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Abstract

Introduction. The PhD work has been performed at Institute of Astrophysics and Space Planetology (IAPS-
INAF) in the framework of the two projects VISTA (Volatile In-Situ Thermogravimeter Analyser) and CAM
(Contamination Assessment Microbalance), funded by Italian Space Agency and European Space Agency,
respectively, both aiming at developing a microbalance sensor for space mission applications, i.e. to study
the minor bodies of Solar System (i.e., ESA-M5 Missions Call, MarcoPolo-M5, Akon, JEM and Castalia) by
measuring in-situ volatiles material of scientific interest (VISTA project) and to assess the contamination
issue (CAM project).

VISTA is a miniaturized thermogravimeter (composed by Piezoelectric Crystal Microbalance and the related
Proximity Electronics), based on Thermogravimetric Analysis (TGA), i.e. a widely used technique to
monitor the processes involving compounds, i.e. absorption/desorption and evaporation/sublimation. Thanks
to the variation in the microbalance oscillation frequency it is possible to estimate the sample mass
loss/deposited from thermal cycles. VISTA is composed of two sensor heads, i.e. the Sensor Head 1 (SH1)
for in-orbit contamination measurements from outgassing processes and Sensor Head 2 (SH2) for planetary
in-situ measurements, respectively. The breadboard and the Engineering Model of VISTA SH1 have been
developed for ESA Project, i.e. CAM, an Invitation to Tender of European Space Agency (EMITS-ESA)
aiming at developing a thermogravimeter for contamination measurements in space, leaded by IAPS-INAF
and developed by a consortium of three Italian institutes and one Industry. The VISTA SH2 breadboard has
been developed in the framework of MarcoPolo-R Mission, where VISTA was part of the scientific payload.
Obijectives. In this work, the VISTA capability to monitor the contamination processes in space environment
and for the study of planetary surfaces and atmospheres has been demonstrated as well as the good capability
of sensor heads to monitoring and to characterizing a contaminant source and organic compounds by
realizing TGA cycles and Effusion Method (EM) to obtain the vapor pressures and enthalpy of sublimation.
Material and Method. The first phase of the work was based on the study of Volatile Organic Compounds
(VOCs): 1) in planetary atmospheres including their physical-chemical properties and their connections with
the atmospheric aerosol sources (biogenic and anthropogenic); 2) in space, coming from outgassing
processes of materials exposed to space environment, and the related instrumentation issues. Thus, organic
compounds (found in Carbonaceous Chondrite meteorites and in Earth's VOCs) have been selected to
perform deposition processes and TGA cycles obtaining a complete characterization with SH1 and SH2. The
vapor pressures and enthalpy of sublimation were identified as those thermochemical parameters able to
characterize a kinetics process regarding VOCs in planetary atmosphere and in space. Thus, a laboratory
activity was planned and divided in a first design and development phase of two laboratory setup and in a
second calibration phase of VISTA sensor heads. A third phase was devoted at performing different tests for
contamination study in space (using a contaminant source and SH1 breadboard) and for VOCs
characterization in atmosphere (using five dicarboxylic acids and SH2 breadboard). Results. The breadboards
of VISTA instrument SH1 and SH2 have been developed to monitor the contamination in space (SH1) and to
characterize organic compounds (SH2). The main results reached in the PhD work with VISTA SH1 have
been: 1) to monitor contamination processes in vacuum chamber simulating the space environment (between
5x10 to 7x10™ g/cm?); 2) the contaminant source characterization by means of TGA cycles (AT nax~60°C)
and retrieval of vapour pressure of compounds (Pi) and the enthalpy of sublimation (AHgy) by using the
Langmuir and Clausius-Clapeyron relations; 3) the sensor regeneration by means of thermal cycles by using
the integrated heaters on crystal surface (with an accuracy within 0.1°C). On the other hand, the main
scientific objectives reached with VISTA SH2 have been: 1) the volatiles material measurement deposited on
the sensor surface at different temperatures by using the Effusion Method simulating the asteroidal/cometary
environment; 2) the characterization of VOCs, i.e. dicarboxylic acids, by calculating the enthalpy of
sublimation (AHg,) with Van't Hoff relation. Conclusion. In this work, the VISTA SH1 and SH2
Breadboards have been designed and developed as well as two different laboratory set-up to verify the
capability of SH1 and SH2 to monitor a contamination process and to characterize a pure organic compound,
respectively, using TGA cycles and EM. The enthalpies of sublimation results obtained with SH1 from one
contaminant source (adipic acid) using TGA and EM, are in agreement within 3.5% while the enthalpies of
sublimation obtained for five dicarboxylic acids and using EM, are in agreement within 6% (oxalic, succinic
and adipic acids) and 11% (azelaic and suberic acids) with previous works. These results demonstrate the
capability of SH1 and SH2 Breadboards to detect organic contaminant and to characterize different organic
compounds presents in VOCs terrestrial atmosphere obtaining a good characterization for a pure compound.
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Chapter 1. Introduction

The study of minor bodies of the Solar System such as comets and asteroids is fundamental to understand
formation and early evolution of Solar System, including scenario of water delivery on the Earth. This
because most of the minor bodies are primitive, i.e. preserve information about the ancient solar nebula and
the first processes occurred. In particular, study of comets and asteroids received more attention thanks to the
recent missions such as the ESA mission Rosetta [Glassmeier 2007], the NASA missions NEAR-Shoemaker
[Williams 2001] and Dawn [Russell and Raymond 2011], the JAXA Hayabusa 1[Kubota 2006]. The Rosetta
mission flayed over the Asteroid 2867 Steins e 21Lutetia and studied in detail the comet 67P/Churyumov-
Gerasimenko giving some important results about the nucleus, dust and gas composition. The NASA NEAR-
Shoemaker Mission which has studied in depth the surface composition and geomorphology of the Asteroid
433 Eros . The NASA Dawn Mission whose targets were the giant asteroids 4Vesta and 1 Ceres. Finally, the
JAXA Hayabusa 1 mission mapped the asteroid Itokawa studying its surface geology and mineral
composition and returned to Earth fragments of its regolith.

In addition, Sample Return Missions such as JAXA Hayabusa 2 [Tsuda 2013] and NASA Osiris-REx [Barry
2013] are in progress and are addressed to two primitive asteroids, i.e. 101955 Bennu and 162173 Ryugu,
respectively. These missions will help the characterization and classification of these bodies and most
importantly will return pristine material to the Earth laboratories.

In the last Call for a Medium-size mission opportunity in ESA's Science Program (M5), many missions to
minor bodies are proposed: theMarcoPolo-M5 (Sample Return Mission from a primitive asteroid, i.e. 1993
HA), Akon and JEM (Europa target) and Castalia (Main Belt Comets target) will be helpful for the

characterization of Asteroids and Comets.

Volatiles detection and characterization is required during the outgassing processes which occur in space
environment aboard satellites, spacecraft and space stations (e.g. ISS, Mir) [Soares 2003, Soares and
Mikatarian 1994]. Indeed, it is well-known that observed phenomena as surface erosion (e.g. by Atomic
Oxygen, AO), weight loss, oxidation and surface bombardment (e.g. thruster firings) can degredates the
performance of telescope, optics and other sensible parts of scientific instruments [de Chambure 1997]. On
the other hand, volatiles detection in the minor bodies of Solar System and in planetary atmospheres
represent a good opportunity to understand the mineralogical history of the processes concerning the
evolution and the transformation processes in atmosphere in order to characterize the organic fraction of
atmospheric aerosols. Furthermore, specific substances (markers) can be identified in order to provide some
information on the atmospheric aerosol sources (biogenic or anthropogenic, i.e. on the Earth) [Bacco 2010,
Dirri 2016a]. In this sense, the study and monitoring of the thermodynamical and thermochemical processes

and parameters useful to characterize a compound or a mix of them should be taken into account.
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This work has been performed in the Volatile In-Situ Thermogravimeter Analyser (VISTA) activity
framework which aims at developing an instrument to detect volatiles in planetary and space environments
[Palomba 2016]. The project is led by IAPS-INAF and developed by a consortium of three Italian institutes
and one Industry. This work has take advantage of the collaboration between the VISTA-team members.
Two main project are included in these activity: Contamination Assessment Microbalance (CAM), an
Electronic Mailing Invitation to Tender System of European Space Agency (EMITS-ESA) Project aiming a
development of thermogravimeter for contamination measurements in space and VISTA-MarcoPoloR
[Palomba 2012] which aims at develop a thermogravimeter for a planetary in-situ mission on primitive
asteroid.

VISTA is a miniaturized thermogravimeter system based on Thermogravimetric Analysis (TGA), a widely
used technique to investigate deposition/sublimation and absorption/desorption processes of volatile
compounds in different environments: outgassing contamination in space, dehydration and organic
decomposition in minerals [Grady and Wright 2003, Fermo 2006]. It measures the change in mass of a
sample as a function of temperature and time. The VISTA main innovation introduced is the PCM special
design equipped with two built-in resistors, placed on the opposite faces on the crystal, acting as heater and
temperature sensor, respectively.VISTA is composed of two sensor heads, i.e. the Sensor Head 1 (SH1) for
in-orbit contamination measurements from outgassing processes and Sensor Head 2 (SH2) for planetary in-
situ measurements, respectively [Palomba 2016]. Each sensor head includes a sensing piezoelectric crystal
and related Proximity Electronics (PE).

A Engineering Model and laboratory breadboard of SH1 were developed in a EMITS-ESA Project, i.e.
CAM, which aim to design and develop a instrument for space contamination monitoring for the future ESA
payloads. For SH2, a laboratory breadboard has been developed, too.

VISTA can accomplish the following scientific goals:

a. measurement of the abundance of volatiles and organics in the asteroid regolith and measuring the
water content in the hydrate minerals;

b. measurement the cometary activity or the possible cometary-like activity;

c. monitoring sampling operations by measuring the flux of dust raised;

d. monitoring a contaminant source, simulating an outgassing process in space environment;

e. characterizing a contaminant source by realizing TGA cycles to obtain the vapor pressures and
enthalpy of sublimation;

f. evaluating the degradation of the instrumentation performance by means of the measured mass

deposited on the crystal surface.

A first phase of the work was based on Volatile Organic Compounds (VOCs) study in planetary atmospheres

including their physical-chemical properties and their connections with the atmospheric aerosol sources.
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Simultaneously, a study of VOCs detection in space come from outgassing processes of materials exposed
to space environment and the related instrumentation issues was studied in depth.

Successively, a complete study of TGA and thermochemical processes as well as a complete review for
Quartz Crystal Microbalance (QCM) sensors used for contamination in space were performed. Thus, vapor
pressures and enthalpy of sublimation were identified as those thermochemical parameters able to
characterize a kinetics process regarding VOCs in planetary atmosphere and in space. A laboratory activity
was divided in a first design and development phase of two laboratory setup and in a second calibration
phase of VISTA sensor heads. A third phase was devoted to performing different tests for contamination
study in space (using a contaminant source and SH1 breadboard) and for VOCs characterization in
atmosphere (using five dicarboxylic acids and SH2 breadboard). The dicarboxylic acids have been chosen
due to their high sublimation rates starting from 25-30°C which make them a good contaminant source and
due to their presence in the organic materials of CC (come from primitive asteroids) and in Secondary

Organic Aerosol (SOA) of terrestrial atmosphere.

The work of the thesis is divided in seven chapters. The first chapter aims to introduce the work performed
while the second chapter gives a description about VOCs and their detection in terrestrial atmospheric SOA
(as organic fraction) and in space (as contaminant), especially focusing the attention on dicarboxylic acid

compounds and their chemical-physical properties.

In the third chapter, the thermochemical relations, the physical-chemical quantity for organic compounds
characterization are introduced. The basic concept of Thermogravimetry, the working principle of

microbalance system for laboratory-use and VISTA sensor heads (SH1 and SH2) are explained in detail.

The fourth chapter gives a description of the two experimental setups designed, developed and tested for
contamination tests performed with the SH1 breadboard and for atmospheric organic compounds
characterization with the SH2 breadboard. Thermal tests, User Interface (Ul) to manage the SH1 and SH2,

vacuum system and experimental procedures are described.

The fifth chapter describes the contamination and saturation tests performed with SH1 breadboard, the data
analysis and the experimental procedure performed using a contamination source with a sufficient
sublimation rates from 25-30°C, i.e. the adipic acid. Different TGA cycles are performed (with the built-in
heaters) to regenerate the crystals and obtaining a characterization of the source by means of the enthalpy of

sublimation using the Langmuir equation. The results has been discussed and compared with previous works.

In the sixth chapter, in preparation for organic compounds characterization with SH2, the TGA data set
obtained with SH1 have been used to obtain the vapor pressures and the enthalpy of sublimation using

Clausius-Clapeyron equation. Thus, the SH2 experimental activity, i.e. deposition tests obtained with the
14
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Effusion Method (EM) are introduced. Calibration test, experimental procedure and data analysis are
described as well as the results of deposition rates and enthalpy of sublimation obtained (with Van't Hoff
equation) for five compounds, i.e. oxalic acid, succinic acid, adipic acid, suberic acid and azelaic acid. The
results have been discussed and compared with previous works. In particular, the enthalpy of sublimation
obtained with Langmuir and Clausius-Clapeyron equation and SH1 breadboard (TGA method) have been
compared with enthalpy average value obtained with Van't Hoff equation and SH2 breadboard (EM).

In the seventh chapter, the laboratory work and the results (deposition rates and enthalpy of sublimation)
obtained with different methods (TGA and EM) and breadboards (SH1 and SH2) are summarized. A
complete list of future applications, i.e. for Space Missions (ESA-M5) and Transfer Technological
Application (terrestrial atmosphere, farming business, pharmaceutical area etc.) relating to VISTA sensor

heads following the results of this thesis are described.
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Chapter 2. VOCs in terrestrial atmosphere and space

2.1 Introduction

Volatile Organic Compounds (VOCs) in terrestrial atmosphere and in space detection including their
physical-chemical processes are introduce in this chapter.

The different types of atmospheric aerosols and VOCs are described as well as the importance of their
detection in atmosphere because of their influence on the climate. In particular, markers for the Secondary
Organic Aerosol (SOA) characterization, i.e. dicarboxylic acid are identified and their chemical-physical
properties are introduced.

VOCs detection in space originate from material outgassing processes exposed to vacuum environment and
high temperature variations are also introduced. The instrumentation issues related to the contamination
processes and a review of contamination measurement performed on ISS and Mir Station and aboard
satellites and spacecraft are illustrated.

The detection of volatile materials in the planetary bodies, i.e. from comets and asteroids and their
connection with analogue materials are discussed (in particular, focusing the attention on dicarboxylic acid
compounds related to these analogue materials).

2.2. Terrestrial atmospheric aerosols

Aerosol system is a liquid and/or solid particles (diameter from 10 to 10 m) in a carrier gas. It is generally
defined as a solid suspension of liquid or solid particles in a gas able to scatter and absorb sunlight if
sufficient large [Rozaini 2012]. Aerosols interact both directly and indirectly with the Earth's radiation
budget (the aerosols scatter sunlight directly back into space) having a direct effect on climate. Because of
the large number of aerosol species in atmosphere and physical-chemical processes which occur to
create/destroy compounds, a complete characterization and monitoring of them is a tricky task. Thus, it is
necessary to identify a specific substances or a class of substances (i.e. "markers") able to provide
information about the sources (biogenic or anthropogenic) which generates the Particulate Matter (PM)
(microscopic solid or liquid particles suspended in atmosphere) in the aerosol and their permanence in
atmosphere [Bacco 2010]. Because of aerosols change their characteristics very slowly, they can be used as
tracers for atmospheric motions and generally to understand how the Earth's atmosphere moves [NASA
1996]. For example, atmospheric aerosols have been used to study the dynamics of the polar regions and the
exchange of air between the troposphere and stratosphere. Three types of aerosols are mainly present at

Earth's atmosphere and affect the climate:

1. Background aerosol (aged accumulation mode aerosol, i.e. volcanic aerosol), which forms a layer in the

stratosphere after volcanic eruptions (sulfur dioxide gas).

2. Maritime aerosol, a main component of which is sea salt.
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3a. Continental aerosol, i.e. desert dust, minute grains of dirt blown from the desert surface (clay minerals
dust).

3b. Continental aerosol, human-made aerosol, coming from process as rock erosion, smoke from burning
tropical forests (rural aerosol) and from human vehicles, industries etc. (urban aerosols, these particles can
affect the heart and lungs and cause serious health effects. Generally, urban and rural aerosols are also

identified as "primary atmospheric aerosol".

PM distinction can be done due to the presence of complex mixture of organic and inorganic substances
suspended in the air existing in different size range. The PM sources can be human-made or natural and
having impacts on climate and on human health. The US. Environmental Protection Agency (EPA) refers to

different groups of particulates which includes (Fig. 2.1):

o Suspended Particulate Matter (SPM)

e Thoracic and respirable particles

e Inhalable coarse particle, with a diameter between 2.5 and 10 um
o Fine particles with a diameter of 2.5 pm or less

e PMy, and PM,5

e Ultrafine particles

Particle Size (um)

Chemical Fertiliser, Lime

T

D T D

Figure 2.1 (Air filter information, GlobalSpec Engineering). PMs sizes and their classification.
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A significant contribution to atmospheric aerosol particles is the product formation of low volatility and
chemically processed Volatile Organic Compound (VOCs). By means of photochemical and oxidation
processes, VOCs are transformed to less volatile contributing to Secondary Organic Aerosol (SOA) [Salo
2010]. The physical pathways and identification of the low-volatility products originating from oxidation of
VOCs are not fully understood even though it is know that typical class of products from atmospheric
oxidation processes yielding SOA are the carboxylic acids class which includes a subclass: dicarboxylic
acids.

The atmospheric aerosol study has a scientific relevance due to connection between the public health and to
the particulate exposition, in particular the ultra-thin organic component of PM, s and PMy, [Ladji 2007]. The
origin of atmospheric pollutants source becoming more important on the basis of current EU Directive of
2008 on ambient air quality and cleaner air for Europe explicitly states that: “emissions of harmful air
pollutants should be avoided, prevented or reduced and appropriate objectives set for ambient air quality
taking into account relevant World Health Organization standards, guidelines and programmes” [EU 2008].
Table 2.1 shows the maximum annual concentration of PM,s and PMy, allowed by EU Directive and by
WHO (World Health Organization) air quality guidelines [EEA 2014] according to 1999 and 2008

normative, respectively.

Table 2.1 [EEA 2014]. Particulate matter concentration limits regulated by European Union directives.

Annual average Annual average Annual average Annual average
European Directive concentration allowed concentration allowed concentration allowed concentration allowed
P of PM10 (ug/m®) EU- of PM10 (ug/m?) of PM2.5 (ug/m°®) EU- of PM10 (ug/m®)
Dir WHO-Dir Dir WHO-Dir
1999 40 10 25 20
2008 20 - 10 -

The influence of the aerosol on climate is difficult to measure, especially with respect to aerosol
microphysical properties and the evaluation of anthropogenic aerosol effect. Currently, there are many
satellite missions studying aerosol distribution in the terrestrial atmosphere, such as MISR/Terra, OMI/Aura,
AVHRR, MODIS/Terra and Aqua, CALIOP/CALIPSO managed by Space Agencies [NASA 1996] while
several new missions are planned, e.g. Ukrainian project Aerosol-UA designed for remote sensing of the

aerosol microphysics and cloud properties on a global scale [Milinevsky 2015].
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2.2.1. VOC and SOA

The EPA definition of VOC means any compound of carbon, excluding carbon monoxide, carbon dioxide,
carbonic acid, metallic carbides or carbonates and ammonium carbonate, which participates in atmospheric
photochemical reactions, except those designated by EPA as having negligible photochemical reactivity
[EPA 2016].

VOCs are those organic compounds whose composition makes it possible for them to evaporate under
normal indoor atmospheric conditions of temperature and pressure. The volatility of organic compounds are
defined and classified by their boiling points because the volatility generally increase when boiling point
temperature is lower (VOC have a boiling point less than 250°C at 101.3 kPa) [EPA 2016]. VOCs are
sometimes categorized by the ease they will be emitted. For example, WHO categorizes the indoor organic
pollutants [WHO 1987] as:

e Very volatile organic compounds (VVOCs)
e Volatile organic compounds (VOCs)

e Semi-volatile organic compounds (SVOCs)

For higher volatility (i.e., lower the boiling point in air, or sublimation point in vacuum), more emission will
be produced into the air. SVOCs constitute an important class that includes phthalate esters, brominated
flame-retardants, polychlorinated biphenyls, nonionic surfactants and pesticides. Many SVOCs are produced
from chemicals used in plastics, detergents, furniture, building material components [Xu 2011]. Instead,
VVOCs compounds are difficult to measure and are found almost entirely as gases in the air rather than in

materials or on surfaces. VVOC, VOC and SVOC compounds with boiling point are described in table 2.2.

Table 2.2 [adapted from WHO 1987]. Classification of Inorganic Organic Pollutants.

Description Abbreviation  Boiling Point Range (°C) Example Compounds

VVOCs (gaseous) VVOC <0 to 50-100 Propane, butane, methyl chloride

Formaldehyde, d-Limonene, toluene,
VOCs VOC 50-100 to 240-260 acetone, ethanol (ethyl alcohol) 2-
propanol (isopropyl alcohol), hexane

Pesticides (DDT, chlordane, plasticizers
SVOCs SvoC 240-260 to 380-400 (phthalates), fire retardants (PCBs,
PBB)

VOCs oxidation leads to the formation of intermediate organics species [Aumont 2005] typically more
functionalized than their precursor compounds. These secondary species typically have lower saturation

vapor pressures allowing a gas particle partitioning, leading a SOA formation.
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SOA is mainly composed of fine particles, i.e. lower than 1-2um, [Salzen and Schlunzen 1999] from photo-
oxidation reactions with compounds in Earth's atmosphere, in particular hydroxyl radical, ozone and nitrate
radical. For example, hydrocarbons are enriched carboxyl (-COOH), carbonyl (-CO) or hydroxyl (-OH)
functional groups are transformed in ketones or carboxylic acid after several reactions. SOA formation
involves a multitude of Semi-Volatile Organic Compounds (SVOC) having complex molecular structures.
SVOC formation is suspected to be more complex with the possibility of multiple oxidation steps [Kroll and
Seinfeld 2005].

gaseous
phase
VOC particulate
i phase
svoc; < p SVO(C,
I
I
v
svoC; < » SVOC
CO+COz2

Figure 2.2 [Camredon et al. 2007]. Schematic diagram of SOA formation. The number "1" was referred to

1-octene oxidation studied.

SVOC production might require many successive oxidation steps which provide minor individual
contribution to the organic budget. In particular, the model assumed for SOA formation includes the
production of "i" species by means of single oxidation step from parent hydrocarbons and a specific
thermodynamic module for condensation (Fig. 2.2). The oxidation scheme up to CO, production has been
developed using the self-generation approach of Aumont (2005) and assuming a basic thermodynamic

absorption process [Pankow 1994] for gas/particles partitioning of low volatility species.

2.2.2. Organic fraction of VOC and SOA

Generally, a lot of aerosols transformation processes occur in the terrestrial atmosphere. Aerosols are largely
composed by inorganic species but a significant fraction of the total particulate matter is composed of

organics. These substances are typically mixed to inorganic compounds and has been determined that
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organics usually constitute 20-50% of fine aerosol mass over the continental U.S. [Brown 2013]. Organics
may also constitute a significant fraction of atmospheric aerosol even at high altitudes, which may be
important for ice formation in clouds [Salo 2010] showing an important role on atmospheric aerosol
formation and growth (due to its hygroscopic characteristic, toxicity and radiation absorption). Rogge (1993)
identified more than 80 organic compounds in atmospheric particles, including Dicarboxylic acids (identified
in cloud water samples). The occurrence of Polycyclic Aromatic Hydrocarbons (PAH), could be cause of
concern, due to their carcinogenic effects. Generally, organic compounds are related to species contains
between 5 and 10 carbon atoms (Cs-Cig), since the species with higher carbon atoms have low
concentrations, low molecular weight and high vapor pressure [Barthelmie 1997]. The organic fraction of
SOA can be formed by biogenic (80% of VOC) and anthropogenic precursor: species as Oz and H-O
(hydroxyl radical) can transform group contains hydrocarbon in carboxylic group (-COOH) and carbonyl
group (-CO) or hydroxyl (OH) compounds enriched. These reaction lead to formation of ketones, carboxylic
acids etc. Furthermore, in different samples of urban, rural and sea aerosol have been identify alkanes longer

chain, ketones, different salts, dicarboxylic acid and PAH.

2.2.3. Marker substances in SOA

Because of the wide number of VOCs transformation processes it is crucial to know the chemical-physical
properties (i.e. enthalpy, entropy, free energy) in order to characterize the organic fraction of the atmospheric
aerosol [Dirri 2016a]. In detail, specific substances (markers) or class of substances should be identified in
order to provide some information on the atmospheric aerosol sources, e.g. evaluating the transformation
degree of the organic compound and their release by primary sources [Pietrogrande 2014]. Carbohydrates
and dicarboxylic acids with low molecular weight (these latter subclass of carboxylic acids) are among the
most important groups of molecules identified in the atmospheric aerosol: they have been collected in several
sample campaigns, i.e. in the mountain range in central Europe, north Pacifica [Kawamura 1993], in urban
areas [Kawamura 2005, Yu and Fraser 2004] and Artic regions [Kawamura 2012] (oxalic acid was the most
prevalent, followed by malonic and succinic acids). Low molecular weight dicarboxylic acids are produced
in automobile exhaust, as emissions from meat cooking, and as emissions from pyrolysis of plants and other
organic material.

Photochemical reactions are also an important source of atmospheric dicarboxylic acids and probably is the
dominant pathway of their formation as measured in Los Angeles urban area [Kawamura 1993].
Dicarboxylic acids show relatively low vapor pressures and are sufficiently soluble to be present in the water
soluble fraction of atmospheric particles. Thus, it could be useful to consider these substances as molecular
tracers ("markers") providing information on the aerosol origin (biogenic or anthropogenic), i.e. on the

emission source and on the processes that the organic substances undergo in the atmosphere [Dirri 2016a].
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2.2.4. Continental and background aerosols monitoring

Although the aerosol measurement and monitoring is improved during the last decades, many questions are
already open about the competing impacts of aerosols. For example, measuring the particles within clouds
remains challenging because of different types of particles can clump together to form hybrids that are
difficult to distinguish. During the last years, the scientist have used an array of satellite, aircraft, and
ground-based instruments to monitor aerosols, e.g. the radiometer instruments which are able to quantify the
amount of electromagnetic radiation. Some properties such as Aerosol Optical Depth (AOD), i.e. a measure
of the amount of light that aerosols scatter and absorb in the atmosphere or Single Scattering Albedo (SSA),
i.e. the fraction of light that is scattered compared to the total are the main quantities measured [NASA Earth
Observatory 2016]. Satellites to monitor the AOD and in the Visible (Vis) and Near-Infrared (NIR)
spectrum, i.e. the Advanced Very High Resolution Radiometer (AVHRR) and to view and study aerosols at
more angles and wavelengths, i.e. the Multi-angle Imaging Spectroadiometer (MISR) and the Moderate
Resolution Imaging Spectroradiomer (MODIS) have been used [Mishchenko 2007, Remer 2008]. Other
instruments such as the Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observer (CALIPSO) and the
Polarization and Directionality of the Earth’s Reflectances (POLDER) are able to measure in detail the
vertical profiles of aerosol (in the plumes and clouds) and the orientation (or polarization) of light waves and
their movement through the atmosphere, respectively [NASA Earth Observatory 2016].

In particular, the studying on continental aerosol due to desert dust (e.g. Saharan dust) it's important to
understand the microphysical evolution of thin particles from the source regions with reactive gas phase
species during the long distance transport [Effiong 2011]. These properties could change the chemistry of the
troposphere influencing the radiative transfer and optical properties [Otto 2007].

The PCM sensors, in particular the Quartz Crystal Microbalance (QCM) can be used for atmospheric
monitoring, e.g. AEROSE mission. The objective of Aerosol and Oceanographic Science Expedition
(AEROSE) was to provide measurements about the dust Sahara storm and on the influence of dust particles
on atmospheric and oceanographic properties during trans-Atlantic transport. QCMs were used as deposition
surface for different types of particles (PM,s and PMyy), in order to realize in situ real time measurement
sample in various portion of the dust plume that occurred over the tropical Atlantic Ocean [Effiong 2011].
Two QCM’s have been placed inside the Howard University Van located at 8 m above mean sea level on an
Oceanographic ship. By means of Scanning Electron Microscope (SEM) analysis has been shown that they
are able to obtain a smaller samples with an high resolution in its measurements that view the size fraction of
0.15, 0.3, 0.6, 1.2 and 5.0 um. In figure 2.3 (at Right) it is possible to observe the size particles distribution
before the dust storm (QCM datal) and the evolution (at Left) of the particles during the storm exposure
(QCM data2, March 5-7, 2004).
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Figure 2.3 [Morris and Roldan 2005]. Left: atmospheric PM before the dust storm. The particulate was
between 2.5 and 0.3 pm with the peak at 1.2 um. Right: evolution of the PM detected by QCM2; the PM
detected are PM,s and PM , with a peak near 0.3 pm.

Beforehand dust storm, the aerosol dust density (March 5th) had a peak in the 1.2 micron size range while
during the storm (March 7th) a double distribution was observed in the 1.2 and 0.5 micron size range.

By means of a QCMs the flux of PM and PM, s were measured (in pg/m®) during the AEROSE campaigns.
SEM analysis confirmed the results and the capability of the QCM to reveal the different particulate. Then,
the AEROSE team encountered several dust event and completed the different measurements, giving a
unique and valuable open ocean data set, obtaining a data on the aerosol properties during and after the event
[Morris and Roldan 2005].

On the other hand, the background aerosol (i.e. volcanic aerosol) deposited into stratosphere during several
decades is also largely studied due to change the chemistry and reducing the amount of energy reaching the
lower atmosphere and the Earth's surface, cooling them. Data from satellites such as the NASA Langley
Stratospheric Aerosol and Gas Experiment Il (SAGE II) have enabled scientists to better understand the
effects of volcanic aerosols on our atmosphere [NASA 1996].

The study of volcanic solid particles present in atmosphere and the composition of volatile outgassed species
before and after a strong volcanic eruptions could be useful to provide information about the time evolution
of the volcanic activity [Casadevall 1984].

Currently, the substances monitoring emitted in volcanic areas is based on accumulation chambers which
collect the gaseous mixture coming from underground, while systems aimed at detecting volcanic particulate
are not available. The major producers of these systems are LI-COR BIOSCIENCES (USA), WEST
SYSTEM (ltaly), PASI (Italy), ADC BioScientific (UK) (with costs range: from 4000 up to 10000€). In this
framework, a PCM device can be used with a coated material (i.e. metals) in order to reveal the volcanic
gases which can be corrode the metal (e.g. gold). In addition, PCM would allow the continuous measurement

of PM, too while the small dimensions makes it easy to install in different places of the volcanic area.
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Generally, the aim of the scientists for the next future is to reduce the quantitative uncertainties on the
amount of aerosol (especially on the aerosol properties). Indeed, thermochemical properties will help to
know the aerosols behavior in the terrestrial atmosphere providing a critical information to understand the
aerosol impacts into climate models (thanks to sophisticated computer modeling) and to reduce the
uncertainties about how the climate is influenced by aerosols.

2.3. VOC detection in space

Spacecraft contamination from volatile desorption is one the main problem that engineers have to take into
account when developing a new satellites. Indeed, the solar radiation and instantaneously thermal variation
induced a difference behavior of materials which results as outgassing processes. By several decades, one of
the aim of National Aeronautics and Space Administration (NASA) and European Space Agency (ESA) was
to monitor the outgassing properties of aerospace materials based on ground and testing the outgassing
effects on spacecraft in flight [Green 2001].

During the next decades, the contamination around Satellite and Space Shuttle missions have been
monitored. In fact, when spacecrafts proceeds from Earth environments to space environment, the major part
of the satellite components can degas and major flux of contaminant can deposited on the spacecraft surfaces
or on the sensitive component of instruments (e.g. optics). In addition, the cabin leakage, thruster firings and
the solar effects complicate the contamination detecting and data analysis on ground.

Generally, for contamination detection, QCM's have been used on spacecrafts and satellites (for on-orbit
measurements of contaminations level), in various Shuttle mission (STS) and in new technologies interest
missions, e.g. Midcourse Space Experiment (MSX). The first task to avoid contamination was to accumulate
data from facilities using QCMs to measure the outgassing rates for satellite materials. Specially, the
American Society for Testing Materials (ASTM) E-1559 standard method (established procedure in 1993)
[Garrett 1995] has been used to evaluate the satellite materials outgassing. This test method allows the total
mass loss to be determined through the use of 2 to 4 quartz crystal microbalances cooled to various
temperatures [Green 2001]. In particular, two procedures (A and B) can be used for determining the
outgassing kinetics. Method A can use a standard effusion cell temperatures and three QCMs cooled at 90,
160, and 298K while the source temperature was 125°C [Garrett 1995]. The geometries provide a standard
view factors form the QCMs to the effusion cell orifice (Fig. 2.4). The B procedure, shows a considerable
flexibility considering the experimental parameters, in particular the set-point temperatures and test
geometry. Basically, the user can perform a custom test using specific parameters or modified apparatus
[Green 2001].
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Figure 2.4 [Garrett 1995]. Schematic view of QCM collection measurement with ASTM E-1559 method.
The QCMs are optically polished with resonant frequency of 10 to 15 MHz and are angled of 10° from their
axis. The intersection point (the effusion cell orifice exit plane) is at 150 mm from the crystal surface. The

liquid nitrogen reservoirs is able to cool the QCMs down to 90K.

A database of outgassing kinetics parameters have been created and managed by NASA's Space
Environments and Effect (SEE) Program Office located a t the Marshall Space Flight Center in Huntsville,
Alabama [Green 2001].

2.3.1. Outgassing process and instrument issues

Generally, the gassing and outgassing are recognized as gas controlled processes in high and ultra-high

vacuum system. The mechanisms contributing to outgassing processes are [De Segovia 1999] (Fig. 2.5):

Thermal desorption
Gas permeation through the wall
Gas diffusion from the bulk and subsequent desorption

Gas permeation (adsorption) through the wall

o > w Do

Vaporization of materials
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Figure 2.5 [De Segovia 1999]. Surface and bulk phenomena in vacuum.

In order to reduce these mechanisms the following procedure should be adopted:

1. Thermal desorption: reduce the surface concentration.

2. Gas permeation through the wall: adopt a barrier layer on surface.

3. Gas diffusion from the bulk and subsequent desorption: reduce dissolved hydrogen, induce trapping
states (bulk or surface) reduce or increase grain boundary density.

4. Gas permeation (adsorption) through the wall: reduce the binding sites.

5. Vaporization of materials: reduce the surface mobility by introducing surface trapping sites.

In table 2.3 and 2.4 are reported the outgassing rates of different materials used in space instrumentations.
These materials have been tested in vacuum using a long heating cycle in order to evaluate the molecular
outgassing. In particular, the best materials are the stainless steel and teflon: the latter, does not present an

outgassing rate after a heating cycle at 100°C for 16 hours (Tab. 2.3).
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Table 2.3 [Peacock 1980]. Outgassing rates of unbaked and baked polymers in torr I s™.

Polymer Uinbaked, 1 h pumping Baked, ultimate References
Fluoroelastomer 4 10~ 2% 10-9 IX 10712 % 1070 19,25,26,27,28,29,30,35
Buna-N 2% 1077-3x 1076 - 2.3
Neoprene X073 -3 X 107 2,30,32
Butyl 2% 10761 % 107F 2,30
Polyurcthane %1077 — 30,31
Silicone IR 10%-2% 1073 — 30,32,33
Perfluorcetastomer Ix 1077 IX 013K 1070 24,3435
Teflon 2% 10744 x 108 - 2,25,29,31,32,36
KEL-F 4 10°F 3.5%x 10710 2
Polyimide 831077 Ix 1071 28

Table 2.4 [Patrick 1973]. Outgassing rates of some materials used in space instrumentations.

Material from MSSL QOutgassing rate VCM Test WVCM test Remarks

list . . . abbreviated (Dayton) after 4 h Weight loss Condensibles

description in order of pumping

outgas rate (107 torr Ifs em?) [$4] (%)

Stainless steel 0.05 — Spec. En 58B in MSSL list

Aluminium alloy 0.6 -—

Magnesium alloy 1.0 —_ MSSL test: chromated DTD 911 C bath V

PTFE 1.5 0.01 0,01

Fluorocarbon rubber 23 0.02 0.01 Viton “A" baked 24 h 200°C

Melinex (Mylar) 4,0 0.65 0.04

Epoxy 125 0.70 0.06 Araldits 100 & Epon 828 used. Outgas rate
for Araldite D: VCM result Epon 828

Nylon 60 0.65 0.03 Nylon 66/MbS; loaded, used. VCM result
for Nylon 12

Because of not all the materials show low outgassing rates, a self-contamination aboard spacecraft and
deposition of molecular films onto surfaces induced from PVC cables, plastic, silicon and other polymers
occur and potentially limiting the performance of instruments. In particular, the most sensitive surfaces to
contamination as solar voltaic power sources and optical solar reflectors for thermal control or solar dynamic
power generation are subjected to a degradation during several years (i.e., I1SS) [Arnold and Hall 1988].
Moreover, the contamination can be further enhanced by solar radiation which can photo-polymerize
materials deposited on a surface). Other source of erosions and contaminations are the Atomic Oxygen (AO),
which can cause erosion of some surfaces and oxidation of sensitive materials increasing the particles release

[Inguimbert 2008], cabin leakage and thruster firings [Soares 2003].

The contamination requirements are stringent due to the problems described before. For example, for
International Space Station (ISS) the proposed NASA was a requirement for 30 years performance, because
the contamination could potentially change the requirements considered. Instead, for telescope optics, i.e.
Athena missions, SPICA and XMM, different contamination limit are required due to sensitive part of the
instruments (Tab. 2.5). The range of deposited mass measurable spans from ng/cm? to hundreds of pg/cm?.
This large range fully includes the molecular cleanliness requirements of many scientific payloads, such as
the XMM optics (200 ng/cm?) [de Chambure 1997], the SPICA telescope (200 ng/cm?), the Herschel
telescope (4ug/cm?) or the ATHENA X-ray spectrometer (4 pg/cm?).
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Table 2.5. The Space Station and spacecraft contamination limits.

Spacecraft/Satellites Instrument Contamination limit (ng/cm?)
ISS Solar panel, reflectors 0.9 per day

Mir Hardware component 0.9 per day

XMM Optics 200

SPICA Telescope 200

ATHENA X-ray Spectrometer 4000

Herschel Telescope 4000

2.3.2. Contamination measurement on ISS, Mir, STS and Satellites

Because of the large instruments components aboard of Space Stations (Mir and ISS) and satellites and
possible degradation, contamination measurement have been performed by means of QCM's, near the flimsy
instruments at various locations. The QCM's have flown as far back aboard the Shuttle Columbia (November
1981) and more recently in STS-82 flight onboard the Shuttle Discovery (February 1997) to measure the
contamination near the Hubble Space Telescope (HST). QCM’s flown on the following NASA Shuttle

programs (STS):

2 IECM (Induced Environment Contamination Monitor) - [Miller 1982]
9 IECM (Induced Environment Contamination Monitor) - [Miller 1984, McKeown 1999]

46 EOIM 3 (Evaluation of Oxygen Interaction with Materials Experiment) - [Green 2001, Stuckey 1993]

72 REFLEX (REturn FLux EXperiment) - [Benner 1998, Green 2001]

74 PIC (Plume Impingement Contamination) - [Soares 2003]
82 HST (Hubble Space Telescope) - [Hansen 1994, Green 2001]

QCM'’s data experiments are summarized in table 2.6. Considering the Induced Environment Contamination
Monitor (IECM), the QCM's used were developed by NASA and flown on flights STS 2,3,4,9 and in Plume
Impingement Contamination-1 (PIC-1, on STS 74), whereas Plume Impingement Contamination-11 (PIC-II,

SMART-2 mission) is already under study and development.
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Table 2.6. Comparison between QCM's used in several Shuttle flights. For each mission two configurations
are possible: DC=double crystal or SC=single crystal (SC has not been used in the listed experiments). The
QCM supplier and the experimental characteristics (i.e. warm-up rate, regeneration temperature and the

coating) are also given. Empty cell means not available data (e.g. HST).

Experiment on STS EIOM-3 IECM IECM REFLEX HST PIC
(STS-46) (STS-2) (STS-9) (STS-72) (STS-82) (STS-74)
Configuration DC DC DC DC -- DC
QCM frequency (MHz) 10 15 15 15 15 10
QCM Producer QCM Faraday Lab. Faraday Lab. Faraday Lab. - QCM Research
Research Inc. Inc. Inc. (MK 16)
Mass sensitivity (g/Hzxcm?) 4.42x107 | 1.56x10° 1.56x10° 1.56x10° - 4.42x107
Operative temperature (°C) minimal -50/+30 -10/-40 +16/+18 +20 CQCM +25
temperature (CQCM) (CQCM) and 0 TQCM
of each orbit - | +30/0/-30/-60 -60 to 80
no specified (TQCM) (TQCM)
Resolution f (Hz) - +1 +1 +1 -- +2
Max mass loading (g/cm?) 3x10™ 3x10™ -- measured
T resolution (°C) - +1 +1 +1 - -
Warm-up rate NO 0,008 °C/s 0,33 °Cls NO -- 0.02°C/min
(cooling and gx?)f;“g?)
,77°Cls
warm up) (warm up)
Coating ZnS - In,04 NO NO Graphite- NO NO
Kapton
AF (Hz) and AT(°C) for solar 400-700 Hz Observed Observed 500-800 Hz - Corrfectitohn data
o or the
pulse -- but no but no 2°C -- temperature
received received contribution
Regeneration T(°C) -- 80 80 - - >50

Typical contamination events (Fig. 2.6, Left) has been measured during PIC experiment where several

thrusting firings have been monitored using QCMs. Damage are caused by refractory materials (particles size

<20um) (Fig. 2.6, Right) produced from thrusters and analysed with SEM.
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Figure 2.6 [Soares 2003]. Left: the figure shows the ten spikes (100 ms pulses) hacbrrespon toten cycles
of the thrusters firings. The final trend shows the persistent materials (refractory) after the regeneration.
Right: droplet impact features on Kapton sample and the craters that are the result of impingement of

chemically reactive liquid drops.
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The QCM for STS are mainly used to monitor contamination and return flux particles on the spacecraft, as
well as to estimate the AO erosion in the upper terrestrial atmosphere. The QCMs used on STS have shown:

e in the EIOM-3 experiment the contamination an increase in weight and a mass deposition of 0.2
pg/cm? in 424 days;

e in IECM, a mass deposition of 39 pg/cm® (X direction), 16.4 pg/cm® (-Y direction) 1.6 pg/cm® (-X
direction) and 1.2 ug/cm?® (-X and Z directions) in 244 hours;

e in the PIC experiment, a deposition of 2.56 pg/cm? was measured on the Mir Station, 130-N Russian
due to contaminants containing 7.5% of refractory materials and 80% of volatiles sublimating at
52°C; and a mass deposition of 0.384 pg/cm’® was measured by the thrusters firings of the Orbiter
PRCS (only 2% of refractory materials).

By means of SEM analyses, contaminants have been found to have different composition: Carbon and
Silicon particles (EIOM-3); Silicon, Aluminum, Magnesium, Zinc, Sulfur, Titanium and Chlorine (between 1
um and 2 um in size for aluminum and up to 370 um for Zinc particles) (IECM experiment); and thruster

firings particles (PIC).

Table 2.7. Characteristics of QCMs used in satellite mission. Empty cell means not available data. The
crystal configuration can be double crystal (DC) or single crystal (SC) (see chapter 3) and the QCM supplier
are QCM Research, Faraday Laboratory and Meisei Electric.

Satellite Mission SDS-4 SMART-2 SMART-1 MSX Deep 0OGO-6 MEDET
(2012) (2015) (2003) (1996) Spacel (1969) (2008)
(1998)
Configuration SC DC DC DC DC DC SC
QCM frequency 9 10 10 10 TQCM 10 10 10-11
(MHz) 15 CQCM
QCM Supplier Meisei Electric QCM Research QCM Research QCM Research QCM Research Faraday Lab. Variation of
Co (MK 17) (MK 17) (MK 16, MK (MK 16) Inc. (Mckeown) commercially
: 10) QCcM
Mass sensitivity 1 ng (T=const) 4.4x107 4.4x107 442x10° 4.43x10° | 35x10° | 4.42x10°
JHzXcm? 100 ng (over T TQCM
(9/HzXxcem’) range) 1.96x10°
CQCM
Operative from -40 from -50 to from -50 to -253 for from -43°C from - Temperature
Temperature(°C) to+65 120 120 CQCM to +80°C 50°C to of RAM
-40/-50 for 100°C direction
TQCM
Resolution f(Hz) - 01 0.1 +2 - +1 -
Max mass loading - - - 35x107 CQCM >10™ 10° --
(glem?) 3.3x10° TQCM
T resolution (°C) -- -- -- +0.25 <%0.2 10 --
Warm-up rate -- -- NO 2.5 -- NO NO
(°C/min)
Coating Carbon NO NO NO NO MgFI Carbon
AF(Hz) and AT(°C) - - - 300-450 <250 Decrease of -
for solar pulse Temperatures | Temperatures contamination
are not are not due to solar
available available Exposure
Regeneration T(°C) 85 -- - 60 75 100 Present

31



Thermogravimetric technique for volatiles detection in planetary and space environments

Fabrizio Dirri

In the last case, the image obtained with the SEM showed the damage produced on a small Kapton sample:
small (<4 pm), medium (5-10 um) and large craters (11-20 um) in the sample. During these experiments, the
Sun radiation on the crystal surface induced a frequency variation, ascribed to the temperature change. The
frequency variation with temperature is different for the EIOM-3, REFLEX and IECM experiments, and

depends on the crystal coating and on the incidence angle.

QCM’s have been also applied in satellite missions, in order to test and monitoring new technologies aboard
on the spacecraft. QCM’s supplier, characteristics and performances in seven satellite mission of JAXA
(SDS-4), NASA (DS1, MEDET, OGO-6, MSX) and collaborations with ESA (SMART 1 and 2) are

summarized in Tab.2.7. The main goals of QCMs have been:

e to estimate the erosion due to AO (MEDET, SDS4);

e to measure the contamination from the solar panels of the spacecraft (OGO-6);

e to control the contamination induced from the Propulsion System of the spacecraft (DS1);

e to monitor the contamination and the degradation near the scientific instruments, i.e. solar cell,
telescope (MSX, SMARTL);

e to monitor the frequency trend, when the QCMs are exposed to full or partial sunlight (MSX).

In SDS-4 satellite, a frequency increase of 200 Hz was observed in the launch phase, due to the erosion of
coating materials of the QCM surface. In MEDET experiment the carbon-coated QCM showed a frequency
increase of 60 Hz (after two weeks), which indicated a linear decrease of carbon mass, due to AO erosion.
The main contamination sources is often generated by the Solar panels of the spacecraft. OGO-6 experiment
measured a contamination of 10° g/cm? during full exposition to Sun (Solar panels temperature of 72°C) and
9x10°® g/cm? during the maximum eclipse (30% in the Earth's shadow and Solar panels temperature of
60°C).The mass loss was due to the fact that the lower flux from the solar panel did not balance the
contaminant desorbed from the crystal surface.

During the launch phase of DS1 mission, QCMs were used to monitor the ion propulsion induced
contamination. A total contaminant mass of 0.8 pg/cm® has been measured. This mass has been removed
when the DS1 has been rotated to Sun. Otherwise, in MSX experiment, a CQCM placed near the SPIRIT3
telescope revealed oxygen and argon (film thickness deposition of approximately 200 Angstrom), whereas
four TQCM’s placed in different locations measured a total thickness (since launch) of 134, 144, 13, and 63
Angstrom, respectively. In this scenario TQCM’s have the disadvantage of being sensitive to incident solar
flux. The frequency showed a negative shift of 240-450 Hz depending on full or partial exposure to Sun

conditions. The regeneration temperature never exceeded the 100°C (OGO-6) in all the experiments (i.e.
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75°C for DS1, 52°C for PIC, 60°C in MSX, figure 2.7, and 85°C in SDS-4 satellite mission) even if higher

temperatures could be considered to remove all the refractory contaminants.

4000
A-TQCM1 ‘ B-TQCM2
| 1
T 2600 g 3500t
3 1 g
g §
2 3
B T
g £
ey L 3000}
|
'swilges :000 1997:135 1998:270 2000:040 996:000 1997:135 1998:270 2000:0«
Time, Days Time, Days

Figure 2.7 [Wood 2000]. A: facing in the (+Y, -X) direction and viewing the solar panels (AFg,,=300-450
Hz); B: TQCM2, facing into RAM (the side that points in the direction of the satellite’s motion) direction
(+Z) and also having the solar panel in its FOV (AFg,,=300-450 Hz)

A series of external contamination measurement have been performed aboard Mir Space Station in order to
evaluate the impact of Russian Segment on ISS. Mir contamination observations includes results from a
series of flight experiments: CNES Comes-Aragatz, retrieved NASA camera bracket, Euro-Mir 1995 ICA,
retrieved NASA Trek blanket, Russian Astra-Il, Mir Solar Array Return Experiment (SARE).

The outgassing rates observed from this experiment were estimated between 4.1x10™ and 1.2x10™
glcm?/sec (camera brackets, organic silicon based paint would be the contamination source). Another
silicone contamination source, is AK-573 (organic silicone based paint) and the PVC cable insulation and the
BF-4 impregnated mesh (arrays) also contribute to contamination, but these are hydrocarbon contamination
sources. Low amount of AO and high amount of UV have been measured by Comes-Aragatz experiment
while higher rate inferred from the camera bracket contaminant deposit layer is consistent with the higher
source temperatures due to the Mir solar cycle [Soares and Mikatarian 1994]. As a result, modifications in
Russian materials selection and/or usage were implemented to control contamination and mitigate risk to ISS

[Soares and Mikatarian 1994], for example:

1. Cable insulation on ISS Russian segment: Teflon instead of PVC.

2. Replace high-outgassing KO-5191 and AK-573 with AK-512.

3. Solar array lubricant: fluorocarbon instead of silicone.
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2.4. Volatiles reservoirs in planetary bodies detectable by TGA

The chemical and mineralogical analysis on asteroidal and cometary samples will help the classification of
these minor bodies of Solar System (thanks to Sample Return Mission, e.g. Stardust, Hayabusal etc.). In
order to know the mineralogical composition of these bodies, a study related to Chondrite meteorites
(asteroids analogues) that are classified in Carbonaceous, Ordinary and Enstatites (which show different
organics content inside, Tab. 2.8) should be done. In particular, the asteroids span very different
mineralogical compositions: some of them appear to be completely unprocessed while other ones are
composed by processed materials. In order to understand the mineralogical history of the processes
concerning asteroids evolution, all the thermodynamical and thermochemical processes should be taken into
account. In particular, the asteroids represent a great opportunity to study a possible cometary-like activity
and to exactly determine the desorption rate and even to discern the refractory/volatile ratio. Mainly, the
thermodynamical processes are related to ejection (sublimation or vaporization) of a mixture of gas or dust.
Gas molecule rates are easily monitored at sublimation temperature at which the process occurs. For
example, the water in space can be collected at T<77 K [Tribble 1996] while for tiny dust particles it is also
important to monitor the ejection speeds.

Table 2.8 [Grady and Wright 2003, Sephton 2002, Schaefer and Fegley Jr. 2006, Stalder and Skogby 2002].

Carbon, organic compounds and water abundance in the three families of chondrites.

Chondrite Class Carbon content Organic content Water content
Carbonaceous 0.1-5% 0-4% 0-20 %
Ordinary 300-6000 ppm ~0.1% ~0.3%
Enstatites 1500-7000 ppm - ~ 1000 ppm

On the other hand, the Carbonaceous Chondrites (CC) (related to primitive asteroid, the most
thermodynamically and chemically processed), are divided in groups showing different volatile content (see
Tab.2.9) which can be used as a marker for asteroid types. The CI, CM, CR groups form the first ensemble
with similar organic and water content. The other CC are included in the second ensemble, which is

characterized by very low volatile (water, organic) content.
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Table 2.9 [Grady and Wright 2003, Remusat 2008]. Carbon, organic and water content in carbonaceous

chondrites.

CC Group Carbon content Organic content Water content
Cl 2-5% 1-4% 18-22 %
CM, CR 2-5% 1-4 % 2-16 %
CO 0.1-1.1% <1% 0.3-3%
CcVv 0.1-1.1 % - 0.3-3%
CK 0.1-1.1 % - -
CH,CB 0.2-1% - 0.3-3%

Table 2.10. Combustion temperatures of Chondrites components.

100-150|150-200|200-250|250-300|300-350|350-400| 400-450|450-500

Combustion Temperature (°C)

Organic Compounds

Physically Adsorbed Water

Surface Bound Water *

Inorganic Sulfur Compounds **

Carbonates

Nanodiamonds

Legenda * from both phyllosilicates and organic matter
** present only in CI chondrites

not desorbed

desorbed
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Thus, QCM-based device equipped with built-in heater can be used to perform heating cycles up to

400°C on Chondrites samples in order to study the decomposition processes of materials at different

temperatures (Tab. 2.10). The decomposition processes will be:

organics degassing between 200°C and 400°C [Grady 2002, Sephton 2002, Halbout 1986];

water desorption. A distinguishing between physically adsorbed water (loosely bound molecules
held by Van der Waals’ forces), that desorbs to lower temperatures (up to 160 °C), and surface
bounded water (molecules more tightly bounded, attac