiator
area used a metric in Table 1.

Additional figures of merit pertain to safety. Fluorocarbon fluids
can be pumped directly outside to the external radiator without the
fear of the fluid freezing ammonia freezes at �77�C at standard
atmospheric pressure whereas FC–72 has a pour point, rather than a
freezing point, at �90�C. Potentially the most important figure of
merit in switching from a water-/ammonia-based system to a
fluorocarbon-based system is the removal of a “criticality one” safety
issue from the spacecraft, which enables a “design forminimum risk”
capability.

Waste heat needs to be transported from its source to a sink to
ensure continued operation of machinery and electronics. For
spacecraft, this heat is rejected to ambient environment either
through radiation heat transfer or through the evaporation or
sublimation of a volatile fluid. Transporting the heat internal to the
spacecraft relies on conduction and often fluid convection through
ducted channels. The acquisition, transport and rejection of heat is
classified as “thermal management.”

Fluid selection for thermal management systems requiring
convective heat transport is based on the following multiple criteria:

1) The heat source or acquisition temperature affects whether the
thermal fluid is vapor or liquid based on the fluid’s boiling point.

2) The heat sink or rejection temperature comparedwith the fluid’s
freezing point.

3) The fluid’s thermal properties, such as heat capacity and latent
heat of vaporization, set the fluid’s heat carrying capabilities.

4) The fluid’s hydrodynamic properties, such as viscosity and
density, which determines the amount of power required to pump the
fluid at the necessary flow rates.

5) The fluid’s corrosive properties, especially with regard to
materials such as metals that are used in heat transfer applications.

6) Thefluid’s toxicity andflammability, especially in the event of a
leak, but also with regard to filling and draining operations.

Early manned spacecraft, such as Apollo, accepted the risk
associated with fluid toxicity by using an ethylene glycol mixture as
the thermal management fluid. This system was a “single-phase”
system. To account for periods of lowheat rejection, somefluid in the
parallel radiator legs was allowed to freeze [1].

Recent spacecraft, namely the ISS and the space shuttle [2], use a
dual-loop configuration. An internal flow loop circulates a
“nontoxic” single-phase fluid, water, through the crewed portions
of the vehicle and then transfers heat to an external loop that
circulates another, usually toxic, fluid to the radiator. The external
flow loop for the ISS uses liquid ammonia and for the space shuttle
uses liquid R-21 (fluorodichloromethane).

For closed-loop life-support systems, those thatfilter and scrub the
air for particulate matter, harmful contaminants, and carbon dioxide,
the toxicity of both the fluid and its high-temperature decomposition
products need to be accounted for. The environmental control and
life support system (ECLSS) for the ISS has a trace contaminant
control subassembly (TCCS) that is used to absorb or decompose
trace amounts of contaminants in the cabin atmosphere that could
otherwise gradually build up over time to toxic levels. The TCCS
consists of an activated carbon bed that absorbs the longer chain
carbon molecules, a catalytic converter to thermally decompose
contaminants, and a lithium hydroxide bed to neutralize the acidic
byproducts of the decomposition reaction [3]. The thermal
decomposition reaction occurs at temperatures of 450�C.

Fluorocarbon compounds have been identified as an acceptable
alternative working fluid for heating, ventilation, and air
conditioning (HVAC) systems and also for electronic cooling.
These fluids are relatively inert within these systems, that is, they do
not corrode the metals used in these systems, and they are “friendly”
to the atmospheric ozone layer. NASA has identified that some of
these fluorocarbon fluids may be suitable thermal management heat
transfer fluids in terms of utilization within the space environment,
primarily because of their low freezing point.

Perfluorohexane C6F14 is a highly inert fluorocarbon that
actually describes several different isomers. These isomers are
shown in Fig. 1. The materials safety data sheet (MSDS) [4] for
FC–72TM, a trademarked 3M heat transfer fluid consisting of
several PFH isomers, indicates that the chemical compound is
fairly inert and even benign in most cases. It is one of a group of
candidate fluids for replacement blood because of its affinity for
oxygen (absorbs roughly 50 vol % of its liquid volume), its use
has no risk of transmission of pathogenic microorganisms, and it
is not metabolized within the body [5]. PFH is also currently
registered for use by the U.S. Food and Drug Administration
(FDA) in an intravenously administered formulation (ImagentTM)
used as contrast agent in cardiac ultrasound imaging. The
injected dose in humans is nonmetabolized and is completely
excreted from the body within 24 h. Despite the inertness and
extreme low toxicity of PFH, there are concerns of toxicity
associated with potential thermal decomposition or pyrolysis
products. For instance, the MSDS for PFH states that exposure to
temperatures in excess of 200�C could result in the
decomposition of FC–72 into hydrogen fluoride and perfluor-
oisobutene (PFIB).

Table 1 Thermal properties

Heat transfer medium Surface area, m2 Flow rate, g=s Heat removed, J=s �T, �C Cp, J=kg-�C Freezing point/pour point, �C Boiling point, �C

Radiative heat 0.23 —— 1 1 —— —— ——

Exchanger water —— 0.24 1 1 4180 0 FP 100
Ammonia (liquid) —— 0.22 1 1 4450 �77 FP �33
FC–72 —— 0.91 1 1 1100 �90 PP 56
Radiator (at �33�C) 0.0056 —— 1 238 —— —— ——

Radiator (at 30�C) 0.0022 —— 1 301 —— —— ——
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PFIBwas initially identified as the cause of “Teflonflu,”which is a
highly fatal illness attributable to inhalation of Teflon decomposition
products [6] and has an acceptable exposure limit of 10 parts per
billion (ppb v=v) [7]. Subsequent studies on PFIB have shown
severe pulmonary injuries from short exposures to “high”
concentrations that may go undetected immediately after the
exposure [8].More recent tests have shown that although PFIB is still
regarded as highly toxic, ultrafine particles that are generated during
the combustion or pyrolysis of Teflon are now accepted as the
principle lethal agent [9–11].

Dependent on the presence of other chemical species,
perfluorocarbons can decompose into hydrogen fluoride (HF),
carbonyl fluoride (COF2), carbon monoxide (CO), carbon dioxide
(CO2), and perfluoro-iso-butylene [�CF3�2CCF2].

Because of the high-temperature catalytic reactor that is used in
most air revitalization systems, not only the ISSTCCS, it is necessary
to assess whether perfluorocarbons that are volatilized into an air
stream will decompose into toxic substances such as PFIB.

The PFIB formation mechanism is commonly postulated as a
series of additive reactions involving the highly reactive
fluorocarbene free radical CF2 with short chain perfluoroalkanes
and perfluoropropene. Hauptschein et al. [12], attempted thermal
dimerization of perfluoropropene under both short duration “flow”
conditions and long duration “stagnant” conditions. Perfluoropro-
pene �CF2�3 is a cycloalkane. In the first case, they found that for
contact times of about 10 s in a hot tube of 510�C at atmospheric
pressure, there was no reaction. However, after 7 h of exposure to the
same conditions in a sealed container, a 6% conversion was noted.
PFIB was not detected in reactions below 700�C. Salmon et al. [13]
conducted experiments of chlorodifluoromethane, 1,1,1,2-tet-
rafluoro-2-chloroethane, trifluoromethane, and perfluoropropene in
nitrogen at temperatures of 550 to 1000�Cwith exposure times of 2 s
at atmospheric pressure. While they were able to obtain significant
conversion of PFIB based upon the carbon content of the feed
material, they did not detect any PFIB below reactor temperatures of
700�C. They suggest a mechanism of perfluoropropane isomer-
ization to 1:C�CF3�2, a collisional stabilization, and the eventual
addition of the fluorocarbene radical.

Tortelli et al. [14], attributed the thermal stability upon the extent
of branching and bulkiness (chemical-bond steric constraint) of the
molecules. One disturbing reaction was the pyrolysis of 2,3,3-
trifluoromethylperfluoropentane that generates PFIB. The branching
similarity in the structure of 2,3,3-trifluoromethylperfluoropentane
to 2,2-dimethylperfluorobutane suggests that PFIB could be a
potential decomposition product for some perfluorohexane isomers.
Later, Tonelli and Tortelli [15] identified conditions favorable for the
formation of PFIB included the presence of a hot surface in a
perfluorocarbon-rich environment which can be accelerated by the
presence of halogen gasses such as chlorine or bromine gas.
However, it should be noted that in both of these studies, the
perfluorocarbon was sealed within a tube, either by itself or with the
other reactant (the chlorine or bromine gas) and allowed to react for a
period of at least an hour at the high temperature.

Ainagos [16] specifically examined the pyrolysis of normal
perfluorohexane at temperatures exceeding 700�C in a helium at
atmospheric pressure.While the isomer did decompose, therewas no
indication that PFIB was formed.

To assess the thermal decomposition of perfluorohexane vapor
that is applicable to removing trace contaminants in a closed-loop
life-support system, two other factors need to be considered: the
presence of air, specifically oxygen, and the residence time or the
time that the perfluorocarbon is in contact with the hot surface of the
catalytic bed.

While data are lacking for perfluorohexane isomers under these
conditions, there are data available on behaviors for perfluoroalkanes
with five carbons or less and for polymer chains that have many
carbon chains present. Arito and Soda [17] investigated the high-
temperature decomposition products of polytetrafluoroethylene
(PTFE) in both dry and wet air streams, and found that the formation
of PFIB occurred in a nitrogen stream and that the formation in PTFE

was suppressed by the presence of oxygen. No mechanism was
proposed.

Trowbridge [18] conducted a literature survey of the
decomposition of perfluorocyclobutane, perfluoroethylene, and
other polymeric perfluorocarbons such as PTFE. The presence of
oxygen suppressed the formation of PFIB, but also led to the
formation of other toxic compounds such as HF (hydrogen fluoride),
CO (carbon monoxide), COF2 (carbonyl fluoride), CF4 (methane),
andCO2 (carbon dioxide). He did cite some sources that did indicate
PFIB formation under conditions that at least initially contained
oxygen. These involved the pyrolysis of solid fluorocarbon
polymers, such as PTFE, which are high density sources of reactant
(versus gas-phase oxygen) that possibly depleted the available
oxygen before the PFIB was generated.

Trowbridge [19] later conducted an analysis of the reaction
kinetics for additional 4-carbon compounds, namely c–C4F8O,
n–C4F10 (normal-perfluorobutane) and c–C4F8 (cycloperfluorobu-
tane) and confirmed the previous literature survey and analysis.

With regard to the residence time, there have been several studies
also on this topic. Hauptschein et al., in their study found that for
short duration, “flowlike” exposure conditions, perfluoropropene
exposure to high temperature resulted in no decomposition, but batch
reactions did. Decorpo et al. [20] conducted tests on Teflon packing
around a rotating shaft. They found no PFIBwas generated when the
packing reached about 480�C for 30 s. They asserted that both the
failure of air circulation and long duration exposure of the Teflon to
the high temperatures were required before PFIB could be generated.
The argument that the air circulation needed to be stopped before the
PFIB was generated also involves the oxygen depletion argument
associated with the solid perfluorocarbon compounds.

Our investigation involved simulated thermal stressing studies of
PFH fluids under conditions likely to occur in the event of a breach in
the BXF triple containment system within the ISS and subsequently
expose the vapors to high temperature and catalyst present in the
TCCS. The PFH fluids were analyzed before and after thermal
stressing. The conditions of the thermal stressing studies such as
transit time, atmospheric gas composition, pressure, temperature,
and catalyst exposure were modeled based on TCCS operational
specifications. Please note, the terms “pyrolysis” and “thermal
stressing” are used interchangeably in this report. However, the
authors acknowledge the term thermal stressing more scientifically
defines the experiments conducted. The term pyrolysis refers to rapid
heating to high temperatures (�600–800�C) in the absence of
oxygen so thermal dissociation of chemical bonds results rather than
combustion. Our studies were conducted at subpyrolytic temper-
atures in the range of 200–450�C and some experiments were in the
presence of oxygen (air) so the strict definition of the term pyrolysis
was not met. Nonetheless, the term pyrolysis in this paper is used
generically to describe the thermal stressing experiments.

Fig. 1 Several different C6F14 perfluorohexane isomers.
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II. Fluid Purity and Composition Analyses

A. Fluid Samples

Perfluorohexane fluids were the focus of this investigation and
were obtained from commercial sources. High-purity reference
standards consisting primarily of the linear isomer, n-perfluorohex-
ane (PFH) were obtained from Aldrich Chemical Company (Lot
#18025DB) and F2Chemicals, Ltd. (Batch No. 0219C). A sample of
mixed perfluorohexane isomers with the trade name FC–72TM was
obtained from 3M Corporation. Detailed chemical composition
analyses of these samples were performed using analysis conditions
detailed in the next section.

B. Analytical Methodology

The PFH and FC–72 samples were analyzed for exact chemical
composition and impurity profile by capillary gas chromatography—
mass spectrometry (GC–MS) using both electron ionization (EI) and
negative ion chemical ionization (NICI) modes of operation. The
samples were also analyzed by gas chromatography with flame
ionization detection (GC–FID). The GC–FID analyses were
conducted to provide quantitative data on sample purity (GC area%)
due to the increased dynamic range of the GC–FID technique.
Chemical composition and identity of impurities were obtained from
the GC–MS data. The GC–MS analyses were also designed to detect
potential impurities such as HF that do not yield a signal in an FID
detector. Cryogenic GC temperature programming was employed to
provide optimum chromatographic resolution of test substances.
Details of the GC–MS and GC–FID analyses are provided next.

GC–MS analyses were performed on a Varian 3400 GC directly
interfaced to a Finnigan MAT 8230, high resolution, double
focusing, magnetic sector type mass spectrometer. Neat 0:1–1:0 �l
injections of fluorocarbon fluids were made on a
60 m � 0:25 mm inner diameter. SPB-1 (nonpolar polydimethylsi-
loxane bonded phase) capillary column containing a 1:0 �m film
thickness. The injector temperature was 220�C and an injector split
ratio of 200:1 was employed. The GC column was temperature
programmed from �30� (hold 1.0 min) to 40�C at a rate of 4�C per
minute (zero hold) then up to 260�C at a rate of 20�C perminute with
a 10min hold at the upper limit. TheGCcolumnflow ratewas 1.0ml/
min (26 psi head pressure) using helium carrier gas and the GC–MS
transfer line temperature was 260�C. MS data was recorded using
both EI (70 eV) and NICI modes of operation. In EI mode the mass
spectrometer was scanned from 20–750 amu at a rate of 0.6 s per
decade with a 0.8 s interscan time for magnet reset. The NICI
analyses were conducted using isobutane reagent gas at a source
pressure of 0.7 Torr scanningmasses 20–750 amu at a rate of 0.6 s per
decade with a 0.8 s interscan time. The filament emission current and
ionization source temperature for both the EI andNICI analyseswere
0.5 mA and 250�C, respectively. In both EI and NICI analyses, the
mass spectrometer resolution was 1000 and mass calibration was
performed using perfluorokerosene (PFK). Data were recorded and
processed using a Finnigan MAT SS300 data system and/or a
Micromass MassLynx data system.

GC–FID analyses were performed on a Varian 3400 GC using
chromatographic run conditions identical to those described for GC–
MS except the FID detector temperature was 280�C with a detector
make up gas at 30 ml=min. The GC–FID chromatograms were
recorded and processed using an SRI PeakSimple data system.

The EI and NICI MS data were interpreted to provide absolute
structure identification and/or structural characterization of
perfluorocarbon fluid components. Structural assignments were
based on comparison of EI spectra to the US National Institute of
Standards and Technology (NIST) database, by reference to an
extensive perfluorocarbon mass spectral data base compiled by one
of the authors, literature references, molecular weight confirmation
afforded by theNICI data,manual interpretation of EI andNICImass
spectral fragmentation patterns and correlation with GC retention
time index compiled from reference standards. One of the authors has
been working with perfluorocarbons used in pharmaceuticals,
medical diagnostics, anesthetics, industrial coatings, gases for
semiconductor manufacture, textiles, and other industrial applica-

tions for over 20 yr and maintains an extensive unpublished mass
spectral perfluorocarbon database, a GC retention time index and is
skilled in interpretation ofmass spectra of perfluorinated compounds
and decomposition products. Quantitative data based on GC peak
area percent was obtained from the GC–FID analyses assuming an
FID response factor of 1.0 for all detected components.

C. Results and Discussion for PFH and FC–72 Chemical

Composition

The chemical composition data from the GC–MS and GC–FID
analyses of the FC–72,Aldrich PFH, andF2Chemicals PFH samples
are summarized in Tables 2–4 respectively. From left to right, the
columns in each table list the structural assignment, molecular
weight (mol wt) and the percent composition based on GC peak area
%. The compounds are listed in order of elution from theGC (in order
of increasing boiling point). Compounds listed as trace (<0:001%)
were detected in the GC–MS analyses but were below the threshold
for reliable peak area integration in the GC–FID data. Compounds
listed as ultratrace (<0:0001%) were impurities present at
exceedingly trace concentration and were typically detected only
in the NICI-GC–MS data.

The Aldrich and F2 Chemicals, Ltd. PFH samples consist
primarily of n-perfluorohexane (99%�) along with trace impurities.
The FC–72fluid containsn-perfluorohexane as themajor component
(73.2%), significant quantities of branchedC6F14 isomers and cyclic
C6F12 species along with other trace-level impurities. The combined
percentage of C6F14 isomers in the FC–72 fluid are approximately
98.8%.

III. Fluid Decomposition Behavior at High
Temperatures: Thermal Stressing Studies

A. Test Matrix

The FC–72 and PFH perfluorocarbons listed in Sec. II above were
exposed to thermal stress conditions designed to simulate a potential
breach of the volatile fluids into the atmosphere aboard the ISS and
subsequent exposure of the vapors to high temperature and catalyst
associated with the TCCS used for air purification. The TCCS
operates at 450�C in the presence of a palladium-coated alumina
catalyst. This temperature is higher than the 200�C listed on the
MSDS for potential thermal breakdown. One potential byproduct
listed is (PFIB. PFIB’s are extremely toxic with a low threshold.

Thermal stressing tests were performed in the 200–450�C range in
the vapor phase diluted in air or inert atmosphere (nitrogen) with and
without catalyst exposure. The transit time through the thermal
reaction zone was modeled on the residence time of atmospheric
gases passing through the heated catalyst in the TCCS and the
experiments were conducted at or near atmospheric pressure. It was
desired to study the pyrolysis effect and interaction of the TCCS
catalyst material and air on these fluids. The test matrix is
summarized in Table 5.

B. Pyrolysis Apparatus

A pyrolysis system was designed and constructed specifically for
these tests. The system was designed to accurately and precisely
provide the required pyrolysis temperature in air and/or inert
atmosphere (nitrogen). Also, it provided a controlled dwell time at
the required temperature in the presence or absence of TCCS catalyst
material as required. Pyrolysis experiments were conducted under
dynamic conditions in the vapor phase in a flow of carrier gas (air or
nitrogen) so that samples remained near or only slightly above
atmospheric pressures during high temperature and/or catalyst
exposure. This better simulates a potential leak scenario in the ISS if
FC–72/PFH vapors were to enter the atmosphere and pass through
the TCCS module.

The pyrolysis apparatus is shown in Fig. 2. On the right-hand side
of the apparatus carrier gas is delivered into an injection port on the
inlet side of the system via 1

8
in: o.d. PTFE tubing and a stainless steel

(SS) quick-connect fitting. Ultra high purity air or nitrogen serve as
carrier gas and the flow rate is controlled by two-stage regulators at
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the source tanks followed by a SS needle valve for fine control. The
flow rate through the system was calibrated and adjusted to
100 ml=min. measured at the outlet exhaust using a NIST-traceable
digital flow meter. The injection port consists of a SS injection body
equipped with a Teflon-faced, high-temperature stable, silicone
rubber septum (Supelco Thermogreen LB-2). The injector is
connected to the pyrolysis chamber by a 25 cm length of 1

4
in: o.d.

glass lined SS tubing (GLT) that acts as a thermal insulator to prevent
the injector and carrier gas inlet from overheating.

The pyrolysis chamber consists of a 30 cm length of type 316 SS
tubing with a 1 cm i.d. The tube is connected to the inlet and outlet
ports using SS Swagelock reducing unions. The pyrolysis
experiments are run with the tube empty (no TCCS catalyst
exposure) or packedwith TCCS catalystmaterial.When packedwith
catalyst, the column contained 15.0 g of pellets (0.5% palladium on

alumina, Engelhard Lot 3550) held in place by two plugs of
preconditioned fused silica wool (precleaned by solvent extraction
and high-temperature bakeout). The pyrolysis tube is heated with a
high-wattage, coiled 1

8
in: diameter 120VAC cable heater. Feedback

control for the digital temperature controller was provided by a SS
sheathed J-type thermocouple (Watlow) inserted into the middle of
the thermal reaction tube and held in place by a welded 1

16
in:

Swagelock tube fitting. The heating tube is wrapped with several
layers of glass fiber tape for thermal insulation.

Heating control was maintained with a precision of�1:0�C using
a digital temperature controller (Omega) with thermocouple
feedback control. Temperature control was calibrated to internal tube
temperature with normal flow of carrier gas. The controller can be
viewed at the bottom center of Fig. 2. The outlet of the pyrolysis
apparatus consists of a 15 cm long 1

8
in: o.d. GLT transfer line

Table 2 GC–MS/GC–FID profile of FC–72

Structural assignment mol wt GC area %

n-perfluorobutane 238 Trace (<0:001%)
n-perfluoropentane 288 Trace (<0:001%)
Perfluoro-2-methylbutane (perfluoroisopentane) 288 Trace (<0:001%)
C6F14O isomer 354 Trace (<0:001%)
n-perfluorohexane 338 73.200
Perfluoro-2-methylpentane (perfluoroisohexane) 338 17.892
Perfluoro-3-methylpentane 338 5.954
Perfluorocyclohexane 300 1.105
Perfluoro-2; 3-dimethylbutane� perfluoro-2; 2-dimethylbutane 338 1.723
Perfluoromethylcyclopentane 300 0.126
n-perfluoroheptane 388 Trace (<0:001%)
Perfluoro-2-methylhexane (perfluoroisoheptane) 388 Trace (<0:001%)
C7F14 isomer 350 Ultratrace (<0:0001%)
C7F14 isomer 350 Ultratrace (<0:0001%)
C7F14 isomer 350 Ultratrace (<0:0001%)
C7F14 isomer 350 Ultratrace (<0:0001%)
C8F16O isomer 416 Trace (<0:001%)
n-perfluorooctane 438 Trace (<0:001%)
Perfluoro-2-methylheptane 438 Trace (<0:001%)
Perfluoro-3-methylheptane 438 Trace (<0:001%)
C8F16O isomer 416 Ultratrace (<0:0001%)
C8F16O isomer 416 Trace (<0:001%)
C8F16O isomer 416 Trace (<0:001%)
C8F16O isomer 416 Ultratrace (<0:0001%)
C8F16 isomer 400 Ultratrace (<0:0001%)
C8F16O isomer 416 Ultratrace (<0:0001%)
C8F16 isomer 400 Ultratrace (<0:0001%)

Table 3 GC–MS/GC–FID profile of Aldrich lot No. 18025DB PFH

Peak assignment mol wt GC area %

C6F14O isomer 354 Trace (<0:001%)
n-perfluorohexane (PFH) 338 99.399
Perfluorocyclohexane 300 Trace (<0:001%)
C6F12O isomer 316 Ultratrace (<0:0001%)
C6F12O isomer 316 Ultratrace (<0:0001%)
Perfluoromethylcyclopentane 300 0.019
C7F14 isomer (C7 perfluorocarbon with one ring or double bond) 350 Ultratrace (<0:0001%)
C7F14 isomer (C7 perfluorocarbon with one ring or double bond) 350 Ultratrace (<0:0001%)
C6F10 isomer (C6 perfluorocarbon with two rings or double bonds) 262 Ultratrace (<0:0001%)
C6F10 isomer (C6 perfluorocarbon with two rings or double bonds) 262 0.114
C7F10 isomer (C7 perfluorocarbon with three rings or double bonds) 274 Ultratrace (<0:0001%)
C7F10 isomer (C7 perfluorocarbon with three rings or double bonds) 274 Ultratrace (<0:0001%)
n-perfluorooctane 438 0.021
n-perfluorohexyl-1-hydride 320 0.047
C6F10 isomer (C6 perfluorocarbon with two rings or double bonds) 262 Ultratrace (<0:0001%)
C6F8 isomer (C6 perfluorocarbon with three rings or double bonds) 224 Ultratrace (<0:0001%)
C6F8 isomer (C6 perfluorocarbon with two rings or double bonds) 224 Ultratrace (<0:0001%)
C6F8 isomer (C6 perfluorocarbon with two rings or double bonds) 224 Ultratrace (<0:0001%)
C10F20 isomer (C10 perfluorocarbon with one ring or double bond) 500 0.045
C10F18 isomer (C10 perfluorocarbon with two rings or double bonds) 462 0.067
C10F18 isomer (C10 perfluorocarbon with two rings or double bonds) 462 0.185
Perfluorocarbon monohydride possibly perfluorodecyl-1-hydride 520 0.104
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terminating in a side-port SS needle adapter. SS Swagelock unions
are used for connections to the pyrolysis tube and needle.

Please note that the entire pyrolysis apparatus is constructed
entirely of inert materials such as type 316 SS, GLT tubing and
Teflon. All ferrules and fittings in the high-temperature zones were
SS. No elastomeric O-rings or rubber seals were used as these can
outgas contaminants when heated.

C. Pyrolysis of FC–72/PFH Samples

Before conducting pyrolysis experiments on the fluorocarbons,
the carrier gas flow was initiated and calibrated and the desired
temperature was set on the pyrolysis tube. The system was then
allowed to equilibrate and bake out for approximately 60 min to vent
off any trace contaminants potentially outgassing from the
construction materials or catalyst. A 1.0 l Tedlar gas sampling bag
was then connected to the needle adapter outlet and a method blank
was collected and analyzed to verify a clean system. Finally,
pyrolysis experiments were then conducted on the perfluorocarbon
samples.

In a pyrolysis experiment, a 1.0 l Tedlar gas sampling bag was
connected to the needle adapter of the preconditioned system by
piercing through a septum on the bag. As carrier gas is flowing
through the system at a rate of 100 ml=min., the bag inflates. For the
actual pyrolysis experiment, 1.0 ml of the fluorocarbon liquid was
then injected into the apparatus with the use of a gas-tight syringe at
the rate of approximately 1.0ml perminute. Thefluorocarbon liquids
vaporize in the injector and the vapors are swiftly moved through the
pyrolysis tube by the carrier gas and the pyrolysis products are
collected into the Tedlar bag. Sample collection was allowed to
proceed for approximately 10min until the Tedlar bags were filled to
capacity. Bags were then removed and stored for a short period
before chemical analysis by GC–MS and GC–FID.

Dwell time of fluorocarbon vapor in the pyrolysis zone was
estimated based on linear carrier velocity of the purge gas and dead
volume inside the apparatus. Dead volume of the system was
measured after the pyrolysis experiments by filling up the apparatus
with water and measuring its volume. The empty system without the
TCCS catalyst packing had a dead volume of 27.5 ml, whereas the
system with the TCCS catalyst had a dead volume of 18.5 ml.
Assuming a constant carrier gas flow rate of 100 ml=min and no
back diffusion of vapor into the system from the Tedlar bag, the
minimum dwell time for samples in the thermal zone were calculated
to be approximately 17 s for the empty system and 11 s for the TCCS
catalyst-containing system. If back diffusion of sample from the
Tedlar bag occurred during the pyrolysis experiments the maximum
possible dwell time for any fluorocarbon contact with the thermal
zone would be 10 min, which was the duration of the entire
experiment. However, this latter scenario is unlikely because the
needle gauge on the outlet of the apparatus is narrow and the sample

and carrier gas exit the system under slight positive pressure, which
would be expected to prevent any significant level of back-
streaming. The dwell time of atmospheric gases passing through the
TCCS on the ISS is reportedly less than 2 s [21].

D. Analysis of FC–72/PFH Samples

Following collection of perfluorocarbon samples after pyrolysis
under the specified conditions, the samples were subjected to
complete chemical analysis by GC–MS and by GC–FID and a mass
balance was performed. The samples were carefully checked for
changes in chemical composition by comparing the pyrolysis data to
the analysis results performed previously on the neat liquids before
exposure. For the mass balance, 1.0 ml of each perfluorocarbon fluid
was injected into a 1.0 L Tedlar bag, evaporated into the gas phase
and diluted to volume with nitrogen. Tedlar bags prepared in this
manner as well as samples collected after pyrolysis were analyzed by
GC–FID. The total area under the curve (AUC) of the GC–FID
chromatograms before and after pyrolysis was used to calculatemass
balance for the experiments.

The PFH and FC–72 pyrolysis samples were analyzed in the gas
phase directly sampled from the Tedlar bags by capillary GC–MS
using both EI and NICI modes of operation. The samples were also
analyzed by GC–FID. The GC–FID analyses were conducted to
provide quantitative data on sample purity (GC area %) and for mass
balance following the pyrolysis exposure. TheGC–MSandGC–FID
analysis conditions were identical to those already described in
Sec. II for the structure and impurity profiling of the neat liquids with
only slight modification for sample injection technique. The
pyrolysis gases were analyzed by injecting 0.1–0.25 ml aliquots of
vapor from the Tedlar gas sampling bags using a preheated, 1.0 ml
volume gas-tight syringe equipped with an on/off valve (Dynatech
Pressure-LokTM).

E. Perfluoroisobutylene Specific Analysis

Because of the known high toxicity of PFIB, specific ultrahigh
sensitivity analyses were performed for this compound to check if it
is produced as a pyrolysis product of any of the perfluorocarbon
liquids. A certified analytical reference sample of PFIB was
purchased at a concentration of 33.17 ppm v=v in nitrogen fromScott
Specialty Gases (Plumsteadville, PA). A gas-phase serial dilution of
this samplewas prepared in nitrogen to prepare aworking standard at

Table 4 GC–MS/GC–FID profile of F2 Chemicals, Ltd., PFH, batch

No. 0219C

Peak assignment mol wt GC area %

Perfluorocyclopentane 250 0.108
n-perfluorohexane 338 99.679
Perfluoro-2-methylpentane (perfluoroisohexane) 338 0.190
n-perfluorohexyl-1-hydride 320 0.012
n-perfluorobutyl-1-iodide 346 0.010

Table 5 Pyrolysis testing matrix for FC–72 and PFH fluids

Variable Samples Pyrolysis condition

A FC–72 and Aldrich PFH 200�C in air, no TCCS catalyst
B FC–72 and Aldrich PFH 300�C in air, no TCCS catalyst
C FC–72 and Aldrich PFH 450�C in inert atmosphere (nitrogen), no TCCS catalyst
D FC–72 and Aldrich PFH 450�C in air, no TCCS catalyst
E FC–72 and Aldrich PFH� 2 replicates of F2 Chemicals, Ltd., PFH 450�C in air, with TCCS catalyst

Fig. 2 Apparatus for pyrolysis testing of PFH/FC–72 samples.
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a final concentration of 33.17 ppb v=v. The 33.17 ppb reference
standard of PFIB was used to validate the detection limit of this
compound using GC–MS in NICI mode using the exact same
conditions as for pyrolysis study samples.

F. Results and Discussion for PFH/FC–72 Thermal Stressing Studies

The results of the pyrolysis study are summarized in Table 6.None
of the perfluorocarbon study samples were significantly degraded by
any of the pyrolysis conditions. Mass balance before and after
pyrolysis confirmed this result quantitatively. Table 6 lists the
percentage of PFH in the initial liquid samples and following
pyrolysis under the various study conditions. Please note that for FC–
72, the percentages listed are the sum of branched plus linear C6F14

isomers. As far as the major components of all samples are
concerned, essentially no decomposition was noted under any of the
pyrolysis conditions. Some decomposition of trace-level impurities
associated with the Aldrich and F2 Chemicals PFH samples was
noted. These samples contain trace impurities of compounds such as
linear perfluorocarbon monohydrides and monoiodides and some
unsaturated or cyclic-unsaturated perfluorocarbons. The more
aggressive pyrolysis conditions were found to degrade these
impurities so they were no longer present in the samples following
pyrolysis at the upper limit. As a consequence, the purity of PFH in
these instances actually increased slightly as the pyrolysis procedure
effectively scrubbed the samples of these impurities. This effect can
be observed as slight increases in PFH percentages in Table 6 with
increasing pyrolysis temperature. Because the impacted impurities
were at trace levels to begin with the overall effect is trivial.
Presumably, these hydrogen and iodine-containing trace-level
impurities were decomposed into nonvolatile radical species. Also,
at the highest temperature condition of pyrolysis, some trace level
(<0:001%) of oxygenated-perfluorocarbon decomposition products
were noted in the Aldrich and F2 Chemicals PFH samples. Some of
the unsaturated or cyclic-unsaturated trace-level impurities in the
Aldrich sample (224 mol wt C6F8 isomers and 262 mol wt C6F10

isomer) disappeared following pyrolysis and several trace-level
oxygenated–perfluorocarbon pyrolysis products appeared. Presum-
ably, these compounds are oxidation products of the unsaturated or
cyclic-unsaturated impurities originally present in the virgin Aldrich
PFH liquid.

No trace of PFIB was detected in any of the test samples. This
compound was specifically monitored in all samples by GC–MS in
NICI mode. The limit of detection for this compound was validated
using an analytical reference standard to be at least 33.17 ppb
concentration. However, the strong SNR (2:33 � 103) of the PFIB
peak in the NICI-GC–MS data indicates the estimated lower limit of
detection is at least 10 ppb.

IV. Conclusions

Fluid purity studies showed FC–72 to be only 73.2% pure n-
perfluorohexane. The PFH fluids from Aldrich and F2 Chemicals,
Ltd. were shown to contain 99.4 and 99.7% n-perfluorohexane,
respectively. In addition to the safety aspects, the purer fluid also
yields better science results due to the pure fluid having only one
discreet boiling point. Isomers of perfluorohexane have slightly
different boiling points.

The FC–72 and PFH samples from Aldrich and F2 Chemicals,
Ltd., showed no significant degradation following pyrolysis even
under the most aggressive study conditions of 450�C in air in the
presence of TCCS catalyst material. Some trace-level impurities
associated with the Aldrich and/or F2 Chemicals PFH samples such
as linear perfluorocarbon monohydrides or monoiodides were
destroyed by pyrolysis at the upper limit and the purity of PFH
following pyrolysis actually increased slightly as a consequence. The
virgin Aldrich PFH sample contains some trace-level unsaturated or
cyclic-unsaturated perfluorocarbon impurities that presumably
oxidized during pyrolysis at the upper limit forming some trace level
(<0:001%) oxygenated-perfluorocarbon decomposition products.
For example, it is postulated that compounds such as
perfluorocyclohexene are oxidized into compounds such as
perfluorocyclohexanone.

No trace of PFIB was observed in any of the perfluorocarbon
samples before or after pyrolysis. The detection limit of the analytical
method for PFIB was validated at 33:17 ppb v=v but was estimated
to be at least 10 ppb v=v based on the strong observed signal-to-noise
ratio (2:33 � 103) in the NICI-GC–MS data.

Testing and analyses are also underway regarding two other 3M
fluorocarbon engineering fluids, HFE-7000 (methyl perfluoropropyl
ether) and HFE-7500 (2-trifluoromethyl-3-ethoxydodecafluorohex-
ane).

Fluorocarbon fluids hold great promise in future space-based heat
transfer applications. These fluids could potentially reduce size and
weight of heat transfer apparatuses while vastly improving
performance. The work presented here and the work being
performed on other fluorocarbon fluids is not only applicable for the
specific space experiments for which they were originally intended,
but rather also represents a stepping stone in getting these and other
fluorocarbon fluids approved for general heat transfer applications in
future space missions.
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