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A B S T R A C T   

A simple experimental setup for temperature dependent mass spectrometric measurements has been constructed. It consists of a heated sample chamber and a mass 
spectrometer and allows for measurements under inert gas and ambient air. Based on initial measurements on two extruded polystyrene (XPS) samples a meth-
odology for the data analysis has been developed. With this methodology the outgassing temperature of volatile compounds, which were used as blowing agents, has 
been identified. Furthermore, the composition of the blowing agents has been analyzed by temperature dependent mass spectra. The results indicate the use of 
ambient air in one material and a mixture of the banned blowing agents R142b and R22, both hydrochlorofluorocarbons (HCFC), in the other material. The here 
described methodology provides an easy to use approach to identify such compounds, for example as part of environmental or quality control.   

1. Introduction 

Polymeric materials are frequently used in solar energy systems and 
have been optimized for such applications over the years. The use of 
polymers for major components of solar thermal systems has been 
investigated with the focus on the aging behavior of these materials 
[1–4]. In fully polymeric solar thermal collectors many different poly-
mers are used in the same collector [5–9]. During operation the poly-
meric materials are repeatedly and for a long period of time exposed to 
temperatures above 120 �C. Since normally the service life time of solar 
thermal systems is expected to be at least 20 years the materials 
developed for such applications are individually tested for aging effects 
by standard testing methods. However, in a closed volume, such as the 
inside of a solar thermal collector, possible outgassing from the mate-
rials [10,11] and a possible interaction of the outgassing products with 
all other components of the solar thermal system may affect the long 
term stability and need to be considered. Volatile compounds origi-
nating from a polymer can be additives with small molecular mass, such 
as certain plasticizers, or fragments of additives with larger molecular 
mass or of the polymer matrix. The loss of volatile plasticizers will lead 
to changes in the mechanical properties of the polymer. The detection of 
volatile fragments originating from other additives or the polymer ma-
trix can be an indicator for the degradation of the polymer itself, for 
example due to thermal decomposition or oxidation. In the closed 

volume such volatile compounds can accumulate and possibly migrate 
into the polymeric materials of other components of the collector, acting 
as plasticizers or initiating new degradation effects, and changing the 
material properties of the given component. In order to evaluate such 
possible material interactions through outgassing processes the outgas-
sing behavior of all individual polymeric materials used needs to be 
studied for the temperature range of the operation conditions. 

Comparable methods such as thermal volatilization analysis (TVA), 
evolved gas analysis (EGA) [12] or evolved gas detection (EGD) have 
been described earlier [13] and combine often thermogravimetric 
analysis (TG) with mass spectrometric measurements (MS) [14,15]. 
Thus, many methods require a high technical effort and have shown only 
limited applicability to complex mixtures. This is because polymers 
contain only small amounts of volatile compounds and increased tem-
peratures lead to decomposition of the polymer matrix [16]. Through 
significant technological progress in the last decades, mass spectrome-
ters have become more compact and less expensive making them more 
suitable for routine analytical tasks [14]. 

The here described experimental setup has been developed to mea-
sure the change of the gas phase composition above a polymer sample 
throughout heating as a function of the temperature. The aim is to 
develop a methodology allowing the attribution of all compounds of the 
gas phase to their formation processes at elevated temperatures, which 
can be observed at operating conditions of polymeric solar thermal 
collectors. In order to make the experimental setup presented here a 
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useful screening tool for various applications, it should allow for a broad 
variation of measurement parameters like the variation of the gas phase 
composition and pressure, for example to study the impact of the oxygen 
concentration on the thermal oxidation of the materials. Further it re-
quires a minimal effort for sample preparation and allows different 
material shapes and sizes making the testing of wrought products 
possible. Another requirement is a simple data analysis allowing for 
screening of material variations for the outgassing of volatile organic 
compounds. The setup has been tested on two materials presumed 
suitable for polymeric solar thermal collectors. 

2. Experimental section 

2.1. Experimental setup 

The experimental measurement setup consists of two basic compo-
nents; a heated test chamber and a mass spectrometer. The used 
chamber is an in-house design made of modified stainless-steel flanges 
for ultra-high vacuum applications and equipped with a pressure sensor 
(APR 262 Active Piezo Transmitter, Pfeiffer Vacuum, Germany). 

Right: Sample chamber with electric heater, gas installation and 
temperature sensor. 

The chamber is heated with an electric heating plate allowing a 
uniform heat distribution inside the chamber. The temperature is 

monitored with an integrated thermocouple temperature sensor. Three 
fittings connect the test chamber to a vacuum line, purge gas line and the 
mass spectrometer. The mass spectrometer is connected through a 
heated stainless-steel capillary to the test chamber (Fig. 1). The diameter 
of the capillary is 130 μm and leads to a pressure gradient of approxi-
mately 1 bar inside the test chamber and 5 � 10� 8 mbar inside the mass 
spectrometer. 

A quadrupole mass spectrometer (Omni Star GSD 320 O1, Pfeiffer 
Vacuum, Germany) with a mass range of 0–100 a.m. was used for 
detecting the composition of the gas atmosphere. Ions were detected 
with the built-in secondary electron multiplier (SEM) detector. Signals 
were processed with the instrument’s Software Quadera® (v. 4.40). For 
the detected ions the SEM signal is recorded as ion current (I) for each 
mass to charge ratio (m/z). 

2.2. Materials 

Two different samples of extruded polystyrene (XPS) were used as 
model systems for outgassing measurements. The two samples are 
anonymized and are referred to as XPS-A and XPS-B. 

2.3. Procedure and data processing 

The polymer samples are placed on a thin aluminum foil and inserted 
into the heating chamber. The chamber is sealed by a copper gasket. To 
reduce the oxidation of the samples the chamber can be evacuated and 
flushed with inert gas prior to measurements. As air is commonly used as 
blowing agent in XPS the use of a different inert gas than nitrogen as 
main component increases the sensitivity of the measurement. There-
fore, the atmosphere inside the test chamber has been mostly replaced 
with helium leaving only traces of atmospheric gases for measurements 
of XPS samples. During this purge process the gas composition can also 
be monitored. 

While the sample chamber is heated up from room temperature to 
250 �C the gas composition inside the sample chamber is monitored by 
mass spectrometry. For measurements under ambient air atmosphere 
the procedure is the same, except no purging is required prior to the 
measurement. The measurement is initiated with the beginning of the 
heating process. The temperature inside the chamber is increased to 
250 �C following a linear heating curve (see Table 1). The temperature is 
recorded in intervals of 2 min. Mass spectra are recorded in fixed time 
intervals defined for each measurement. Based on the heating curve the 
acquired time dependent spectra are transformed into temperature 
dependent spectra. For this purpose, the heating curve is interpolated 
with the same amount of data points as spectra data points available and 

Nomenclature 

amu atom mass unit 
EGA evolved gas analysis 
EGD evolved gas detection 
HCFC hydrochlorofluorocarbon 
I signal intensity as ion current in mA 
m/z mass to charge ratio 
MS mass spectrometry 
R142b 1-Chloro-1,1-difluoroethane 
R22 chlorodifluoromethane 
T temperature in �C 
TG thermogravimetric analysis 
TVA thermal volatilization analysis 
U unified atomic mass unit 
X any given mass to charge ratio 
XPS extruded polystyrene  

Fig. 1. Left: Test chamber made of stainless-steel flanges for ultra-high vacuum application with copper gaskets. The test specimen is inserted into the test chamber 
and the chamber is sealed to preserve a contamination of the atmosphere with ambient air. Installed connectors to a vacuum pump and purge gas allow mea-
surements under inert gas atmosphere or ambient air. 
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the time of measurement is replaced by the temperature during the 
given measurement. The temperature dependent data are then analyzed 
by changes of m/z over the temperature or as mass spectra at individual 
temperatures. The contour plot hereby provides a graphical overview of 
m/z signals. In the following all dominant m/z signals are analyzed as a 
function of temperature. 

The signal intensity in the described setup depends on the mass flow 
through the capillary, which depends on the pressure gradient between 
the test chamber and the mass spectrometer. With increasing pressure 
inside the test chamber the signal intensity is increasing. To compensate 
for the pressure increase as a result of the heating of the test chamber, 
the signal of the inert main component (nitrogen gas or helium) is used 
to normalize all other signals with respect to the inert gas. 

3. Results 

3.1. Measurement of the empty chamber 

The empty chamber was measured according to the appropriate 
procedure with ambient air and helium as inert gas, respectively, in 
order to determine the background signals resulting from the chamber 
and to check for contaminations. The chamber was heated with a rate of 
2.5 K/min and the composition of the gas phase monitored over time. In 
a second step the recorded time-dependent mass spectra were trans-
ferred into temperature dependent mass spectra. For the identification 
of relevant ion signals a 2D plot (analogous to Fig. 5) was used. For the 
analysis of the temperature dependence of the signal intensity the 
selected ion signals were plotted over temperature (Fig. 2). The domi-
nant signals recorded for the empty chamber are listed in Table 2 and 
have to be considered as the signal background of the chamber. They are 
divided into five groups according to their temperature dependence. 
Most of these signals, among which m/z 28 and m/z 32 are the most 
dominant ones, can be attributed to atmospheric gases. Signals of group 
1 have their origin in residues of humidity inside the test chamber. 
Singly and doubly ionized molecular oxygen is the primary source of the 
signals in group 2. The signals in group 3 are attributed to the inert 
components of the atmosphere inside the test chamber. In all measure-
ments the presence of argon and nitrogen with both 28N2 and 29N2 can be 
observed. Helium is only detected when used as inert gas for the mea-
surement and then the other signals are normalized to the helium signal. 

Signals of group 4 can be assigned to carbon dioxide, both as atmo-
spheric component and as product of oxidation processes. All other 
signals are attributed to group 5. The intensity increase of other signals 
with temperature is different from those of groups 1–4 and indicates the 
presence of residues inside the chamber. 

In order to compensate for the signal increase (see Fig. 2) as result of 
the pressure increase inside the test chamber, data required normali-
zation (Fig. 3). For the normalization different approaches (Equation 
(2)-Equation (4)) for the inert main component were tested and vali-
dated (Fig. 4). The use of nitrogen gas as an internal standard is also 
promising since the composition of atmospheric air can be considered 
constant for this application. The simplest approach for the normaliza-
tion of an ion signal (Im=z x ðTÞÞ at a temperature (T) of a given mass-to- 
charge-ratio (x) is by dividing it by the ion signal of the main inert 
component (i) at the same temperature (Equation (1)). 

Im=z x; norðTÞ¼
Im=z xðTÞ
Im=z i ðTÞ

(1) 

This is possible for measurements under helium atmosphere, since no 
interaction of helium with other components has to be considered. The 
raw data can be directly normalized using the helium signal with m/z 4. 
The direct comparison of the signal intensity ratios for individual mea-
surements however is not possible, because of small differences in the 
measurement conditions, such as different amounts of residual atmo-
spheric gases after purging. The recording of a test chamber background 
for subtraction turned out to be an invalid procedure to improve the data 
analysis. 

For the normalization of data of measurements under air atmosphere 
a normalization according to Equation (1) is not possible. Fig. 2 in-
dicates oxidation processes of organic residues during the heating, as a 
signal increase for m/z 44 (CO2) is observed and coincides with the 
decrease of signal intensity of m/z 32 (O2). Thus also the formation of 
carbon monoxide (CO) during the heating process can not be ruled out. 
The ion signal of CO with m/z 28 coincides with the ion signal of 28N2. 
Therefore Equation (2) is not applicable for the normalization of mea-
surements under atmospheric air. 

Table 1 
Overview of measured samples with detailed parameters for heating rate and 
pressure inside the test chamber at the beginning of the measurement. In the 
following the measurements at 700 mbar pressure will be referred to as reduced 
pressure.  

Pressure XPS-A XPS-B 

1000 mbar r ¼ 2.7 K/min r ¼ 2.7 K/min 
700 mbar r ¼ 2.5 K/min r ¼ 2.5 K/min  

Fig. 2. Raw data recorded for the heating of the contaminated empty test 
chamber. Signals are listed as ion current. 

Table 2 
Groups of dominant signals (Group 1–4) resulting from the ambient air inside 
the chamber or residual air after purging with inert gas. Group 5 contains signals 
which can not be attributed to atmospheric gases and have their origin in 
organic contaminants inside the test chamber. *Signal with m/z 4 for helium is 
only found in measurements under helium atmosphere.   

Signals with m/z Origin 

Group 1 18 17 1   H2O 
Group 2 32 16    O2; H2O 
Group 3 28 14 29 40 4 28N2;29N2; Ar; He* 
Group 4 44 12 22   CO2 

Group 5 45 56 51   Unidentified compounds  

Fig. 3. Data normalized to the signal of 29N2 using Equation (4).  
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Im=z x; norðTÞ¼
Im=z xðTÞ

Im=z 28 ðTÞ
(2)  

Im=z x; norðTÞ¼
Im=z xðTÞ

Im=z 28 ðTÞ2
⋅
Im=z 29 ðTÞ⋅Im=z 28 ðT0Þ

Im=z 29 ðT0Þ
(3)  

Im=z x; norðTÞ¼
Im=z xðTÞ

Im=z 29 ðTÞ
⋅
Im=z 29 ðT0Þ

Im=z 28 ðT0Þ
(4) 

Equation (3) is based on Equation (2) and has an additional correc-
tion term (ðIm=z 29 ðTÞÞ= ðIm=z 28 ðTÞÞÞ  using the isotopic ratio of the two 
isotopes 28N2 and 29N2 and an additional normalization term containing 
the ratio of both isotopes at T0. By taking the ratio of these two isotopes 
into account the impact of overlapping signals of 28N2 and 28CO should 
be reduced to 1%. Using Equation (3) to normalize the data an increase 
of the signal intensity for m/z 32 over the heating process can be 
observed. Under given operational conditions this can only be explained 
by insufficient compensation of the pressure increase inside the test 
chamber. 

Equation (4) is based on Equation (2) but uses only the signal in-
tensity of m/z at the beginning of the measurement for normalization 
and a correction term containing only the signal at m/z 29 for 
compensating the pressure increase during the heating of the chamber. 
Using Equation (4) the observed signal progression is plausible and the 
observed decrease of the signal m/z 29 can be explained by the 
decreasing density of the atmosphere inside the test chamber through 
the measurement processes. 

Fig. 3 shows only three signals of group 5 at m/z 45, 51, and 56, in 
the selected range of 1 and 1⋅10� 5 for normalized signals. This range is 
considered sufficient for this analysis as, for comparison, the normalized 
signal intensity of carbon dioxide with m/z 44 at the beginning of the 
illustrated measurement is 1,36⋅10� 5, which resembles the atmospheric 
concentration of 380 ppm. The three aforementioned signals (m/z 45, 
51, and 56) indicate the presence of organic residues inside the empty 
test chamber which need to be considered when analyzing similar pro-
cesses for sample materials. 

3.2. Measurements of extruded polystyrene in inert atmosphere 

Temperature dependent mass spectra have been recorded for XPS 
samples under an inert gas atmosphere at a pressure 1000 mbar (Fig. 5) 
and with a reduced pressure of 700 mbar (not illustrated). The contour 
plots in Fig. 5 provide a first indication of different thermal behavior of 
the two XPS materials XPS-A and XPS-B. An increase of signal intensity 
at several m/z > 40 at temperatures around 100 �C can be observed for 
samples of XPS-B, while most of these signals are not present for XPS-A. 
At this stage of the data analysis the two materials can be qualitatively 
evaluated with respect to the release of volatile compounds up to tem-
peratures of 250 �C. It is evident that not all atmospheric gases were 
removed from the test chamber by the purge process. For semi- 
quantitative assessments the recorded data is processed further. 

For further analysis the data was processed according to the pro-
cedure described in chapter 3.2 and normalized to the signal of helium 
with m/z 4. The intensity range for the further analysis of signals was 
selected analogously to chapter 4.1 to a normalized signal intensity 
between 1 and 1⋅10� 5. The dominant ion signals of all spectra were 
selected based on this range (Fig. 6 and Fig. 7). The intensities of the 
signals attributed to the groups 1–4 differ in the content of atmospheric 
gases relative to helium as main inert component. This ratio depends on 
the mass flow, the duration and the pressure during purging and the 
measurement and has shown to be difficult to maintain constant for the 
individual measurements. Both samples show a similar increase of signal 
intensity at temperatures above 80 �C. At this temperature a strong in-
crease in intensity of most signals is observed. With regards to the 
melting temperature of the analyzed polymer it can be assumed that the 
blowing agent is evolving from the softening sample material. For 
sample XPS-A the increase occurs in a limited temperature range 
(80–90 �C) and only atmospheric gases are released. For sample XPS-B 
the increase in intensity is observed for a much wider temperature 
range. The signals, which show the highest increase in intensity, cannot 
be attributed to atmospheric gases. Among these the signals with m/z 
65, 45 and 85 are the most dominant ones. Both samples show an 
increasing intensity for signals with m/z 51 and 78 with increasing 
temperature which are not found for the empty chamber. Both m/z 51 

Fig. 4. Comparison of the different approaches for the normalization of the data and the resulting signal progressions. 
For comparison with the normalized data the signals for the raw data were scaled using the factor Im/z 28 (T0). 

A. Piekarczyk et al.                                                                                                                                                                                                                             



Polymer Testing 81 (2020) 106164

5

(C4H3
þ) and m/z 78 (C6H6

þ) are major fragments of styrene [17], the 
monomer of XPS (Fig. 8 and Fig. 9). The signal m/z 91 is also a possible 
fragment formed from styrene oxide. 

In all measurements an increase of m/z 44 with temperature is 
observed and can be attributed to oxidation processes of organic com-
pounds inside the chamber. Since this is also observed for the empty 
chamber (see 4.1) it cannot be conclusively ruled out that it may also 
result from contaminations inside the chamber. However, it is safe to 
assume that the total signal intensity must be the result from both res-
idues inside the chamber and oxidation products of the sample material. 
For the measurement under reduced pressure no such sudden increase 
around the softening temperature can be observed for the XPS-A samples 
(see Fig. 7 left). It can be assumed that a large amount of blowing agent 
was already released during the purge process at reduced pressure. 

While the same effect concerning atmospheric gases (group 1–4) is 
observed for the XPS-B samples which have been degassed during 
purging, a strong increase of signals of group 5 can be observed. This 
indicates that for XPS-B other gasses or a combination of air and addi-
tives have been used as blowing agent. Among the possible origins for 
the signal m/z 65 fragments of the type C2H3F2 are possible according to 
the NIST database [17]. The use of R142b with the chemical formula 
C2H3ClF2 can be considered as possible source for the m/z 65 and m/z 81 
signals which would correspond to the fragment C2H3ClF. 

Based on the possible use of HCFC as blowing agent the signals m/z 
85 and 87 solely found for XPS-B can be attributed to the blowing agent 
R22 with the chemical formula HCClF2 [18]. While the average mo-
lecular mass is 86.47 u there is no signal with m/z 86 observed in the 
respective mass spectra. However, chlorine has two stable isotopes 35Cl 

Fig. 5. Temperature dependent mass spectra for XPS-A (left) and XPS-B (right). Clearly visible is an increase of signal intensity in the temperature range of 80–100 �C 
for all m/z for both materials. This corresponds to the softening temperature of the material. XPS-B shows a more complex signal pattern for m/z > 40 indicating the 
use of a different blowing agent. 

Fig. 6. Comparison of temperature dependent mass spectra of XPS-A (left) and XPS-B (right). Clearly visible is an increase of signal intensity in the temperature range 
of 80–100 �C for all m/z for both materials. This corresponds to the softening temperature of the material. XPS-B shows a more complex signal pattern in the range m/ 
z > 40 indicating the use of a different blowing agent. 

Fig. 7. Comparison of temperature dependent mass spectra of XPS-A (left) and XPS-B (right) measured under reduced pressure.  
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and 37Cl with a fixed ratio of 76/24 leading to two molecular species 
with 85 u and 87 u with the same ratio. The intensity ratio of the signals 
m/z 85 and 87 matches the isotopic distribution of chlorine in the 
compound CHC35ClF2 and CH37ClF2 with 77.6/22.3 extremely well and 
validates the assumption that the detected signals originate from the 
compound R22. Hence, it can be stated that the blowing agents R22 and 
R142b are used for XPS-B. The signals with m/z 61 and 74 cannot be 
identified without further knowledge of the materials’ compositions. All 

relevant signals and the respective source they have been attributed to 
are listed in Table 3. 

4. Discussion 

Several measurement variations have been performed in order to 
evaluate the influence of the individual parameters on the obtained 
data. It has become evident that a more detailed analysis of oxidation 

Fig. 8. Dominant signals at different m/z for the individual measurements sorted to signal groups with similar temperature dependency and allocation to signal 
origin. Intensity refers to the highest normalized signal intensity of the given m/z throughout the measurements. Signals with m/z 45, 51 and 56 are also found in the 
empty chamber. 

Fig. 9. Dominant signals at different m/z for 
the individual measurements sorted to signal 
groups with similar temperature dependency 
and allocation to signal origin. Intensity re-
fers to the highest normalized signal in-
tensity of the given m/z throughout the 
measurements. The signals with m/z 65, 85 
and 87 occur only in measurements of XPS-B. 
The signals m/z 85 and 87 can be attributed 
to the blowing agent R22 with an average 
molecular mass of 86.47 u. The intensity 
ratio of the signals m/z 85 and 87 resembles 
the isotopic ratio of the two chlorine isotopes 
35Cl and 37Cl.   
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and outgassing processes requires normalization of the raw data in order 
to compensate for the increase of the signal intensity with the temper-
ature and the pressure increase inside the test chamber. The proposed 
approach to normalize the raw data using the main inert component in 
the gas phase of the test chamber has been applied for atmospheric air 
and after a purge process for a helium/air mixture. It has been found that 
this procedure is not directly applicable to air, because the possible 
formation of carbon monoxide may interfere with the main component 
28N2. However, the use of the signal of 29N2 provides more reliable data. 
The measurements allow to detect different temperature dependent 
processes, such as the formation of carbon dioxide through oxidation 
processes, the release of the blowing agents from the sample material, or 
the degradation of the polymer matrix. The data allows differentiation 
between different blowing agents for XPS. The temperature range, in 
which the blowing agents are released from the samples, can be iden-
tified, too. The types of blowing agents could be estimated, but further 
analysis would be required to confirm these findings. HCFC R22 and 
R142b have been identified as blowing agents used in XPS-B, which are 
banned from use in many countries. Fig. 10 and Fig. 11 illustrate the 
condition of the sample materials after the measurement. The samples 
melted during the heating process and the blowing agent formed bub-
bles of different sizes. While sample XPS-A retained its original color and 
shows small bubbles, the samples of XPS-B changed from blue to dark 
green and black and show large bubbles. 

The here described experimental set-up has a mass range of 100 amu 
limited by the mass spectrometer. In the temperature range in which the 
measurements were performed volatile molecular species exceeding this 
mass range have to be considered. Therefore, it can be assumed that the 

signals of unknown origin originate from fragmentation of heavier ions, 
which were not detected. A conclusive attribution to specific compounds 
is not possible on the basis of the existing data. Furthermore, the mea-
surements performed in the presence of oxygen have shown that the 
identification of oxidation processes is possible. As oxidation processes 
even occurred with residual oxygen in the test chamber, possible 
oxidation products have to be considered as sources of low intensity ion 
signals. 

5. Conclusion 

5.1. Summary 

The described experimental setup provides an easy to use method for 
measuring outgassing of samples avoiding complicated sample prepa-
ration procedures. For the purpose of developing the methodology a 
material type with a clearly defined temperature range for the release of 
large amounts of volatile compounds has been selected. With the pri-
mary focus on possible material interactions due to the outgassing of 
volatile compounds under elevated temperatures, the method shows a 
sufficient sensitivity for the analysis of complex gas mixtures with a 
broad range of concentrations of individual compounds. This makes is 
also applicable to polymers with a lower content of volatile compounds 
and a broad volatilization range. The temperature dependent mass 
spectra can be visualized as contour plot. It represents the thermal 
behavior of each sample and provides all relevant mass signals, which 
require further analysis. In a second step the temperature dependent 
data for relevant mass signals can be normalized to the mass signal of the 
inert gas. For data analysis several approaches have been evaluated. The 
normalization using a combination of the signal intensities of both ni-
trogen isotopes 28N2 and 29N2 (Equation (4)) has been identified to be 
the only one which is not influenced by the possible formation of carbon 
monoxide with a molecular mass of 28 u. 

For the measurements of two different XPS types the signal of the 
inert gas helium has been used for normalization. Based on the tem-
perature dependency of the intensity the observed signals were attrib-
uted mainly to the blowing agents being released at the squatting 
temperature of the material. The two samples contain different blowing 
agents of which the agents used in XPS-B were identified as two different 
HCFCs. Furthermore, both materials show a different resistance against 
thermal degradation (see Figs. 10 and 11). With a focus on the intended 
use in polymeric solar thermal collectors a conclusive selection between 
the two materials can be made. The release of HCFCs from material XPS- 
B is not only prohibited, but can cause unintended interactions with 
other materials inside the collector. Consequently, it is not 

Table 3 
Attribution to different sources of individual signals from group 5 found for XPS- 
A and XPS-B. Signals marked with * are also found in the chamber background 
and can therefore not be conclusively attributed to the samples.  

Signals at m/z XPS-A XPS-B Attributed to Molecular formula 

12 ✓ ✓ Oxidation 12Cþ

22 – ✓ Oxidation CO2
2þ

44 ✓ ✓ Oxidation CO2
þ

45* ✓ ✓ Possible contamination C2H5Oþ

51* ✓ ✓ Monomer C4H3
þ

56* ✓ ✓ Possible contamination C3H4Oþ

61 ✓ ✓ Unknown origin Unknown 
65 ✓ ✓ Blowing agent R142b CF2CH3

þ

74 ✓ ✓ Unknown origin Unknown 
78 ✓ ✓ Monomer C6H6

þ

81 – ✓ Blowing agent R142b 35ClCFCH3
þ

85 – ✓ Blowing agent R22 35ClCF2
þ

87 – ✓ Blowing agent R22 37ClCF2
þ

91 ✓ ✓ Monomer C7H7
þ

Fig. 10. XPS-A sample after the measurement at up to 250 �C. The sample 
material has molten and small bubbles have been formed on the surface. The 
color resembles the sample’s initial color. 

Fig. 11. XPS-B sample after the measurement at up to 250 �C. The sample 
material has molten and few very large bubbles have been formed in the ma-
terial. The color has changed to dark green and shows black regions, which 
indicate a thermal decomposition of the material. 
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recommended to use this material in such applications. 

5.2. Outlook 

More information on the involved decomposition products can be 
obtained by extending the mass range of the mass analyzer. Modifica-
tions in the experimental setup can be performed to reduce uncertainties 
in the time-temperature correlation and to reduce effects of thermal 
inertia of the setup. At this stage the setup provides a proof of concept 
and allows exploring possible applications for this kind of outgassing 
measurements. One possible application could be to test materials for 
the release of hazardous substance at different temperatures. Compre-
hensive studies on other base materials for polymeric collectors, like 
different grades of PPS, have been performed and are subject to suc-
cessive publications. 

Data availability 

The raw data required to reproduce these findings cannot be shared 
at this time due to technical or time limitations. The processed data 
required to reproduce these findings cannot be shared at this time due to 
technical or time limitations. 
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