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Abstract. This article investigates methods for sampling volatiles on a compounding extruder to enable the
development of a quasi-continuous automated sampling and measurement system for odorous contaminants. A
first prototype of a bespoke extraction system was presented in earlier work, comprising four sequential cooling
traps and one subsequent sorption trap. This setup allows us to obtain samples from the vacuum degassing port
of a Coperion ZSK extruder. Preliminary results indicated that samples contain a plethora of odor-active com-
pounds. This study assesses samples from the processing of post-consumer recycled polypropylene by means of
gas chromatography–mass spectrometry/olfactory detection (GC–MS/O), focusing on comparing the composi-
tion of condensed and adsorbed samples. The results give an overview of the degassing atmosphere, listing more
than 108 volatile compounds including odorants. Qualitative comparison of the sampling techniques indicates
significant fractioning between condensates and adsorbates, which is illustrated on an orientation plot for water
solubility versus volatility. Based on the results, guidelines for the design of sampling units for automated use in
the aspired online monitoring application are proposed to transfer a broad spectrum of relevant contaminants to
an attached measurement system.

1 Introduction

Increasing the recycling quota of plastic packaging is an im-
portant sustainability goal that has been incorporated in na-
tional and European legislation (PPWR, 2024; VerpackG,
2019). A current funding initiative by the German Federal
Ministry of Education and Research (BMBF) focuses on
the polyolefins polypropylene (PP) and polyethylene (PE),
which are high-quality plastics used for critical applications
like pharmaceuticals, cosmetics, and food packaging. How-
ever, meeting the quality standards of said applications with
post-consumer recycled (PCR) plastics remains a challeng-
ing task due to the varying degrees of contamination from

their previous lifecycles and reprocessing (Cook et al., 2023;
Nordahl and Scown, 2024). Among the various contami-
nants found in recycled plastics, volatile organic compounds
(VOCs) are a diverse group that includes a variety of odor-
active volatiles (Strangl et al., 2021). These contaminants,
referred to as “non-intentionally added substances” (NIASs),
are of concern as they are undesired and, in some cases, even
harmful. Current spot survey methods are inadequate for suf-
ficiently monitoring these contaminants. Consequently, there
is an urgent demand for continuous in situ measurement
methods to closely scrutinize the material during processing
and to allow for selection and adaptive treatment of heteroge-
neous PCR plastics. A suitable process step to access the ma-
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terial is the compounding extruder, where the extraction from
the liquid state is forced in the vacuum degassing zone. At-
taching an analytical measurement system here is challeng-
ing due to the necessity of sample extraction, inducing phase
changes in the sampled compounds.

In prior work, a prototype sampling apparatus was devel-
oped to extract samples from the degassing atmosphere in
order to investigate its composition. This has been reported
contemporaneously in two conference contributions for dis-
junct international (Reimringer et al., 2024b) and national
(Reimringer et al., 2024a) audiences and included prelimi-
nary GC–MS/O results for condensate samples only.

In this article, the assessment of this feasibility study is
completed with analyses for the adsorbates collected on sor-
bent tubes for thermal desorption (TD), allowing for a sys-
tematic conclusion of the measurement task and the deduc-
tion of a setup and operation method for a prospective auto-
mated online measurement system.

2 Methodology

In the compounding extruder, material undergoes a contin-
uous mechano-chemical process and is blended with addi-
tives. Reaction products and other volatile components are
removed from the molten mass via degassing ports; reaction
conditions and the attached vacuum facilitate the transfer to
the gas phase. The implementation of online monitoring sys-
tems, equipped with advanced trace gas analytics, would fa-
cilitate the acquisition of crucial data concerning the compo-
sition of the degassing atmosphere and the potential presence
of contaminants. The shifted vapor–liquid equilibrium in the
degassing situation can be leveraged to measure components
with low volatility.

The following sections offer a concise synopsis of the
sampling apparatus and experiment from Reimringer et al.
(2024a, b) as well as the subsequent steps for laboratory anal-
ysis that were used to investigate the general composition of
the degassing atmosphere and relevant target gases.

2.1 Sampling apparatus

The process temperature in the compounding extruder of
approx. 200 °C and the pressure on the vacuum degassing
line of approx. 70 mbarabs do not permit direct attachment of
an analytical measurement system. Instead, a transfer of the
gas sample to standard atmospheric temperature and pres-
sure (SATP) conditions (25 °C, 1013 mbar) is required. Con-
sequently, certain compounds will condense; volatile com-
pounds can be either condensed by additional cooling or ad-
sorbed for later release.

The apparatus in Fig. 1 was developed to investigate this
transfer process. It comprises four cooling traps, followed by
a TD tube. Sampling options are inline and bypass, the lat-
ter using a 40 LN min−1 sampling pump specified with 500–
1000 mLN min−1 at 70 mbarabs operation pressure. For the

Figure 1. Schematic of the sampling system from Reimringer
et al. (2024b). The compounding extruder (1) processes recycled
PP (2). The product is extruded from die (4). The process is de-
gassed via the degassing dome (3) using a high-performance vac-
uum pump (10). The sampling apparatus is connected to the de-
gassing line 2/3-way valves (6). For the bypass mode, gas is trans-
ported by the membrane pump (9) and by the main pump (10) for
the inline mode with a closed butterfly valve (5). Cooling traps (7)
collect condensates, and volatile compounds are adsorbed on the
TD tube (8). The gray arrows indicate direction of degassing flow.

condensation traps, inert glass flasks are temperature con-
trolled via aluminum blocks, connected with a thermal gap
filler (TGF) material (Reimringer et al., 2024b).

2.2 On-site experiment

The apparatus was set up at the compounding lab at IKV
Aachen on a twin-screw extruder (ZSK 26 Mc, Coperion
GmbH, Stuttgart, Germany). A series of experiments was
conducted with recycled PP granulate (PP 0515 SPV, RE
Plano GmbH, Lünen, Germany) at 200 rpm, 200 °C process
temperature, and 5 kg h−1 throughput.

Table 1 gives the schedule for the experiments, respecting
all basic configurations of the sampling system. Experiments
no. 1 and no. 2 were conducted in bypass mode, employ-
ing the diaphragm pump once without further restriction and
once with an inserted TD tube. Experiments no. 3 and no. 4
were conducted in inline mode, with three TD tubes inserted
sequentially for each. In experiment no. 4, the PP granulate
was pre-dried in a hot-air dryer for 4 h at 80 °C.

For each inline sampling run, the sampling path was con-
nected prior to closing the butterfly valve at the beginning
and vice versa at the end in order to ensure a continuous
degassing flow, thereby simulating a prospective automated
system.
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Table 1. Schedule for on-site sampling experiments with experiment and sample numbers, adapted from Reimringer et al. (2024b).

Experiment no. Duration Configuration Material Condensate traps Adsorption tubes

1 2 h Bypass, without TD tube PP 11, 12, 13, 14 –

2 2 h Bypass, with TD tube, Tenax® TA, 2 h PP 21, 22, 23, 24 2

3 1.5 h Inline, with TD tubes
(a) Tenax® – (b) Carboxen – (c) Tenax®,
0.5 h each

PP 31, 32, 33, 34 3a, 3b, 3c

4 1.5 h PP, dried 41, 42, 43, 44 4a, 4b, 4c

2.3 Analysis

Laboratory analysis was conducted using a series of prepa-
ration steps for the liquid condensate samples and extensive
GC–MS/O analyses for all samples. Details on the method
for condensate preparation and analysis have been reported
in Reimringer et al. (2024b). The following section (Sect.
2.3.1) is reduced to the most important aspects.

2.3.1 Analysis of condensate samples

As reported in our previous work (Reimringer et al., 2024b),
the condensate flasks were assessed by gravimetry to record
the overall mass gain. For this, the prepared flasks (partly
containing glass wool to hold back particles) were weighed
with 10 mg precision before and after the experiment. The
water content of the condensates was determined via Karl
Fischer titration (Fischer, 1935). Volatile components were
extracted from the condensate matrix with dichloromethane
followed by solvent-assisted flavor evaporation (SAFE) and
subsequent concentration. A blank was prepared in a simi-
lar way from demineralized water. For instrumental analysis
of the condensate distillates, 2 µL of the samples was ana-
lyzed via GC–MS/O in splitless mode (7890B GC, 5977B
GC/MSD, Agilent Technologies, Waldbronn, Germany; odor
detection port (ODP), Gerstel MPS, Gerstel GmbH & Co
KG, Mühlheim a. d. R., Germany; multi-purpose autosam-
pler (MPS), Gerstel), whereby the MS and ODP were con-
nected to the GC via a 1 : 1 split. Detailed parameters for the
described analyses are given in Reimringer et al. (2024b).

2.3.2 GC–MS/O method for adsorbate samples

The TD tube samples were closed with brass caps and freeze-
stored at−18 °C until analysis. The tubes were subsequently
analyzed using a GC–MS/O system (7890B GC, 5977B
GC/MSD Agilent Technologies, Waldbronn, Germany, and
Gerstel ODP 4, Gerstel GmbH & Co KG, Mühlheim a. d.
R., Germany) equipped with a multi-purpose autosampler
(MPS) and thermal desorption unit (TD3.5+) with a cooled
injection system (CIS4; all three from Gerstel GmbH & Co
KG, Mühlheim a. d. R., Germany). Samples were transferred
to the TD unit and thermally desorbed; for this purpose, the
initial TD temperature was set to 40 °C (initial time 6 min)

with a solvent vent of 5 min, after which the temperature was
raised to 280 °C at 120 °C min−1 and held for 8 min. An-
alytes were transferred (at 300 °C) to the CIS and trapped
at −100 °C by use of liquid nitrogen; the CIS temperature
was then raised to 300 °C at 12 °C s−1 and held for 5 min for
analyte desorption into the GC system. The initial screen-
ing run was done in splitless mode; subsequently, a split of
100 : 1 (split flow of 200 mL min−1) was set to avoid over-
loading the chromatogram. The initial oven temperature was
40 °C (2 min hold time), which was then raised to 230 °C at
8 °C min−1 (5 min hold time). Analytes were separated on
a DB-FFAP column (30 m× 0.25 mm, 0.25 µm film thick-
ness, J&W GC Columns Agilent Technologies, Santa Clara,
CA, USA) using helium as a carrier gas at a constant flow of
2 mL min−1. As for the condensate samples, the effluent was
split 1 : 1 towards the MS or the ODP (270 °C). With a delay
of 3 min, mass spectra were generated in electron impact (EI)
mode at 70 eV for an m/z range of 35–300.

GC–MS/O analysis allows for the simultaneous detection
of odorants via MS and human olfaction. GC–O and GC–
MS/O are widely applied in the field of odor and aroma re-
search for the detection and identification of odorous sub-
stances (Brattoli et al., 2013; Hayes et al., 2023; Mahmoud
and Zhang, 2024; Strangl et al., 2020).

2.3.3 Compound matching from GC–MS measurements

For both condensates and adsorbates, a homologous series
of n alkanes was analyzed under the same chromatographic
conditions for the calculation of linear retention indices (RIs)
(van Den Dool and Kratz, 1963). For selected samples, a
trained expert (“panelist”) from the IVV sensory panel eval-
uated the odor qualities at the ODP, focusing on odorants up
to RI 2600. No illness or olfactory dysfunction was known
for the panelist at the time of the assessments. Panel training
is conducted on a regular basis (weekly) to test the olfactory
ability of the panelists. This includes the recognition and de-
scription of various odors (from a total of about 70 odorants)
using odorant pens.

Chromatographic data were processed, including determi-
nation of RI values, using Automated Mass Spectral De-
convolution and Identification (AMDIS) version 2.73 soft-
ware (NIST, Gaithersburg, USA) in combination with an in-

https://doi.org/10.5194/jsss-15-35-2026 J. Sens. Sens. Syst., 15, 35–46, 2026



38 W. Reimringer et al.: Inline gas-phase sampling methods for contaminant monitoring

house RI/MS database of mostly odor-active compounds for
compound assignment. An unequivocal compound identifi-
cation was not conducted. This would make a direct compar-
ison to reference standards necessary, which was not within
the scope of the present study. Results were compared to a
blank measurement. The best RI/MS matches according to
AMDIS, for each extracted peak with RI± 30 and net match
factor ≥ 70, were considered.

3 Results

The goal of the analyses is to determine if the chosen sam-
pling point and technique are viable, what components are
involved in the sampling atmosphere, and if either condens-
ing or adsorption are favorable for an automated setup.

First results for the condensate preparation and analysis
have already been reported in Reimringer et al. (2024b),
which is summarized in the following section. For a con-
sistent examination of the extruder exhaust atmosphere,
the recorded GC–MS data from the condensates were re-
evaluated along with the results from the TD tube sam-
ples. In particular, the full substance lists were scrutinized,
whereas the preliminary results only covered the most promi-
nent species. This allows for a comparison and optimization
of the sampling approach.

3.1 Gravimetry and water content determination

Gravimetry confirmed the visual observation that conden-
sates only occurred in the last two cooling traps, with only
the last one at 0 °C showing significant mass gain. In inline
mode, a condensation rate of up to 85 mg kg−1 of processed
material was determined. In bypass mode, however, no rele-
vant mass transport took place due to the flow restriction by
the TD tube.

Water content of inline samples no. 34 and no. 44 was de-
termined as 75.6 % and 79.7 %, respectively, hinting at the
stripping of volatiles along with the water during hot-air dry-
ing of the material in experiment no. 4, as reported in our
previous work (Reimringer et al., 2024b).

3.2 GC–MS/O results for the condensates

In the GC–MS analysis reported in Reimringer et al. (2024b),
the presence of various odor-active volatile contaminants in
the distillates has been deduced. Software-based processing
led to suggestions of numerous compounds of different com-
pound classes, volatilities, and odor characteristics. This in-
cludes alcohols (butan-1-ol, pental-1-ol), organic acids (e.g.,
acetic acid, pentanoic acid, octanoic acid), and ketones (2,3-
pentanedione, heptan-2-one). In the parallel GC–MS/O as-
sessment, up to 52 odor-active regions were noted in the dis-
tillate from trap no. 34 (experiment no. 3) by the panelists.
In addition to typical odorants (e.g., butanoic acid), a wide

range of odor qualities was covered, from sweaty and cheesy-
smelling to earthy, moldy, fruity, and coconut-like. These
odor qualities were found to correspond to odors reported for
plastics recycling in the literature (Prado et al., 2020; Strangl
et al., 2018, 2020).

3.3 GC–MS/O results for the adsorbates

Analysis of the TD tubes led to the detection of numerous
compounds. A screening run from sample no. 4c resulted
in a TIC plot with high peak intensities and an overloaded
chromatogram, indicating the high potential of the setup for
volatiles’ trapping and analysis. The following section fo-
cuses on the analysis of the remaining Tenax® tubes (no. 3a,
no. 3c, and no. 4a). For those, the 100 : 1 split ratio was ap-
plied (see Sect. 2.3.2).

In each of the three samples, more than 70 compounds
were detected by software-based processing in combination
with an in-house volatile database. Figure 2 shows the chro-
matograms of samples no. 3a and no. 3c, which appear to be
quite similar, with a tendency for higher peak intensities for
sample no. 3c. As these samples have been taken from the
extruder exhaust atmosphere of the same material batch but
approximately 1 h apart, some variation must be expected.
Actually, a perfect match of both samples would not be de-
sirable, as in the target application, such variations will be
evaluated to assess the inhomogeneous quality of the pro-
cessed material stream.

Table 2 gives an overview of the detected substances in
distillate no. 34 and adsorbates no. 3a and no. 3c using
software-based database matching. Database matching was
conducted using MS and RI data, and best matches were
considered. Systematic comparison and evaluation are chal-
lenging due to a large number of overlapping peaks. Of the
tentatively detected peaks in either of the two tube samples,
more than half can be detected in both samples (57 out of
95). However, comparing the detected substances from sor-
bent tubes and condensates gives a different result: it turns
out that only a small fraction of the substances (10 of a to-
tal of 108) can be found in all three samples as a first hit.
Besides the intricate peak assignment for the complex chro-
matograms, it is very likely that the two sampling methods
do not represent the same proportion of the total volatile
compounds. This can be expected to some extent, as each
sampling method always tends to be selective about certain
compounds or compound groups. It should also be noted that
certain substances or substance groups may be distinguished
within the context of sample work-up and analytical process-
ing, e.g., through the choice of solvent in the case of con-
densate samples or the use of a solvent vent for the sorbent
tubes. In some applications, like the one presented, the dif-
ferent behavior of condensate and sorbent sampling can be
used as an advantage as very low boiling substances, particu-
late matter, and humidity need to be stripped from the sample
prior to analysis. The low number of matching detections and
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the fact that only one of the four condensate traps (see Fig. 1)
yielded sufficient condensate for analytics complicate quan-
titative analysis of the results but demonstrate the need for
adaptation of the sampling setup.

GC-coupled olfactory detection (GC–O) via GC–MS/O
with an attached odor detection port (ODP) resulted in more
than 45 odor-active regions for samples no. 3a and no. 4a.
Odor detection was performed with a split ratio of 100 : 1 at
the injector before the GC column and a 1 : 1 split for ODP
and MS. Over the course of this, with a total of 63 odor-active
regions, more odorous compounds were detected at the ODP
in sample no. 3a (untreated PP) compared to 48 in no. 4a
(pre-dried PP). It has to be noted that odor detection was only
conducted for one tube per sample by one panelist; there-
fore these results can only be used to illustrate tendencies.
Table 3 lists substances from the GC–O analysis of sample
no. 3a with “OK” or even “good” matchings regarding their
retention indices and database odor impression.

4 Discussion

The large numbers of compounds (108) and odors (63) de-
tected in the processed condensates and TD samples, many
of which are typical of recycled plastics, suggest that (a) an
extraction of relevant samples from the vacuum degassing
line is feasible, (b) the general technique of sampling con-
densates and adsorbates at the given temperatures is work-
ing, and (c) the TD tube adsorbs relevant compounds when
placed behind a cooling trap.

The results do not clearly imply a specific sampling
method, and the dense chromatograms do not allow for a
quantitative analysis of the distribution of compounds be-
tween the two sampling methods. However, some qualitative
findings can be derived: of the four cold traps used, only the
one at the lowest temperature is required, as only this one
contained a significant proportion of the emissions as sorbate
(see Sect. 3.1). Sampling on Tenax® TA appears to be well
suited, but the applied sampling time of 30 min is clearly too
long, as even with a split ratio of 100 : 1 the measurement is
still rather overloaded (see Fig. 2). Shorter sampling times
are beneficial as the intended application requires rapid re-
peatability of measurements.

For a qualitative assessment of the sampling results, a sys-
tematization of the substances according to volatility and va-
por pressure seems advisable: a comparison of the compound
suggestions for the detected peaks shows that the nonpo-
lar, highly volatile substances, e.g., saturated and unsaturated
C6–C9 aldehydes, are very well represented in the Tenax®

TA sampling, while they are hardly found in the condensate.
It is important to retrieve these compounds as the unsatu-
rated aldehydes in particular are very odor active, and some
contribute significantly to the typical odor of PP recyclates
(Strangl et al., 2021). Therefore, the usage of a sorbent sam-
pling seems inevitable. However, in our study, short-chain

carboxylic acids are poorly represented in the Tenax® TA ap-
proach followed by TD–GC–MS according to the software-
based processing, although they are clearly represented in the
condensate and are also typical of plastics (Cabanes et al.,
2020). Both findings are not surprising, since Tenax® TA is a
nonpolar sorbent that has a low breakthrough volume for car-
boxylic acids (Tenax® TA breakthrough volume data, 2025),
which might lead to underrepresentation of these compounds
during sampling. On the other hand, the relatively volatile
aldehydes should not be well retained in the cooling trap, es-
pecially since the condensate contains plenty of water and is
therefore a rather polar matrix.

Although an optimized sampling procedure must hence-
forth be the subject of further investigations, we can still
derive a much better view of the suitable setup. From the
laboratory analyses, it can be noted that sample preparation
from the condensates is a complex and labor-intensive pro-
cess, whereas TD tube analysis is strongly affected by ad-
sorbent capacity and sampling volume. The 100 : 1 split ra-
tio necessary to obtain manageable GC–MS results from the
30 min sampling time used in the first series of experiments
clearly shows that much lower gas volume and therefore
much shorter sampling periods seem possible – and upon fur-
ther reflection, even inevitable.

In order to get a better understanding of the requirements
of the sampling method, Fig. 3 illustrates prominent com-
pounds from the analysis of experiment no. 3, arranged re-
garding their respective water solubility and vapor pressure;
the underlying compound data have been collected from var-
ious sources (Agency for Toxic Substances and Disease Reg-
istry (ATSDR), 2007; Ambrose et al., 1975; Baccanari et
al., 1968; Daubert, 1996; Espinosa Díaz et al., 1999; ECHA,
2024; NIST, 2025; Lide, 1996; Perry et al., 1984; Yaws and
Satyro, 2015). This representation illustrates the broad spec-
trum covered by the relevant substances. For substances with
high water solubility and volatility in particular, any water
separation strategy will be challenging as these substances
will not be as effectively sampled as others or be lost in purg-
ing steps. The proposed solution is to use a nonpolar adsor-
bent (Tenax® TA) and to sample well below the breakthrough
volume so that very little water will be available in the des-
orbed specimen and thus will not interfere with the water-
sensitive GC–MS setup.

For the implementation of the sampling technique pro-
posed above, the sampling setup from Fig. 1 has to be
adapted. One condensation trap would seem beneficial to as-
sist in holding back water and can also be equipped with
particle-retaining material. Access to the TD sampling tube
has to be controlled by technical means to ensure accurate
timing, as the high sample loads found in the results call for
a significantly reduced sampling time in order to fulfill the
above requirement of sampling below the breakthrough vol-
ume as well as the need for high time resolution in the pro-
cess monitoring application. As a rough estimate, the sam-
pling time used in the above experiments divided by the split
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Table 2. Compounds detected in experiment no. 3 by software-based database matching using RI and MS data, ordered by observed retention
time. Given literature RIs for the FFAP column from Leibniz DB (Kreissl et al., 2022), except † taken from NIST WebBook 185 (NIST
Chemistry WebBook, SRD 69, 2025). Matches with RI± 30 and a net match factor of ≥ 70 (weak match ♦) and ≥ 80 (good match �) in
comparison to database entries were considered. Compounds are not identified unambiguously, and isomers may not be distinguishable from
one another. � Compounds found in all samples. � Compounds found in both adsorbate samples.

Detection Compound RI lit. Distillate RI exp. Adsorbates RI exp. Adsorbates RI exp.
frequency no. 34 no. 34 no. 3a no. 3a no. 3c no. 3c

2,3-Pentanedione 1056 � 1062.8 – –

Camphene 1075 ♦ 1066.2 – –

2-Methyl-1-propanol 1097 ♦ 1083.4 – –

� 5,5-Dimethyl-1,3-dioxane – � 1097.6 – –

� Hexanal 1078 – � 1096.9 � 1094.8

Undecan 1100 � 1104.7 � 1130.0 –

� Butan-1-ol 1139 � 1134.6 � 1160.3 � 1160.1

p-Xylene 1114 � 1137.6 – –

� o-Xylene 1159 � 1180.5 � 1162.0 � 1161.0

� 2/3-Heptanone 1188 ♦ 1177.7 � 1177.7 � 1175.8

Heptanal 1192 – � 1211.5 –

n-Propylacrylate – – – ♦ 1202.0

(E)-2-Hexenal 1213 – – ♦ 1242.5

� 4-Ethyltoluene 1181† – � 1246.8 � 1247.1

3-Ethyltoluene 1200† – � 1247.6 –

� Ethylhexanoate 1223 – � 1256.1 ♦ 1257.8

Pentan-1-ol 1238 � 1239.0 – –

2-Ethyltoluene – – – ♦ 1280.7

� p/m-Cymene 1260 � 1262.4 � 1288.8 � 1290.8

� Hexyl acetate 1271 – � 1290.1 ♦ 1292.4

� 2-Octanone 1285 – � 1302.2 � 1304.3

� Octanal 1280 – � 1306.5 � 1308.7

3-Propyltoluene – – � 1317.7 –

Cyclohexanone – ♦ 1285.4 – –

� 4-Propyltoluene – – � 1318.1 � 1319.8

� (E)-2-Heptenal 1311 – ♦ 1337.7 � 1339.4

� 2-Propyltoluene – ♦ 1318.3 ♦ 1347.5

� Allylbenzene – � 1376.4 � 1377.5

� 2-Nonanone 1395 – � 1392.1 � 1393.1

� Nonanal 1381 – � 1398.1 � 1398.8

� (E)-2-Octenal 1420 – � 1434.3 � 1435.1

� 4-Methylanisole – – � 1442.1 ♦ 1443.3

� 1-Octen-3-ol 1435 – � 1444.8 ♦ 1445.8
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Table 2. Continued.

Detection Compound RI lit. Distillate RI exp. Adsorbates RI exp. Adsorbates RI exp.
frequency no. 34 no. 34 no. 3a no. 3a no. 3c no. 3c

Acetic acid 1444 � 1430.6 � 1449.0 –

� 2-Furaldehyde (Furfural) 1467 – � 1470.1 � 1471.3

2-Decanone 1412 – – ♦ 1496.6

� (E,E)-2,4-Heptadienal 1483 – � 1498.9 � 1500.0

� Benzaldehyde 1512 – � 1531.2 � 1532.8

Propanoic acid 1533 � 1519.1 � 1535.7 –

� (E)-2-Nonenal 1527 – � 1540.1 � 1540.9

� 1-Octanol 1554 – � 1553.3 � 1554.5

2-Methylpropanoic acid 1559 � 1549.8 � 1564.5 –

� 5-Methyl-furfural 1574 – � 1581.3 � 1582.4

Methyl decanoate 1613† – ♦ 1603.1 –

� 2-Undecanone 1587 – � 1609.0 � 1604.7

Butanoic acid 1620 � 1611.2 � 1625.1 –

Menthol 1641 ♦ 1633.9 – � 1641.0

� Ethyl decanoate 1618 – ♦ 1645.2 ♦ 1641.9

� (E)-2-Decenal 1629 – � 1656.3 � 1653.3

2-Methylbutanoic acid 1652 ♦ 1654.5 – –

Methacrylic acid – � 1674.3 – –

Ethyl benzoate 1655 – – � 1674.5

� Estragole 1664 – � 1676.5 � 1677.2

3-Phenyl-1-cyclohexene – – – ♦ 1685.6

Salicylaldehyde – – – ♦ 1690.5

Dimethyl glutarate – ♦ 1694.3 – � 1705.6

� α-Methylbenzyl-acetate 1680 – � 1706.9 � 1707.4

Dodecanal 1690 – – ♦ 1715.1

3-Methyl-2(5H)-furanone 1695 � 1721.3 – –

Pentanoic acid 1726 � 1723.6 –

� Benzyl acetate 1714 – � 1736.0 � 1737.7

3-Methylacetophenone - � 1755.4 – –

2,4-Dimethylacetophenone – � 1782.5 – � 1818.9

R-(-)-Carvone 1719 – – ♦ 1745.6

� (E)-2-Undecenal 1732 – � 1760.1 � 1760.1

4-Chlorobenzaldehyde – – � 1781.5 –

� 4-Methylacetophenone 1756 – � 1785.6 � 1788.0

� 4-Isopropylbenzaldehyde (Cuminalde-
hyde)

1790† – ♦ 1793.7 � 1792.8
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Table 2. Continued.

Detection Compound RI lit. Distillate RI exp. Adsorbates RI exp. Adsorbates RI exp.
frequency no. 34 no. 34 no. 3a no. 3a no. 3c no. 3c

� Methyl laurate – – ♦ 1804.0 ♦ 1805.4

� (E,E)-2,4-Decadienal 1801 – � 1820.0 � 1820.8

2-Phenylethyl acetate 1808 – – ♦ 1824.6

� (E)-Anethole 1828 – � 1837.9 � 1838.9

Ethyl laurate 1835† – – ♦ 1846.0

Hexanoic acid 1837 � 1831.9 � 1844.0 –

2-Methoxyphenol 1860 – – � 1869.7

� 4-Phenyl-2-butanone 1854 ♦ 1858.9 � 1869.7 � 1870.4

1-Undecanol – ♦ 1876.4 – –

� 2-Phenylethanol 1909 � 1907.0 ♦ 1917.8 � 1919.0

� γ -Octalactone 1918 ♦ 1920.1 ♦ 1930.4 � 1931.3

Heptanoic acid 1941 � 1939.4 � 1949.5 –

Cyclamen aldehyde – – ♦ 1988.8 –

δ-Octalactone 1963 – – ♦ 1982.1

� 2,4,6-trimethylphenol – – � 1992.9 � 2003.5

� Phenol 2000 – � 1999.7 � 2010.0

Diphenylmethane – – � 2024.4 � 2024.6

� 3-Phenyltoluene – – � 2024.4 � 2024.7

p-Anisaldehyde 2028 – – ♦ 2041.9

γ -Nonalactone 2029 – – � 2042.7

� 4-Methylphenol 2081 – � 2077.6 � 2089.7

Nonanoic acid 2174 � 2151.7 � 2163.0 –

� 4-Methoxyphenylacetone 2170† – � 2169.4 � 2171.9

� 4-Allyl-2-methoxyphenol (Eugenol) 2165 – � 2175.3 � 2177.6

� 3,5-Dimethylphenol 2163† – � 2181.7 � 2184.0

� 2,5-Dichlorophenol 2160† – ♦ 2187.0 ♦ 2188.8

� Decanoic acid 2263 � 2260.3 � 2269.8 � 2272.9

� Myristicin 2267 – � 2275.8 � 2279.0

� Methyl dihydrojasmonate 2265 – � 2291.7 � 2295.4

� 2,4-Di-tert-butylphenol 2310 � 2298.7 � 2310.1 � 2312.4

� γ -Dodecalacton 2375 – � 2391.6 � 2392.5

9H-Fluorene – � 2351.1 – –

3-Chlorophenol 2371† – – ♦ 2453.8

� Dodecanoic acid 2472 � 2470.9 � 2482.6 � 2482.8

� Coumarin 2470 – � 2484.8 � 2487.0

� Benzophenone – � 2489.0 � 2502.7 � 2504.1
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Table 2. Continued.

Detection Compound RI lit. Distillate RI exp. Adsorbates RI exp. Adsorbates RI exp.
frequency no. 34 no. 34 no. 3a no. 3a no. 3c no. 3c

� Vanillin 2573 – � 2587.6 � 2591.2

Phenylacetic acid 2557 � 2549.7 – – –

Tetradecanoic acid 2701† � 2694.4 � 2709.6 –

Figure 2. Comparison of TIC scans for TD tube samples no. 3a and no. 3c, sampled from the processing of untreated recycled polypropylene
in inline mode.

Figure 3. Vapor pressure vs. polarity for selected compounds from
experiment no. 3.

factor in the laboratory analyses gives a target sampling time
of approx. 18 s. Thus, even timing variations in sample line
switching of the order of 100 ms would result in significant
error.

For an extension towards a fully automated sampling setup
suitable for prolonged periodic operation, strategies for purg-
ing the trapped condensates are crucial in order to not pro-
vide a secondary sample-and-release system through inter-
action of the trapped watery condensates with the sampling
atmosphere. This especially concerns low-KOW substances.

On the sample acquisition side, either the TD tube must be
changed between sampling periods or an in situ thermal des-
orption technique has to be applied to further transfer the
collected substances to an attached measurement device. Re-
garding the multitude of substances involved and the goal
of close real-time monitoring of contaminants, this is a fa-
vorable solution provided that the measurement device has
sufficient sensitivity and temporal resolution to align mea-
surements and sampling periods.

5 Conclusions

It has been successfully demonstrated that volatile contam-
inants can be sampled from a PP recycling process at the
vacuum degassing of a compounding extruder. Laboratory
analysis with GC–MS/O has confirmed that relevant odor-
ous compounds can be transferred with the tested sampling
setup. This worked well for the inline sampling mode; how-
ever, at typical application temperature and pressure, the al-
ternative bypass sampling strategy turned out to be applicable
for condensation traps only, not for packed adsorption tubes.
Condensate and adsorbate samples have both been analyzed,
with specific GC methods developed for each. Based on this,
a systematic consideration of the relevant compounds and
their respective properties shows that in the wide spectrum
of volatility and polarity, short sampling periods are essen-
tial for any quantitative approach to the measurement prob-
lem; the results obtained in this work hint at sampling periods
of less than 30 s. This way, highly volatile polar compounds
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Table 3. Odor qualities detected via GC–MS/O in sample no. 3a and suggested compounds matching with database RI and for which
comparable odor impressions are reported in the literature (Kreissl et al., 2022). Database matches are based on RI and MS data using
software-based evaluation and in-house database. Weak software matches (net match factor ≥ 70 and < 80) are in italics.

Name Compound RI
(DB-FFAP),

exp.

Odor impression
acc. to panelist

RI (DB-FFAP),
lit. Leibniz

odorant DB

Odor impression acc. to Leibniz
odorant DB

Hexanal 1196.9 green, grassy 1078 green, grassy
Butan-1-ol 1160.3 sweetish, fruity 1139 malty, solvent
Heptanal 1211.5 green, herbal 1192 citrus-like, fatty
Octanal 1306.6 fatty 1280 citrus-like, green
Nonanal 1398.1 fatty, flowery 1381 citrus-like, soapy
(E)-2-Octenal 1434.3 fatty, herbal 1420 fatty, nutty
1-Octen-3-ol 1444.8 fatty, spicy 1435 mushroom-like
(E)-2-Nonenal 1540.2 fatty 1527 fatty, green
Methyl decanoate 1603.1 musty, dusty NA sweaty, soapy
Ethyl decanoate 1645.2 dusty, musty 1618 soapy, pear-like
4-Methylacetophenone 1785.6 fruity, woody,

whisky-like
1756 almond-like, foxy

4-Methylphenol 2088.1 fecal 2081 fecal, phenolic, horse-stable-like
4-Allyl-2-methoxyphenol
(Eugenol)

2175.1 clove-like 2165 clove-like

Decanoid acid 2269.8 musty, dusty 2263 soapy, musty
Coumarin 2484.8 sweetish, woody 2470 woodruff-like, almond-paste-like
Vanillin 2587.6 vanilla-like 2573 vanilla-like

NA – not available.

and less volatile nonpolar compounds can be balanced in ad-
sorption sampling to feed a customized measurement system.
The sampling setup can be adapted and extended towards an
integrated system for online operation applying the consider-
ations laid out above.

Future work is necessary to characterize an integrated
sampling and analysis system. Subsequent research will
cover further development of the setup and operation meth-
ods in the context of the real-world target application.
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