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Abstract

For analytical purpose, thermal desorption is now used in gas chromatographs developed to analyse
the chemical composition of planetary environments. Due to technical constraints, the thermal
desorption cannot be as finely controlled as in the laboratory resulting in possible thermal alteration
of the adsorbents used. For these reasons, the influence of heat on physical and chemical properties
of various adsorbents, either used or that could be used in gas chromatographs for space
exploration, is studied. If the adsorbents made of carbon molecular sieves and graphitised carbon
black that were tested show a very high thermal stability up to 800°C, the porous polymers tested
are highly degraded from a minimum temperature that depends on the nature of the polymer. Poly-
2,6-diphenylphenylene oxide is shown to be the more thermally robust as it is degraded at higher
temperatures, confirming it is currently the best choice for analysing organic molecules with a space
instrument. Finally, the products of degradation of the porous polymers tested were analysed after
heating the porous polymers at 400°C and 800°C. They were identified and listed as potential
contaminants of analyses performed with this type of adsorbent. If the exposure to the higher
temperature produces numerous organic compounds, mainly aromatic ones, a few ones are also
detected at the lower temperature tested, meaning they should be considered as potential
contaminants. Again poly-2,6-diphenylphenylene oxide should be preferred because it releases less
organic compounds, the structure of which is completely specific to the adsorbent composition.

Highlights
Thermal evolution of adsorbents used for GC in space exploration is studied up to 800°C

Graphitised carbon blacks and molecular sieves are thermally stable
Porous polymers are drastically degraded by the heat

Potential organic contaminants produced by porous polymers are tentatively identified and listed
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Thermal desorption
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Space exploration
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1. Introduction

Gas chromatography has been used for decades for space exploration [1]. Due to its robustness and
relative technical simplicity, this instrumentation has been part of the scientific payload of several
space probes that explored Venus [2], Mars [3, 4], comets [5] and even Titan [6]. It is used for the
analysis of the chemical composition of the atmospheres, and of condensed materials collected at
the surface or in the atmospheres of these bodies. It is favoured to characterize the molecular
composition of complex samples containing, or releasing, numerous gaseous compounds which
cannot be directly identified with spectrometry alone (e.g. [7]). Through time, the complexity of
space experiments increased to get more and more information from the analysed samples.

In particular, the preparation of samples (mainly the solid ones) has become more and more complex
for gas chromatography in space exploration, to reach the ambitious scientific goals of the
instruments, and to meet the technical constraints imposed by the flight of the space probes and the
in situ operations. For the last chromatographs we built to explore the surface of Mars, this results in
quite long times of transfer from the sampling system to the gas chromatographs. For this reason,
our team transposed the thermal desorption technique, commonly used in the laboratory to analyse
breath samples [8] or to monitor air composition [9], to space application. During the sampling
phase, it allows to trap the maximum amount of analytes (enrichment) and spatially focalize them for
the transfer duration. During the injection phase, it allows to transfer the trapped chemical species
into the chromatographic columns as fast as possible. The whole process is assumed to ensure to
have the best possible separation of the analytes with the best detection sensitivity. We did it first
successfully for the Sample Analysis at Mars (SAM) experiment onboard the Curiosity rover currently
exploring the Mars surface [3], and we will improve it for future missions, as Exomars 2020 [10].

In this frame, adsorbents of different natures are used, depending on the chemical species to be
analysed. For example, in SAM, Carbosieve is used to trap the most volatile species and Tenax® (TA
and GR) for the other volatile compounds. Some of these adsorbents have an upper temperature of
thermal stability quite close to their usual recommended operational temperature (400°C as the limit
temperature against about 300 °C for operating Tenax®). Moreover, as on Earth, despite their
interest for trapping the analytes, adsorbent can be a source of organic molecules which are finally
observed in the chromatograms with the analytes released by the sample (see [11] for an example).
Then, the compounds released by the adsorbent can be contaminants of the analysis and it is
important to limit their contribution, and to clearly identify them in order to discriminate them from
the analytes present in the samples. The knowledge of the nature of these possible contaminants
prior to the in situ measurement is of high importance because the operation limitations of space
instruments usually do not allow to perform systematic blank runs to identify background
contributions.

Usually, these by-products are produced through thermal decomposition or alteration of the
adsorbent. For space exploration, the need for building light, sturdy and relatively simple
instruments, added to the fact that environmental conditions of the instrument cannot be perfectly
stabilized, results in a much less accurate thermal control of the desorption unit compared to
laboratory instrumentation. As a consequence, some adsorbent present in the trap could be
submitted to a thermal stress (e.g. maximum temperature overshoot) sufficient to lead to an
alteration of the adsorbent. These are the main reasons why we performed a systematic study of the
behaviour of various adsorbents of interest for space application, when submitted to temperatures
up to 800°C. This article presents observed changes of physical and chemical features of different
adsorbents commonly used in analytical chemistry when submitted to thermal stress, and the
lessons learned for their use in space instrumentation specifically.
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2. Material and methods

2.1.Adsorbents

Three main types of adsorbents are commonly used for thermal desorption injection with gas
chromatography: i. carbon black for organic molecules of low to medium weight; ii. porous polymers
for organic molecules of medium to heavy weights; iii. and molecular sieves rather devoted to small
molecules and noble gases. In this work, we studied these all three types of adsorbent materials
which are listed in Table 1. We studied the all three categories of adsorbents, and we selected at
least two different adsorbents of each type to compare their behaviour when submitted to thermal
treatment.

For graphitized carbon blacks (GCB), Carbopack B is the more commonly used today but we also
tested Carbopack C. For porous polymer, Tenax® TA is a critical adsorbent for analysing the trapping
and injection of organic molecules in the experiments developed to explore the surface of Mars [3,
10], and an adsorbent commonly used to monitor the Earth atmosphere composition [12]. This is the
reason why in addition to its nature, we also studied the influence of the size of Tenax® TA particles
on its thermal behaviour. Tenax® GR is a mixture of Tenax® TA and GCB, and it is used for trapping
lower molecular weight compounds. Both Tenax® adsorbents are used in the SAM experiment [3].
Porapak Q is another type of porous polymer that could be used in a gas analyser onboard a future
Russian landing probe to the moon surface named Luna Resours [13]. Finally, among the molecular
sieves, we studied Carbosieve Sl which is also used in the SAM instrument on Mars, and Molsieve
5A which is of different chemical composition and could have an interest for future applications in
space exploration, especially for analysing very volatile organic and inorganic molecules, as well as
noble gases.

Adsorber'mt Type of Density | Specific area Particle Maxnm'u m
commercial adsorbent (g.mL?) (m%.g?) size (mesh) operating
name & 8 temperature (°C)
Carbopack C Graphitized 0.64 10 80-100 400
carbon black
Carbopack B Graphitized 0.38 100 60-80 400
carbon black
Tenax® TA Porous polymer 0.25 35 60-80 350
Tenax® TA Porous polymer 0.29 35 80-100 350
Tenax® GR Porous polymer 0.40 25 n.a. *** 350
Porapak Q Porous polymer 0.66 550 50-80 250
Carbosieve SllII* | Molecular sieve 0.72 975 n.a. 400
Molsieve 5A** | Molecular sieve 0.34 n.a. 80-120 300

Table 1: Adsorbents used in this study and their main characteristics. Data from suppliers (Supelco, Sigma-Aldrich).
*Carbosieve SlIl is a graphitized carbon black but its specific area makes places it in the molecular sieves category;
**Molsieve 5A is a zeolite carbon molecular sieve; ***Not available.

2.2.Scanning Electron Microscopy

In order to physically characterize each adsorbent studied and their possible evolution when
submitted to pyrolytic conditions, Scanning Electron Microscopy (SEM) was used. With this aim, a
few particles of each adsorbent, either taken from their original vial, or collected in the pyrolysis cup
after their heating, have been deposited on a double-sided tape composed of carbon to ensure the
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electric conduction required for performing SEM measurements. The adsorbents were analysed in
low vacuum mode at a 0.45 torr pressure with an acceleration voltage of 15 kV. The particles of
adsorbent were observed in an Environmental Scanning Electron Microscope (ESEM FEI Quanta 200).

2.3.Thermal Gravimetry Analysis and Evolved Gas Analysis

Thermal evolution study of most of the adsorbents selected were carried out using Thermal
Gravimetry Analysis (TGA). Among the thermal analysis techniques, TGA is commonly used for
characterizing the thermal properties of both inorganic and organic materials. It allows to measure
the sample mass loss as a function of the sample temperature and time. TGA analyses were
performed using a SENSYS evo (Setaram) TGA instrument, using a CALISTO software for data
recording and treatment. The samples were placed in a 100 pL platinum crucible. The average
sample mass put in the crucible was approximately 20 mg for each analysis. The samples were
heated from the ambient temperature ((20°C) to 1000°C at a 10°C.min! heating rate and in an argon
(chemically inert) atmosphere to prevent any reactivity of the sample with the carrier gas. Once the
maximum temperature was reached, the samples were kept for one hour at the final pyrolysis
temperature.

In complement to TGA, Evolved Gas Analyses (EGA) were performed to follow the chemical species
released by the adsorbents as a function of temperature throughout their heating. With this aim we
used an EGA/PY-3030D micro-oven pyrolyser (Frontier Lab), installed on the split/splitless injector of
a gas chromatograph (GC/Trace GC Ultra, Thermo Scientific) coupled to a quadrupole mass
spectrometer (MS/ISQ LT, Thermo Scientific). A short-deactivated (Siltek™ process of silicon layer
deposition, Restek) tube (2.5 m long, 0.10 mm internal diameter) made of stainless steel was
installed between the injector and the MS. This geometry is used to ensure a fast transfer of the
sample from the injector to the MS, and thus making the correlation between the sample
temperature and the volatile species detected with MS easy. Moreover, the gas flow restriction
induced by the capillary tube allows to maintain the pressure in the MS sufficiently low to operate it.
The main operating conditions of the GC-MS instrument were set as follows: the injector was used in
the split mode at a temperature of 250°C; the column temperature was kept at 250°C and the carrier
gas (Helium, 99.9999% purity, Air Liquide) flow rate was set constant to 0.5 mL.min with a split flow
rate of 10 mL.min™. The GC to MS transfer line was heated at 250°C as the electron ionization ion
source. The ionization energy was 70 eV and the ions produced were scanned in the 12 to 650 m/z
range.

For pyrolysis, we applied the following program of temperature to all the adsorbents: 280°C for 30
min, then heating at 10°C.min! up to 800°C that was maintained for 5 min. The total time of the
sequence was 82 min during which the mass spectrometer recorded the signal. Knowing the program
of temperature of the pyrolyser as a function of time, the EGA curves representing the MS response
as a function of the sample temperature can have been simply obtained by converting the time of
analysis in temperature. A mass of 5.0£0.1 mg of each adsorbent was pyrolyzed. It was chosen as a
trade-off between the sensitivity of the method and the saturation of the MS signal.

2.4.Gas Chromatography-Mass Spectrometry analysis of the products of decomposition of the
adsorbents

The goal of this measurement is the identification of the products of degradation of the
adsorbents, if they exist, as they can be possible contaminants in the chromatograms. With this aim,
the same experimental set-up as described for the EGA measurements was used. Only the
deactivated tube was replaced by a MXT-5 (Restek) chromatographic column with the following
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geometry: 30 m long, 0.25 mm internal diameter and 0.25 um stationary phase film thickness. This is
a metallic column (Siltek™ process) with a stationary phase made of poly diphenyl (5%) dimethyl
(95%) siloxane bonded to the deactivated inner wall of the column. The operating conditions were
similar except the flow rate that was set to 1.0 mL.min™ constant, and the program of temperature
was 35°C for 2 min then heating at 10°C.min™! up to 300°C maintained for 3 min. The MS was used in
the full scan mode to detect all the ions in the 10-450 m/z range. The mass spectrum of the chemical
species detected were compared to those of the National Institute of Standards and Technology
(NIST) reference mass spectra library for identification. The less retained compounds (up to about 20
min retention) are identified with a significant degree of confidence. The more retained compounds
have a more complex structure and usually a lower signal to noise ratio that increase the uncertainty
of the mass spectra. The identification of the corresponding chemical species can be considered as
essentially tentative. But the chemical structures given should be quite similar to the detected
molecule’s one.

As the adsorbents are heated too slowly to perform a brief injection of the gases released into
the chromatographic column, a cryofocusing system (Frontier) was used to cool down the head of
the column at the liquid dinitrogen temperature throughout the pyrolysis, and then to inject the
species condensed in a small volume by stopping the cryocooling and heating the column. For each
adsorbent studied, a specific program of temperature was used for pyrolysis. The different pyrolysis
steps are summarized in Table 2 for each adsorbent. After each step, the molecular species released
after reaching the final temperature were analysed with GC-MS. Prior to perform the pyrolysis itself,
a first step consisted in desorbing the species trapped on the adsorbent by heating them at 280°C for
20 min, temperature to which the tested adsorbents are not decomposed, as observed on the EGA
and TGA analyses (even if Porapak Q could be slightly degraded), and because 280°C is very close to
the upper temperatures (300-350°C) usually used to clean the adsorbents in order to limit the
possible contamination [14-16].

For this study, we focused only on the main materials that were observed to decompose
thermally, meaning Tenax® TA (60-80 mesh) and Porapak Q. Figure 1 shows the chemical structure of
these two organic polymers. Tenax® GR was not studied as it is composed in part of Tenax® TA which
is the source of the mass loss observed using TGA. 5.0£0.1 mg of material was introduced in the
pyrolyser for Tenax® TA (60-80 mesh) and Carbosieve SlllI, and 1.0+0.1 mg of material for Porapak Q.

Adsorbent Initial First pyrolysis step Second pyrolysis step
temperature

Carbosieve SllI 80°C (5 min) | 10°C.min"t up to 300°C (5 min) | 10°C.min"t up to 800°C (3 min)

Tenax® TA 280°C (5 min) | 10°C.min up to 400°C (3 min) | 10°C.min* up to 800°C (3 min)
(60-80 mesh)

Porapak Q 280°C (5 min) | 10°C.min up to 400°C (5 min) | 10°C.min* up to 800°C (3 min)

Table 2 : Pyrolysis steps used to characterize the nature of the molecules released by the adsorbents when they decompose
into volatile molecules. For Tenax® TA and Porapak™ Q were first heated at 280°C for desorbing the species trapped on the
adsorbents, before starting the pyrolysis.

3. Results and discussion
3.1.Thermal decomposition

TGA analysis

The use of TGA allowed to follow the mass loss of each sample of adsorbent as a function of the
temperature. The results obtained for all the tested adsorbents are presented in Figure 2.

On Figure 2, we can observe two general trends. First, there are adsorbents keeping their
mass almost constant up to 1000°C, the maximum temperature. This behaviour is representative of
materials which are very stable to the temperature. The corresponding adsorbents are the molecular
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sieves and the graphitized carbon blacks. The mass loss observed at the lowest temperatures (from
the ambient to =200°C) for Molsieve 5A is attributed to the desorption of atmospheric gases which
are efficiently trapped by this material. It is not observed for the carbon molecular sieves tested
which are not efficient to trap these low mass species (see [17] as an example for an application to
space science). This is not fully surprising to observe such a stability as the materials produced to
make these adsorbents are usually obtained by controlled pyrolytic processes occurring usually at
temperatures up to 700- 800°C. Now, when looking more carefully at the curves, we observe a small
loss of mass for these materials (=4% for Carbopack B, =5% for Carbosieve Slll, and =2% for Molsieve
5A), the loss occurring rather at the highest temperatures (typically above 800°C). This indicates a
very limited decomposition that should impact the superficial part of the adsorbent only or this could
be ascribed to moisture vaporization [18, 19].

Then, we observe that the adsorbents made of porous polymers are resistant to the increase of
temperature up to a threshold temperature for which they are subjects to a significant mass loss of
tens of percent. This corresponds to a massive thermal decomposition that should be accompanied
by an outgassing of volatile molecules. Once this large mass loss is finished, we observe at the higher
temperatures that the adsorbents still lose mass but at a much lower rate. It is interesting to notice
that the massive mass loss is observed at the same temperature for Tenax® TA and Tenax® GR, as the
material decomposing for both adsorbents is the same, i.e. Tenax® TA. It shows that the presence of
graphitized carbon black in Tenax® GR does not catalyse the thermal decomposition of Tenax® TA.
Moreover, the mass loss of Tenax® GR (=45%) is about 30% less important than for Tenax® TA (=55%)
as there is only 70%wt of Tenax® TA in Tenax® GR. The results obtained are therefore consistent with
the composition of Tenax® GR. For Porapak Q, we observe that the temperature of massive mass loss
is lower than for Tenax® TA (450°C instead of 550°C), in a range of temperatures similar to those
observed in previous studies [20], and that the mass loss is much more significant (= 80%). As for
Tenax®, after the massive mass loss, Porapak Q continues to lose mass but at a much lower rate,
down to =95%. These observations demonstrate that Porapak Q is made of a material much more
fragile to the heat than Tenax® TA.

Evolved Gas Analysis

On Figure 3 is plotted the evolution of total ion current of the mass spectrometer detector as a
function of the temperature for each adsorbent. All the adsorbents were submitted to this
diagnostic. Two main behaviours are observed.

First, all the adsorbents based on porous polymers show a significant outgassing observed
when MS detector response significantly increase. For all three Tenax® adsorbents tested, this
outgassing is observed from about 475°C to 800°C with a maximum observed at 570°C. The major
part of the gases are shown to be released from 475°C to 677°C. The major ion observed throughout
the outgassing has m/z=246, which is typical of the m/z value of the ion formed from 2,6-diphenyl-p-
phenylene oxide which is the monomer of the material composing Tenax®. For Porapak Q, the
outgassing occurs at lower temperatures, basically from 300°C to about 750°C with a maximum gas
release observed around 450°C. The major ions observed throughout the outgassing have m/z=117
and 132. These m/z values are typical from methylstyrene and ethylstyrene ions respectively. The
peak observed is broader than those observed for Tenax® and most of the outgassing occurs from
350°C to 600°C. This may due to the fact that Porapak Q is made of a copolymer of
ethylvinylbenzene/divinylbenzene, making its decomposition slower than for pure 2,6-diphenyl-p-
phenylene oxide polymer. Therefore, it can be concluded that porous polymers are not chemically
stable when heated up to 800°C, resulting in a probable loss of their adsorption properties and a
possible contamination of the analytical set up with the gaseous molecular species produced if the
minimum temperature at which they decompose is reached. As Porapak Q releases gases at lower
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temperature than Tenax®, it means it is more fragile when submitted to thermal stress. This explains
why its maximum operating temperature recommended by the suppliers is much lower for Porapak
Q compared to Tenax® (Table 1). It can be noticed that these maximum operating temperatures are
effectively lower than the minimum temperatures at which the porous polymers start to release
gases. It must also be underlined that results obtained with EGA are in agreement with the TGA
measurements.

Now focusing on the different Tenax® adsorbents studied, we observe that the outgassing is
similar for both adsorbents. The only difference observed is the peak area with more material
outgassed for Tenax® TA (60-80 mesh) and the less observed for Tenax® GR. As the mass of
adsorbent sampled is the same, it means there are chemical differences that should explain this
observation. As said for interpreting TGA data, Tenax® GR contains 70% of Tenax® TA and 30% of
graphitized carbon black, this last adsorbent being stable with the temperature. It thus results that
the Tenax® GR sample has 30% less material that can decompose compared to pure Tenax® TA and
this explains why the amount of gases observed to be released by Tenax® GR is the lowest one, the
corresponding peak area being =77% of the pure Tenax® TA peak area. Concerning the two pure
Tenax® TA samples, we observe that the adsorbent with bigger particles (60-80 mesh) releases more
gases than the adsorbent with smaller particles (80-100 mesh). It thus indicates that there is a
particle size effect in the release of products of degradation and bigger particles are more subject to
decompose than smaller ones.

On Figure 3, the second behaviour observed is an absence of gases released by the molecular
sieves and graphitized carbon blacks, whatever the temperature is. This confirms the results
obtained with TGA that shows that these adsorbents are all thermally stable up to 800°C. The only
exception to this rule is Carbopack C which shows a low outgassing around 550°C (major ions
observed have m/z=91, 105 and 119, typical from alkylated aromatic species as toluene, or
dimethylbenzene). This degassing may be due to the fact that the surface area is smaller for this
adsorbent than for the other two.

3.2.Evolution of the adsorbent grains morphology

As we demonstrated the heating of adsorbents up to 800°C could have a significant effect on
adsorbents, we tried to follow the physical evolution of the adsorbent particles with temperature.
We limited this approach to Porapak Q, Tenax® TA and Carbosieve Slll as they are representative of
the main behaviour observed for adsorbent to thermal stress and described above.

Figure 4 shows images obtained before and after heating Porapak Q adsorbent particles up to
800°C. It can be observed that the particle size drastically decreased from [(230 um down to [BO um,
but the particles keep a roughly spherical shape. This size decrease is compatible with the significant
mass loss of material observed both with TGA and EGA measurements. Looking at a given particle,
the soft and homogenous spherical shape observed before thermal treatment, changed to a multi-
faces carved surface. If we have no information about surface roughness of the particles with SEM,
the decrease of the size of the particle should drastically limit its specific surface, and then its
adsorption power. As an organic polymer, Porapak Q material should have significantly graphitized at
the temperatures used for the pyrolysis, resulting in a modification of the adsorption properties.

Figure 5 shows images obtained before and after heating Tenax® TA (60-80 mesh) adsorbent
particles to 800°C. As for Porapak Q, the particle size drastically decreased by a factor of about 2, but
the particles roughly kept their initial shape. This size decrease is compatible with the significant
mass loss of material observed with TGA and EGA measurements. Looking at a given particle, the
surface globally looks like similar before and after the heating. But looking closer to the surface, it
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seems that the highly porous and sinuous surface observed initially, was flattened by the thermal
stress. This could indicate a decrease of the porosity of the adsorbent which could induce a loss of
adsorption efficiency. Similarly, to Porapak Q, the decrease of the size of the particles, and the likely
graphitization of the polymer should drastically limit its adsorption properties.

Figure 6 shows images obtained before and after heating Carbosieve SlIl adsorbent particles to
800°C. In this case, the particles keep their original size and shape after heating them up to 800°C.
This is consistent with the absence of mass loss observed with TGA and EGA measurements. The only
change observed is related to the surface roughness of the particles. Indeed, if initially the particle
surface is flat and soft, after heating up to 800°C, we observe a fluffier material. This shows that if
Carbosieve Slll is globally thermally resistant, its structure is modified by the thermal treatment. And
this change should modify its adsorption properties as the manufacturer recommend not to use it at
temperatures higher than 400°C (Table 1).

3.3.Volatile products of degradation

The programs of temperatures used to heat the different adsorbents were defined from the
results obtained with TGA and EGA analyses. The different ranges of temperature defined
correspond to different steps of mass loss from the adsorbents observed with TGA, which may
correspond to steps of decomposition releasing different volatile molecules. By sharing the pyrolysis
in steps, we wanted to test this assumption.

Figure 7 shows the chromatograms obtained when analysing the gases released by Carbosieve
Sl after the pyrolysis. It can be observed that only a few compounds are detected. If we except the
peaks attributed to column bleeding, only methanol, water and carbon dioxide are detected.
Methanol and water are mostly observed at the lowest temperatures the adsorbent is heated,
meaning these chemical species should be mainly desorbed from the adsorbent, and that they are
not products of decomposition of Carbosieve Slll. Water comes from the atmosphere whereas
methanol probably comes from residual solvent used to clean the material used to prepare the
sample for pyrolysis. Carbon dioxide is observed on both chromatograms. This is compatible with
background CO, present in the carrier gas which is trapped by the cold trap. This analysis confirms
that Carbosieve Slll does not decompose into volatile species when heated to high temperatures, as
already shown by TGA.

Figure 8 shows the chromatograms obtained after analysing the products of pyrolysis of Tenax® TA
(60-80 mesh) for the two steps of the pyrolysis it was submitted to. Most of the chemical species
identified in these chromatograms are listed in Table 3.

For the lower pyrolysis temperatures range (from 280 to 400°C), water and carbon dioxide mainly
coming from the air present in the background of the carrier gas are detected. In addition to
products of decomposition of the column’s stationary phase, a few polyaromatic compounds are
observed late in the chromatogram. These polyaromatic molecules tentatively identified from their
mass spectra, have a structure which is compatible with products of degradation from Tenax® TA
because they include aromatic and cyclic structures that bear oxygen atoms. In spite of the detection
of these degradation products, we can notice that they are limited in number, and that they have a
really characteristic molecular structure compared to usual organic molecules targeted by the
chromatographs used for space exploration. This demonstrates that Tenax® TA is quite thermally
stable up to 400°C, confirming the observations done with TGA and EGA analyses. This also in
accordance with the maximum recommended operating temperature given by the supplier (350°C),
which should be the temperature around which these compounds should start to be released by
Tenax® TA.
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For the higher pyrolysis temperature range (Figure 8b), numerous organic compounds are detected
in addition to air and products of degradation of the column stationary phase (Table 3). Most of
these compounds are monoaromatic or polyaromatic compounds bearing oxygen or not. The two
compounds the more retained detected after the low range of temperature pyrolysis are not present
in this chromatogram. This is likely due to the higher temperatures used in this case that should
prevent the formation of these species, or that could degrade them in lighter ones. The most
abundant compounds detected in the chromatogram is the alcohol derived from 2,6-diphenyl-p-
phenylene oxide (peak #14 in Figure b). This observation is in agreement with the TGA
measurements. But many other molecules are observed in various abundances, with molecular
structures which can be easily derived from the decomposition or rearrangement of 2,6-
diphenylphenylene oxide. Then, the detected molecules must be released by Tenax® TA. This
experiment shows the dramatic effect of heating Tenax® TA at temperatures higher than 400°C
because the number and the amount of degradation compounds produced is significant. In addition
to the certain alteration of its adsorption properties, this result shows that this adsorbent must not
be heated at temperatures higher than 400°C because it can produce numerous organic molecules
that can interfere with the detection and identification of molecules present in the analysed sample.
Indeed, many of the degradation products detected (like benzene or phenol) are not strictly
characteristic of the adsorbent because these chemical species can be found in many environments,
including planetary ones [21]. Then their presence in the chromatograms measured in situ would
lead to confusing situations for the identification of molecules indigenous to the probed
environment.

As a conclusion, this study shows that Tenax® TA is quite stable when heated up to about 400°C,
releasing only a low amount of polyaromatic molecules very specific to the polymer, but Tenax® TA is
significantly degraded when heating it up 800°C, leading to the massive release of numerous
molecules susceptible to contaminate the analysis.

280-400°C first pyrolysis step (desorption) 400-800°C second pyrolysis step (degradation)
Retention Compounds name Retention Identified compounds name
time (min) time (min)
3.1 co, 3.3 1co,
3.7 H,0 5.0/B? H,0
13.7 “Stationary phase fragment 6.8/B 3benzene
18.4 Stationary phase fragment 11.4/B “toluene
21.2 Stationary phase fragment 13.8 *Stationary phase fragment
23.7 Stationary phase fragment 15.2 Sethylbenzene
26.0 Stationary phase fragment 15.7 ethynylbenzene
28.0 Stationary phase fragment 16.2 bstyrene
29.5 1,1,3,3 tetramethylbuty! 17.0 methylethyl-benzene isomer
phen-2-ol®
34.4 m-tertphenyl-2-ol 17.6 propenylbenzene
40.3/B 3not identified 17.8 propylbenzene
49.3/B “not identified 18.2 benzaldehyde
18.4 *Stationary phase fragment
18.5 phenol
18.6 propenyl-2-benzene
18.9 benzofuran




194 ethenylmethylbenzene isomer
19.6 ethenylmethylbenzene isomer
19.8 propynylbenzene isomer
19.9 methylphenol isomer
20.2 acetophenone

20.9 methylbenzofuran isomer
21.2 *Stationary phase fragment
21.7 methylindene isomer
21.8 4-methylbenzylvinylether
21.9 methylindene isomer
22.3 ’Naphtalene

22.7 3-phenyl-3buten-2-one
22.8 2,3 dihydro-3-methyl Inden-1-one
23.7 *Stationary phase fragment
23.9 methyl naphthalene isomer
24.3 methyl naphthalene isomer
25.0 4-phenyl 3-butene-2-one
25.3/B 8biphenyl

25.8 diphenylmethane

26.6 methylbiphenyl isomer
26.7 methylbiphenyl isomer
27.1 Shydroxybiphenyl isomer
27.2 dibenzofuran

27.9 methylphenylphenol isomer
27.95 phenalene isomer

28.0 4-phenyl-4-cyclopentene-1,3-dione
28.2 methylphenylphenol isomer
29.3/B hydroxybiphenyl

30.3 phenanthrene

30.8 hiphenyldiol isomer
30.9 9-vinylanthracene

31.0 2-dibenzofuranol

31.1 terphenyl isomer

32.2 2phenylnaphtalene isomer

33.7 phenylmethyl naphthalene isomer
33.9/B Btertphenyl isomer
35.3/B “m-tertphenyl-2-ol

35.6 phenyldibenzofuran isomer

35.7 Bphenyldibenzofuran isomer
37.5/B %tertphenylol isomer
38.1/B 174,4 hydroxyphenoxybipheny!
38.8/B 8not identified

39.4 9-phenyl-9-fluorenol
41.4 terphenyl-phenyl isomer
42.1 4-triphenylmethylphenol
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43.3 Triphenylphenol msse 322 proeminente
44.4 Triphenylphenol
48.6 Triphenylphenol
50.6 Triphenylphenol

Table 3 : Retention time and name of each compound released by Tenax® TA (60-80 mesh) after each heating step applied
to the adsorbent. Indices refer to the peak attribution given in Figure 8. B is indicated when the corresponding peak is broad
in the chromatogram .*Chemical species written in italics are tentatively identified only, with NIST match score typically
below 800.

Figure 9 shows the chromatograms obtained after analysing the products of pyrolysis of Porapak Q
for the two steps of the pyrolysis it was submitted to. Most of the chemical species identified in
these chromatograms are listed in Table 4.

For the lower pyrolysis temperatures range (from 280 to 400°C, Figure 9a), water and carbon dioxide
mainly coming from the air present in the background of the carrier gas are detected. In addition to
products of decomposition of the column’s stationary phase, several aromatic and cyclic organic
molecules are observed in the chromatogram. The detected molecules are mostly monoaromatic
molecules which are either ramified or associated to a cyclic structure (aromatic or not). Such
molecular structures are compatible with the pyrolysis of the ethylvinylbenzene-divinylbenzene
copolymer that leads to the production of a monoaromatic motifs, combined with products of the
alteration or modification of the linear carbon chain of the polymer. Then, for this organic polymer,
the number and the amount of compounds released at relatively low temperature is significant.
Moreover, the nature of the compounds, even if they are specific to the copolymer, can be difficult
to discriminate from organic molecules indigenous to samples that can be analysed in planetary
environments, like on Titan that is a medium rich in hydrocarbons (see [22-24] for instance).
Therefore, Porapak Q is an adsorbent relatively thermally weak at 400°C, producing several organic
molecules that can interfere with the analysis of a sample. This explains why its maximum
recommended operating temperature given by the supplier (250°C) is lower than for Tenax® TA.

For the higher pyrolysis temperature range (Figure 9b), numerous organic compounds are detected
in addition to air and products of degradation of the column stationary phase (Table 4). As for low
temperature pyrolysis, the majority of the detected compounds are monoaromatic alkylated
hydrocarbons. A few biphenylic hydrocarbons are probably present in the last part of the
chromatogram, but the uncertainty in the attribution of the chemical species from comparison with
the NIST mass spectra library prevents their strict identification, as numerous peaks in this region of
the chromatogram (for retention times longer [than 30 min). These molecular groups being
characteristic from those of ethylvinylbenzene-divinylbenzene, the detected molecules must be
released by Porapak Q. As for Tenax® TA, this experiment shows the dramatic effect of heating this
adsorbent to temperatures higher than 400°C because the number and the amount of degradation
compounds produced is significant. In addition to the certain alteration of its adsorption properties,
this result shows that this adsorbent must not be heated at temperatures higher than 400°C because
it can produce numerous organic molecules that can interfere with the detection and identification
of molecules present in the analysed sample. It can also be noticed that the number of species
detected when pyrolyzing Porapak Q to 800°C is significantly higher than for Tenax® TA, showing that
ethylvinylbenzene-divinylbenzene can produce a larger variety of molecules compared to 2,6-
diphenylphenylene oxide.

As a conclusion, this study shows that Porapak Q is relatively unstable when thermally stressed. Its
use requires to limit strictly its heating to relatively low temperatures (250°C from the supplier)
whether it should start to produce many organic molecules susceptible to contaminate the analysis.

11



280-400°C first pyrolysis step (desorption)

400-800°C second pyrolysis step (degradation)

Retention Identified compounds name Retention Identified compounds name
time time
(min) (min)
3.1 'co, 3.2 'co,
3.8 2H,0 3.4 butene isomer
13.6 * Stationary phase fragment 4.1/ 2H,0
16.0 3styrene 5.4 isobutyronitrile
17.9 ethylmethylbenzene isomer 6.2 3benzene
18.4 Stationary phase fragment 11.1 “toluene
18.7 ‘propenyl-2-benzene 13.7 * Stationary phase fragment
20.5/B Sethenylethylbenzene isomer 15.1 ethylbenzene
20,7/B Sethenylethylbenzene isomer
21.0 diethenylbenzene isomer 15.5/B Sxylene isomer
21.3 diethenylbenzene isomer 16.3/B Sstyrene
21.8 methylbutenylbenzene® 17.9/B “ethylmethylbenzene isomer
22.2 ®not identified 18.5 * Stationary phase fragment
22.4 not identified 18.9 8 propenyl-2-benzene
22.7 not identified 19.4 methylmethylethylbenzene isomer
23.4 ethylphenylethanone isomer 19.8 diethylbenzene isomer
23.7 7 phenylbutenone isomer 20.0 diethylbenzene isomer
24.0 phenylbutenone isomer 20.8/B % ethenylethylbenzene isomer
32.2 not identified 21.4 diethenylbenzene isomer
324 not identified 21.5 methylbutenylbenzene
32.6 not identified 21.9 ethenyltrimethylbenzene isomer
221 not identified
22.2 ethenyltrimethylbenzene isomer
22.3 not identified
22.5 ©not identified
22.8 ethylindene
23.1 methyleneethylmethylbenzene isomer
23.4 ethylmethylethylbenzene isomer
23.6 bismethylethenylbenzene isomer
23.8/B 1 phenylbutenone isomer
24.1/B 12 phenylbutenone isomer
24.9 Bmethylethenylphenylethanone
isomer
25.1 phenylbutenone isomer
25.2 not attributed
25.3 methylethenylphenylethanone isomer
25.4 vinylbenzoic acid isomer
25.9 biphenyl
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26.5 methylbiphenyl isomer

27.0 methylbiphenyl isomer
From 28 Numerous peaks which cannot be
to 41 identified from their spectrum. But

their spectrum contains ions typical
from monoaromatic fragments for
most of them

30.5 bisphenylmethylpropane

31.0 diphenylpentene

Table 4: Retention time and name for each compound released by Porapak Q after each heating step applied to the
adsorbent. Indices refer to the peak attribution given in Figure 9. °B is indicated when the corresponding peak is broad in the
chromatogram .PChemical species written in italics are tentatively identified only, with NIST match score typically below 800.

4. Conclusion

Among the adsorbents used, or that could be potentially used, in the development of instruments for
space exploration, this study shows that carbon molecular sieves and graphitized carbon blacks are
mechanically and chemically inert materials when submitted to temperatures usually used for
thermal desorption (LBO0°C) and pyrolysis (800°C). Without presuming about the effect of thermal
treatment on the adsorption properties of these materials, this result proves that these adsorbents
can be used without any risk of contamination or degradation of the analytical system. Concerning
the porous polymers tested, both are fragile materials when submitted to temperatures higher than
[BO0°C but Tenax® TA is more robust as a significant degradation is observed only from 600°C. As
these adsorbents have similar adsorption properties, this means that Tenax® TA should be preferred
as it is more able to resist to local or global overheats that can occur in space instrumentation.
Moreover, Porapak Q produces more organic degradation products than Tenax® TA, which should be
difficult to discriminate from analytes because they are mostly common monoaromatic
hydrocarbons. Tenax® TA produces volatile degradation products which can be more easily
identified due to their specific molecular structure, at least at reasonable temperatures relevant to
thermal desorption ([BO0°C). These results therefore strengthen the choice of adsorbents that were,
or are still used for thermal desorption in space instrumentation, and they will be useful for the
development of new instruments, and for the interpretation of the data collected in the planetary
environments explored.
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