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Abstract. The measurement of odors offers a high potential for non-destructive, on-line, real-time quality moni-
toring of many different products, such as food and cosmetics. Although numerous laboratory devices are capable
of such odor measurements, required laboratory background and trained workers prevent the widespread use of
such devices in the industry and in public. Hence, cheap and commercial instrumental odor monitoring systems
(IOMSs) are needed. To ensure a timely and cost-effective experience during the development of such IOMSs, a
gas chromatography selective odorant measurement sensor array (GC-SOMSA) combining three detector ports
(a mass spectrometer, an odor detection port, and a sensor chamber) is set up as an element of a structured devel-
opment concept for IOMSs. This device is tested with a commercially available sensor and spiked sunflower oils,
which emulate odor-active oxidation of fatty oils that occur during oil aging in food or cosmetics. The sensor was
able to detect pentane (4 µL 100 mL−1) and the odor-active oxidation markers hexanal (1.4 µL 100 mL−1) and oc-
tanal (8.2 µL 100 mL−1) within a sunflower oil matrix. When applying different sensor temperatures, the sensor
was able to detect a more intense signal for hexanal than for pentane at 250 °C. Furthermore, it was found that the
(siloxane) protective membrane of the sensor discriminates between different molecules. This has an influence
on the synchronicity of the detectors by adding a possible time offset to the sensor signals. This offset could be
considered by forming the first derivative of the sensor signal. The odor detection port measurements revealed a
weak odor impression at calculated target concentrations. For 10 and 100 times higher concentrations, hexanal
(grassy) and octanal (citrus-like) could be detected. All three detectors were in parallel, and odor impressions
could be assigned to mass spectrometer and sensor peaks. Thus, the sensor could be characterized sufficiently
and is suitable for detecting odor-active compounds in the fat oxidation of a fatty matrix. The GC-SOMSA can
be used in the future as an element of a structured IOMS development concept since it can be extended to a wide
range of applications for rapid sensor characterization and, due to the flexible design of the sensor chamber, for
many different sensors.

1 Introduction

The measurement of odor and volatile compounds can play
a significant role in industrial and quality monitoring pro-
cesses, especially for food products. Thereby, odor consist-
ing of odor-active volatile organic compounds (VOCs) can
be used as an indicator of quality. A well-known exam-
ple is the use of odor for the indication of food spoilage

(Costello et al., 2003; Costello et al., 2000; Joppich et al.,
2022); hence, its detection can be used to identify spoil-
ing food to prevent it from contaminating other foods in
storage. Further, odor can be used to evaluate the different
qualities of foods (Poghossian et al., 2019; Rusinek et al.,
2020). As humans perceive and evaluate their environment
partly by odorants (Oleszkiewicz et al., 2021; Proserpio et
al., 2017), the quality of non-food products can be evalu-
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ated by its odor in addition. For instance, recycled plastics
should not have an off-odor (Reimringer et al., 2024) when
used further as raw material (Prado et al., 2020). In addi-
tion, odor pollution becomes more important, as industrial
plants or agricultural sources may release off-odors into res-
idential areas (Laor et al., 2014). Objective and continuous
long-term measurements are necessary to target these ver-
satile applications. However, the detection of odors faces a
few challenges. First, odor is defined as a (subjective) inter-
pretation of the sensory stimuli provided by chemoreceptors
of the (human) nose (VDI/VDE 3518 part 3, 2018) and can
therefore not be measured quantitatively. Furthermore, hu-
man odor perception differs for each individuum as sensitiv-
ities are different, perception depends on the individual, and
anosmia might occur (Keller et al., 2007). An objective gen-
eralization is hard to realize. Moreover, odor is not directly
correlated with the concentration of single compounds. First,
an odor can consist of a single or many different components
in a characteristic composition. Second, a component with a
very low concentration can also cause a very strong odor im-
pression, while components with a high concentration might
have no odor impression on humans (Czerny et al., 2008). A
solution to this issue is the combination of chemical entities
and physiological odor impressions for the measurement of
odors (Wang et al., 2023). For example, common odor mea-
surements use humans (often trained panels) as a physiologi-
cal reference in combination with instrumental analysis as in
the case of olfactometers and field olfactometers (Motalebi
Damuchali and Guo, 2019). They offer odor samples in var-
ious dilution stages to trained human panels, who evaluate
the intensity of the odor impression. However, this method
does not consider the measurement of chemical entities such
as concentrations of single compounds. Therefore, another
way for the measurement of odor impressions and chemical
entities of such complex gas mixtures is gas chromatography
(GC) – mass spectrometry (MS) coupled with olfactometry
(O) (Mahmoud and Zhang, 2024; Song and Liu, 2018). In
there, an odor detection port (ODP) is coupled to the GC in
parallel with a MS, which allows for a detection of the odor
impression of an eluting substance together with its mass.
Unfortunately, conventional GC-MS/O is laboratory-based
and requires trained personnel, which makes it complex and
expensive. This method is therefore not suitable for in-field
applications such as in-line and/or on-line odor analysis. To
make such measurements possible, small and inexpensive in-
strumental odor monitoring systems (IOMSs), which enable
measurements for in-field applications, are needed.

Metal oxide semiconductor sensors (MOS sensors) are
promising detectors to build low-cost IOMSs for such appli-
cations, as they are inexpensive and commercially available
and offer high sensitivity towards a variety of oxidizing and
reducing gases. High sensitivity towards many gases unfortu-
nately also leads to limited selectivity. Since some odorants
are odor-active at low concentrations and need to be mea-
sured against a high concentration of non-odor-active com-

pounds, a simple headspace measurement with a sensor, of-
fering such limited selectivity, is not suitable for odor iden-
tification. Hence, evaluation models must be developed and
tested prior to the system development, or additional chro-
matographic separation units must be installed upstream of
the sensors, to achieve clear differentiation between individ-
ual markers. In addition, a previous sensor characterization
towards the target analytes needs to be done to identify suit-
able sensors and operation modes for sensors. As this needs
to be done for every new approach, it increases the devel-
opment time and costs of IOMSs, limiting them from being
used in the field. A solution to this problem is to structure and
standardize the development of IOMSs and thus create a de-
velopment platform for such systems (Zeh et al., 2022). The
gas chromatography selective odorant measurement sensor
array (GC-SOMSA) can function as an element of such a de-
velopment platform. The GC-SOMSA was first developed in
1997 by Hofmann and colleagues. In there, a sensor array of
seven sensors placed in a 1.8 mL brass chamber is connected
to a gas chromatograph in parallel with a flame ionization
detector (FID). The sensor response to corresponding test
measurements, desired by required applications of the pre-
selected sensors, can be considered thereout. This allows for
a characterization of the sensors with respect to their signal
response to the eluting volatile markers (Kohl et al., 2000;
Hofmann et al., 1997). In addition, the direct measurement
of a sample can be used to assess whether a separation unit
is required or whether sensors are already sufficiently selec-
tive for the desired application, e.g., only due to their differ-
ent reaction properties to individual markers and interfering
substances. Moreover, for sensor arrays, a direct comparison
between the used sensors is possible to find a sensor which
is best suited for the desired application. An additional ODP
would allow for the detection of odor-active compounds even
if their concentration is low and interfering compounds with
much higher concentration might be present as well. Using a
MS instead of a FID could allow for a parallel identification
of compounds via mass traces. Thus, a GC-SOMSA based
on a MS and an ODP is a useful development platform for
inexpensive and sensor-based IOMSs.

In this work, a GC-SOMSA system consisting out of a
conventional GC-MS, an additional ODP, and a sensor cham-
ber with much smaller dead volume (0.025 mL) than reported
previously is developed as an element of such a structured
development concept. It is tested with aroma-active oxida-
tion products of fat and characterized for its sensor response
of a commercially available sensor and for the olfactory re-
sponse. These oxidation products appear as a result of fat
degradation, which is caused by light, oxygen, or microbial
spoilage. In addition to the odor-active compounds, interfer-
ing compounds such as non-odor-active pentane can be pro-
duced in much higher concentrations as well (Belitz et al.,
2012), making the detection of odor-active components such
as hexanal more difficult. The results could be used to de-
velop a low-cost monitoring system for fat quality and thus
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save ecological and economical resources by detecting po-
tential quality loss of a product at an early stage.

2 GC-SOMSA

The GC-SOMSA system is assembled of a conventional GC
(Trace 1610 gas chromatograph; Thermo Scientific, USA), a
MS detector (ISQ 7610 Single Quadrupole Mass Spectrom-
eter; Thermo Scientific, USA) with an ODP (Thermo Scien-
tific, USA), and a sensor chamber described earlier (Koehne
et al., 2024). The sensor chamber was mounted onto an op-
tional port provided by the manufacturer of the GC oven. The
GC-MS system is operated with the software Chromeleon,
version 7.3.2 (Thermo Scientific, USA). Electronics and soft-
ware from Baur et al. (2018b) were used to control and read
out the sensors (Baur et al., 2018b; Fuchs et al., 2021). The
column setup consisted of a pre-column, a main column, and
the corresponding restrictions downstream to the main col-
umn in front of the respective detectors. The pre-column, a
deactivated fused silica (FS) column (3 m length, 0.25 mm
inner diameter, ID; Agilent USA) served as a trap for con-
tamination and connected the injector with the main column.
A polar free-fatty-acid-phase (FFAP) FS column served as
the main column (15 m length, 0.25 mm ID; Agilent, USA)
for analyses. A UniFit connector (Chromatographie Handel
Müller GmbH, Germany) combines the pre-column with the
main column. Two Y splitters (CZT, Germany) were used
in a row to connect the main column with the respective re-
strictions in front of each detector. The restrictions consisted
of deactivated FS columns. Their dimensions were calcu-
lated according to Oliver Brieger using Eq. (1), the Hagen–
Poiseuille equation for compressible fluids (Oliver Brieger,
personal communication, 2020).

Qout =
π · r4

· (pin− pout)
8 ·µ (T ) ·L

·

(
pin+ pout

2pout

)
(1)

Qout corresponds to the flow out of a restriction; r corre-
sponds to the radius; pin and pout correspond to the inlet and
outlet pressure; L corresponds to the length of a restriction;
and µ (T) corresponds to the dynamic viscosity of the used
carrier gas, which depends on the temperature, T . Here, the
restrictions need to be different, as the MS operates at re-
duced pressure (∼ 10−5 Pa), while the sensor chamber and
the ODP operate at ambient pressure (1013.25 hPa). The gen-
erally used carrier gas flow of 1.7 mL min−1 is divided differ-
ently for each detector due to the different dimensions of the
restrictions. Thereby, 1.0 mL min−1 is directed towards the
MS, while 0.35 mL min−1 is directed towards the ODP, and
another 0.35 mL min−1 is directed towards the sensor cham-
ber. This was checked and confirmed with a mass flow meter
(MFM; MKS Instruments, USA) that was mounted down-
stream of the sensor chamber. A schematic overview of the
entire GC-SOMSA setup is depicted in Fig. 1.

Figure 1. Schematic overview of the GC-SOMSA setup from
(Koehne et al., 2024). S: sample, I: injector, GC: gas chromatog-
raphy, FR: flow restriction, MS: mass spectrometer, and ODP: odor
detection port.

2.1 Sensor chamber

In order to set up the sensor chamber and connect it with
the GC system, several specific requirements must be ful-
filled. The chamber must have a low dead volume, and it
needs an oxygen supply; the chamber should be heatable and
contain a cooling system for the electronics and finally be
tested gas-tight. The low dead volume is necessary to avoid
peak broadening and hence a lower resolution of the chro-
matogram. An oxygen supply is necessary as the GC sys-
tems operates with helium as its carrier gas to avoid col-
umn bleeding during high analysis temperatures. As MOS
sensors operate under ionosorped oxygen on their surfaces,
an oxygen supply is required, which can be solved with
an oxygen containing make-up stream. Additionally, such
a make-up stream can be used to sharpen the peaks within
the sensor chamber. The sensor chamber needs to be heated
to prevent condensation of less volatile compounds. As the
increased temperature can affect the electronics, a cooling
system is required to keep the electronics in regular man-
ufacturing conditions. The gas tightness is mandatory as a
leak can cause impurities. It can be controlled via a down-
stream mounted MFM. To develop a sensor chamber that
fulfills all these requirements, a system based on the work
of Baur et al. (2018b) was specifically designed for the GC-
SOMSA. It consists of three basic parts. First, an aluminum
substructure is serving as a connection unit for the column,
the make-up flow, the MFM line, and the sealing screws. The
column can be tightened via a small cylinder that is con-
nected with a heated (RCF 200; Acim Jouanin, France) trans-
fer line. A mass flow controller (MFC; MKS Instruments,
USA) supplies a continuous make-up stream of 10 sccm syn-
thetic air. A heating cartridge (RS Pro 860 7139; RS Com-
ponents GmbH, Germany) with a commercial Pt100 resis-
tor enables the chamber, especially the gas channels, to be
heated with a closed loop temperature control. Controlling
is operated via a regulation unit (UR3274S1; Wachendorff
GmbH, Germany). Second, a polytetrafluoroethylene (PTFE)
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sealing serves as actual sensor housing. It consists of chan-
nels (1× 1 mm) guiding the gas from the column towards
the sensors and two recesses (5× 5× 1 mm= 0.025 mL) for
two sensors, therefore being much smaller than the previous
reported sensor chamber (Kohl et al., 2000). The recesses
can be adjusted for other sensor types. In here, a commercial
VOC sensor SGP40 (Sensirion, Switzerland) and a commer-
cial sensor for the secondary parameter temperature and hu-
midity, SHT35 (Sensirion, Switzerland), is used. The SGP40
contains a protection membrane, protecting it from siloxane
poisoning and four different sensing layers (layers 0–3) (Sen-
sirion, 2023). Third, an aluminum frame connects all three
parts and ensures a uniform contact pressure on all parts.
Finally, a ventilation unit (9GA0612G9001; Sanyo Denki
Germany GmbH, Germany) on top of the other structure is
used to cool down the electronics. An overview of the GC-
SOMSA sensor chamber construction can be found in Fig. 2.

2.2 Test measurements

To characterize the sensor towards rancidity markers occur-
ring in fat/oil oxidation, markers need to be selected. There-
fore, a mixture of odor-active oxidation markers, dissolved
in neutral sunflower oil (Thomy Deutschland, Germany),
was used. According to Ortner et al. (2016), sunflower oil
is a suitable matrix as it has a negligible VOC emission
in the headspace. Inherent oxidation products in particu-
lar are of minor concentrations, and no odor-active compo-
nents could be expected. Our investigations could confirm
this as no further peaks could be detected and no signifi-
cant odor impression could be perceived. Moreover, it imi-
tates the matrix “fat” and is less volatile, so there is no sol-
vent such as ethanol affecting the measurement. Due to the
low polarity of the triglycerides in the fat, the exact com-
position of the sunflower oil is irrelevant for the calcula-
tion of the headspace concentrations. Hexanal (1.4 µL), oc-
tanal (8.2 µL), nonanal (31 µL), and pentane (4 µL) were dis-
solved in 100 mL of sunflower oil. According to a modified
Raoult equation (Eq. 2), this spike would lead to approxi-
mately 1.55 ppm for hexanal, 1.67 ppm for octanal, 1.71 ppm
for nonanal, and 112.61 ppm for pentane at 40 °C in glyc-
erol trilinoleate. Calculation was done with a concentration-
dependent activity coefficient (Schultealbert et al., 2017; Pe-
nagos Carrascal et al., 2024):

zA · pA = xA · γA · psat,A. (2)

Here, zA corresponds to the proportion of species A in the
gas phase; pA corresponds to the partial pressure of species
A in the gas phase; xA corresponds to the molar fraction
in the liquid phase; γA corresponds to the concentration-
dependent activity coefficient, which is calculated via a UNI-
FAC model; and psat,A corresponds to the vapor pressure of
species A as a pure substance. According to Belitz et al.
(2012), pentane was chosen to be at a higher concentration
(here 4 µL 100 mL−1). For measurements, 2 mL of the final

rancid mixture was added to a standard 20 mL headspace
vial. Samples were incubated for 5 min at 40 °C. Afterwards,
2 mL of headspace volume was injected into the GC with a
split relation of 1 : 10. The temperature profile of the oven
starts at 40 °C for 2 min and rises by 3 °C min−1 over 20 min
to 100 °C. Afterwards, the oven was heated in 20 °C min−1

increments to 160 °C, which was maintained for another
2 min. For the sensors, a make-up stream of synthetic air with
10 sccm was applied.

The sensor was operated at 400 °C in a static tempera-
ture mode for test measurements and for the comparison of
the synchronicity of the detectors. For ODP measurements,
a trained person (member of the Fraunhofer IVV sensory
panel) sniffs the gas outlet of the heated ODP (250 °C) and
records the odor quality and intensity together with the re-
spective retention time of eluting aroma-active compounds.
The sensor was operated at 400 °C in a static temperature
mode again. For a sensor-temperature characterization, the
sensor was operated in a static condition, starting with 100 °C
and increasing the temperature in 50 °C steps to 400 °C. Each
temperature step was measured in duplicates. The sensor was
operated for 1 h with the respective temperature before each
temperature step was measured. A blank was measured in
accordance with 100, 200, and 400 °C temperatures. In addi-
tion, the sensor was operated with the differential surface re-
duction (DSR) mode, which improves the sensor signal (Baur
et al., 2015, 2018a, b).

3 Results and discussion

3.1 Test measurements and synchronicity test

The sensor data were analyzed using the software OriginPro
2022b SR1 (OriginLab Corporation, USA). The sensor sig-
nal, which is given as a raw signal in ticks, is proportional
to the logarithm of the resistance of the sensor material ac-
cording to the manufacturer specifications (Sensirion). For
preprocessing the data, the raw signal was subtracted from
the maximum value of n = 216. Furthermore, the signal was
smoothed using the moving average over 200 data points. To
exclude possible artifacts when starting and ending the mea-
surement, the first and the last second were each cut out. The
MS signal was taken directly from the Chromeleon software.
According to the high intensity of the air peak, an insert was
added to the MS chromatogram for the 400 °C measurement
to visualize the smaller peaks for hexanal and octanal (Figs. 3
and 4). Since there were no differences in the chromatograms
for the same measurements with only different sensor modi-
fications, only the enlarged MS chromatograms were shown
in all further measurements for better visualization (Figs. 5
and 6 and the Supplement). MS peaks were labeled accord-
ing to the NIST database proposal and the mass spectra of
the suspected compounds. To investigate the synchronism of
the sensor and the MS, all signals were aligned according to
their time stamp (Fig. 3).
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Figure 2. (a) Explosion sketch of the GC-SOMSA sensor chamber with (from the bottom up) an aluminum substructure, polytetrafluo-
roethylene (PTFE) sealing with sensor plug-in slots for two sensors and two sensors, and aluminum frame on top. (b) Photograph of the
finally assembled sensor chamber taken from Koehne et al. (2024).

Figure 3. Preprocessed sensor signal at an operational sensor temperature of 400 °C for layers 0–3 and mass spectrometer (MS) signal with
an enlarged insert of the entire chromatogram. The x axes are linked to test the synchronism of the detectors. MS peaks are labeled according
to the NIST database proposal and the respective mass spectra.
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Looking at the signals of the MS, just four peaks are de-
tected. According to the NIST database and the mass spec-
tra (mass traces), they belong to argon (from air) with a re-
tention time of 0.804 min, pentane with a retention time of
1.012 min, hexanal with a retention time of 2.400 min, and
octanal with a retention time of 6.403 min (see also Sect. S1
in the Supplement). The air peak and the pentane peak have a
much higher intensity than the peaks for octanal and hexanal.
This is because argon occurs within air ubiquitously. Pentane
was calculated to show a much higher intensity than hexanal
and octanal. No further peaks are detected. In the raw signal
view of the sensors, it is noticeable that three peaks occur in
each layer (0–3). This thereby shows that the first peak in all
layers has the highest intensity. In layer 0 and layer 1, a tail-
ing of the peaks occurs, which is why the peaks are not com-
pletely baseline separated. For layer 2 and layer 3, a baseline
separation could be achieved. Layer 3 reacts much stronger
compared to peak no. 2 (presumably hexanal) than layer 2
does. The same applies to peak no. 3 (presumably octanal),
which is much stronger in layer 3 than in layer 2. Peak no. 1
(presumably pentane) has the highest intensity in all layers,
although its intensity compared to the other peaks is lower in
layer 1 and layer 3. This might be due to different surface re-
actions of the single-sensor layers, which are more sensitive
towards hexanal and octanal than towards pentane.

Previously reported measurements even showed (for
layer 1) a less intense pentane peak and more intense hex-
anal peak (Koehne et al., 2024). Although both measure-
ments were performed in the same way with the same sam-
ples, the intensity of the first peak is slightly higher than the
intensity of the second peak in contrast to the previously re-
ported measurements. Since in a semi-quantitative analysis
of the MS data the mean pentane peak area in the measure-
ment shown here (3 015 377 counts ·min) has increased sig-
nificantly compared to the mean area of the pentane peak
reported previously (1 029 571 counts ·min), it is assumed
that there was a pentane contamination of the injection sy-
ringe during the measurements (see Sect. S2). This is sup-
ported by the fact that later conducted ODP measurements
(Fig. 5) also revealed a less intense pentane peak for sen-
sor layer 1, indicating a pentane contamination. Fluctua-
tions in the peak area were also observed for the hexanal
and the octanal peak. For hexanal, a mean peak area of
212 177 counts ·min was reported in the previous measure-
ment compared to 274 025 counts ·min recorded here. For
octanal, a mean peak area of 86 510 counts ·min was reported
previously compared to 56 663 counts ·min recorded here.
Since these fluctuations are much smaller than those of pen-
tane, it is assumed that the contaminant is primarily pentane.
A comparison between previous and current measurements
can be found in Sect. S2. In general, the measurement of
pentane should be treated with caution as pentane is highly
volatile (boiling point of ∼ 36 °C) and can therefore cause
inaccuracies already at the sample preparation stage. It was

nevertheless further considered here because the sensor re-
acts clearly to pentane.

However, in layer 1 and layer 3, the peak intensity of pen-
tane is still lower compared to in layer 2, which offers an op-
portunity for the detection of the odor-active compounds hex-
anal and octanal in layers 1 and 3. Argon is an inert gas and is
therefore not visible in the sensor response due to the sensor’s
reactive behavior to just reducing and oxidizing gases. Pos-
sible reactions of the other air components are superimposed
by the synthetic air carrier gas flow. For an unknown reason
nonanal could not be detected in any of the chromatograms.
When comparing the sensor and MS results regarding the re-
tention times of the different peaks, a shift for all retention
times occurs (Table 1).

This shift is not constant for all peaks and all layers. Since
all four layers are placed in parallel to each other, eluting
fractions reach the layers at the same time. Inter-layer differ-
ences indicate a different reaction of the compounds on the
different-sensor layers. Hence, just the shortest time distance
from the MS peak to a corresponding sensor response can
indicate a time delay due to the built-in flow restrictions. For
peak 1, this is layer 2, with a difference of 0.290 min (17.4 s);
for peak 2, this is layer 2, with a difference of 0.345 min
(20.7 s); and for peak 3, this is layer 3, with a difference of
0.717 min (43.0 s).

Furthermore, the time offset increases with increasing
retention time. As the sensor used is equipped with a
membrane protecting it from siloxane poisoning (Sensirion;
Schultealbert et al., 2021), the increase in the time offsets
with increasing retention time can also be explained by a
discriminatory effect of the membrane on larger molecules.
These larger molecules such as octanal need a longer dif-
fusion time through the membrane than smaller molecules
such as pentane. Therefore, the cause of the offset may not
be influenced by the flow restriction but by the sensor itself.
Additionally, even small molecules need this extra diffusion
time, leading to a general offset in the retention time. Hence,
the response of the sensors to the eluting fractions can be bet-
ter observed by monitoring the rate of change of the sensor
signal to compare the retention times of both detectors. For
a clearer comparison of the retention times and for a better
peak separation, the first derivative of the smoothed raw sig-
nals was formed in addition and smoothed with a 150-point
moving average. To eliminate artifacts that occur when start-
ing and ending the measurement and when the derivative is
formed, the first 2 s and the last 1 s were each cut out. The sig-
nals were aligned with the MS signal from the Chromeleon
software according to their time stamp for the synchronism
test (Fig. 4). When considering the first derivative, the peak
separation is enhanced compared to the preprocessed sensor
signal. Peak 1 shows the highest intensity again, while for
layer 3, the intensity of peak 2 and peak 3 is also high. Com-
paring the results of the first derivative of the sensor signal
and the MS signal regarding the retention times, the shift de-
creases (Table 2).
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Table 1. Retention times (RTs) of the detected peaks for the SGP40 operated at 400 °C.

Signal RT peak 1 RT peak 2 RT peak 3
(pentane) [min] (hexanal) [min] (octanal) [min]

Layer 0 1.370 2.833 7.403
Layer 1 1.435 2.888 7.528
Layer 2 1.302 2.745 7.387
Layer 3 1.307 2.780 7.120
MS 1.012 2.400 6.403

Figure 4. First derivative of the preprocessed sensor signal and mass spectrum (MS) signal with an enlarged insert of the entire chro-
matogram. Measurements were conducted at a 400 °C sensor temperature. The x axes are linked to test the synchronism of the detectors
regarding the response behavior of the sensor.

Table 2. Retention times (RTs) of the detected peaks for the SGP40
operated at 400 °C from the first derivative of the sensor signal.

Signal RT peak 1 RT peak 2 RT peak 3
(pentane) [min] (hexanal) [min] (octanal) [min]

Layer 0 1.160 2.623 6.873
Layer 1 1.225 2.678 6.928
Layer 2 1.097 2.512 6.852
Layer 3 1.125 2.578 6.783
MS 1.012 2.400 6.403

Looking at the shortest time differences between the MS
signal and the sensor signal, peak 1 offers a difference of only
0.085 min (5.1 s) between layer 2 and the MS. For peak 2,
the difference between layer 2 and MS is 0.112 min (6.7 s),
and for peak 3, the difference between layer 3 and MS is
0.380 min (22.8 s). In terms of the retention time comparison,
this is much better than considering the preprocessed sen-
sor signal, although the derivative cannot completely com-
pensate for the diffusion-delay effect of the protection mem-
brane. Nevertheless, membrane removal can cause quick poi-
soning of the sensor surface as regularly occurring column
bleeding from the column used here contains siloxanes. For
removal of the membrane, a change in the column or a reduc-
tion in the analysis temperature would be needed. Alterna-
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tively, the flow restriction towards the sensor chamber could
be shortened to achieve an exact match of the retention times.
As the retention time is influenced by the membrane diffu-
sion and accordingly by the size of the molecules, a different
flow restriction length would have to be selected depending
on the respective target molecule. As the length influences
the flow distribution, the number of eluting fractions would
be different for each analysis. Therefore, the flow restriction
should not be changed, and the offset needs to be consid-
ered for the further development of IOMSs. However, when
considering the first derivative of the sensor signal, negative
peaks occur in particular for the peaks with higher intensity.
As this is caused by a strong change in the slope, it may be
advantageous to consider lower sensor surface temperatures
in the next step.

3.2 ODP measurements

To test the synchronicity of all three detectors, including the
ODP, a trained person of the Fraunhofer IVV sensory panel
recorded the retention times, the odor qualities, and the odor
intensity of the eluting aroma-active compounds. The inten-
sities of odorants detected were scaled from 1 (weak) to 4
(intense). A blank (surrounding laboratory air), a sample with
the calculated target concentrations, a sample with 10 times
higher target concentrations, and a sample with 100 times
higher target concentrations were measured as odor qualities
were only very faintly perceptible for lower concentrations
and the odor impression of octanal could not be perceived for
the originally calculated target concentration (Table 3). The
100 times higher concentration was measured as a duplicate
due to the clearest odor impressions.

The retention times of detected peaks in sample 1 differ
slightly from the retention times of the other samples. A rea-
son therefore might be the lower concentration, leading to a
slower reaction of the trained person. For the 10 times higher
concentration and for the 100 times higher concentration, the
retention time was similar. Pentane could not be detected as
pentane is not an aroma-active component. For an unknown
reason, we could not measure any odor impression matching
nonanal for any of the tested concentrations. The odor im-
pressions for the calculated target concentrations were very
low (intensity 1), and the odor quality of octanal could not
even be perceived. This changed for higher concentrations.
To compare the synchronicity of the detectors, the prepro-
cessed sensor signals, the derived sensor signals, and the MS
signals for sample 3 (best odor perceiving) were compared
with the ODP results (Table 4). The chromatograms were
prepared as previously (Sect. 3.1). To eliminate artifacts that
occur when the derivative is formed, the first 2 s and the last
2 s were each cut out. The MS signal from Chromeleon was
aligned with the sensor signals according to their time stamps
(Fig. 5).

The results of sample 3 (100 times higher) tend to be sim-
ilar to the first measurement with the lower concentration.

For the preprocessed sensor signal, a slight shift in the re-
tention times occurs, which increases with higher retention
times. This shift is smaller when forming the first derivative.
In contrast to the first measurement, for layer 1, the pentane
peak is less intense again like in the previous measurements
(reported in Koehne et al., 2024), which also indicates a prob-
able contamination of the injection syringe with pentane dur-
ing the first measurement. However, in contrast to the first
measurement, a much stronger tailing behavior of all peaks
occurs in all layers. The reason therefore might be the high
concentration and the, respectively, increased diffusion time
of the target molecules through the protection membrane to
the sensor surface and especially back again. However, the
response behavior otherwise remains the same. When com-
paring the retention times, the ODP has a slight shift from
the MS (about −0.04 min for peak 2 and about −0.01 min
for peak 3). This shift is negligibly small, especially as the
sniffing frequency is much lower than the MS detection fre-
quency, so the ODP and the MS can be regarded as paral-
lel. The shift of the sensor response to the MS and the ODP
is similar to the previous measurement. As the restrictions
for the ODP and for the sensor chamber have the same di-
mensions, and as both detectors are switched against ambi-
ent pressure, the shift of the sensor response cannot be based
on the restriction but just on the sensor behavior. Hence, all
three detectors can generally be regarded as parallel. For fu-
ture measurements with different sensors, the respective sen-
sor behavior needs to be taken into account.

3.3 Variation in the sensor temperature

To improve the sensor signal, the sensor was operated at
different temperature steps, starting at 100 °C and rising in
50 °C steps towards 400 °C. The measurements were con-
ducted with the previously calculated target concentrations.
The sensor was started 1 h before each temperature step.
As no signals could be detected for 100 °C, an additional
measurement with a previous operation time of 15 h was
conducted. No signals could be detected in that one either.
Hence, the operation at 100 °C is not feasible for the sensor
used here. For 150 °C and for 200 °C, just a few but not all
peaks could be detected; thus, they were not considered fur-
ther. The chromatograms for each temperature step can be
found within the Supplement (Sect. S3). The first tempera-
ture step revealing nearly all peaks was at 250 °C (Fig. 6).

In this case, for the preprocessed raw signal three peaks
could be detected for nearly all layers (Fig. 6a). Only for
layer 1 was the first peak (presumably pentane) not clearly
detected. However, the second peak (retention time, RT of
3.518 min) shows a fronting behavior that looks like a shoul-
der peak before the second peak. For layers 0, 1, and 2, a
strong tailing behavior occurs. Furthermore, peak 1 shows
the smallest intensity out of all peaks although the pentane
concentration was much higher than the concentration of
hexanal and octanal. This indicates that pentane might be less
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Table 3. Evaluation of the rancid mixture of the odor qualities (grassy for hexanal and citrus-like for octanal) and the respective intensities
(int.).

Compound Blank Sample 1 (calculated Sample 2 (10 times higher Sample 3 (100 times higher Duplicate sample 3 (100 times
(presumably) target concentrations) target concentrations) target concentrations) higher target concentrations)

Pentane –a –a –a –a –a

Hexanal –b 2.43 min 2.38 min 2.38 min 2.38 min
(grassy, int. 1) (grassy, int. 1–2) (grassy, int. 2) (grassy, int. 2)

Octanal –b 6.50 min 6.40 min 6.42 min 6.41 min
(–c, int. 1) (citrus-like, int. 1) (citrus-like, int. 2–3) (citrus-like, int. 2)

Nonanal –b –b –b –b –b

a Pentane is not an aroma-active compound; hence, it cannot be recorded nor b not detected; c odor impression could not be perceived.

Figure 5. Chromatograms of the sensor layers (0–3) measured at a sensor temperature of 400 °C and mass spectrum (MS) signals; samples
with 100 times higher target concentration: (a) preprocessed raw signal of the sensor and (b) first derivative of the preprocessed raw signal.

reactive at lower temperatures and thus can be masked using
lower sensor temperatures when occurring as strong back-
ground noise. Therefore, layer 1 seems to be the most suit-
able, which is in accordance with previous findings (Koehne
et al., 2024), but layer 0 and layer 2 show smaller pentane
peaks. Layer 3 seems to offer an overview of all detected
compounds, showing all peaks clearly. When forming the
first derivative of the preprocessed raw signal, all peaks can
be detected as well, except for layer 0 (Fig. 6b). In layer 0,
peak no. 3 is missing, although it was clearly seen at the raw
signal. This may be due to a small change in the slope of
the peak, which is why the actual peak may be lost in the
baseline noise. When comparing the positions at the retention
time of the other layers, a small elevation in the baseline can
be seen, although this is not recognized as a peak. But there-
fore, in layer 1, all three peaks can be observed in the first
derivative. This indicates again that the reaction temperature

for pentane is too low in this layer and that pentane could be
masked when occurring as background noise together with
the odor-active markers. Layer 3 already shows similar be-
havior to that of the measurement at 400 °C.

At the other temperature steps (300 and 350 °C), no dif-
ferent behavior than for the 400 °C measurement occurs
(Sect. S3). The intensity of the pentane peak is stronger com-
pared to the other peaks. Hence, a sensor temperature of
250 °C might therefore be suitable for the detection of hex-
anal and octanal as possible odor-active oxidation markers.

3.4 DSR mode

As no peak could be detected with the measurements at
100 °C, the sensors were operated with a DSR mode to im-
prove the sensitivity of the sensor. In DSR mode, the oxygen
occupancy of the sensor surface is not in equilibrium, which
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Table 4. Retention times (RTs) of the detected peaks (preprocessed signal and first derivative) for the SGP40 operated at 400 °C with the
100 times higher target concentration compared with the odor detection port (ODP) and the mass spectrometer (MS) retention times.

Signal RT peak 1 RT peak 2 RT peak 3
(pentane) [min] (hexanal) [min] (octanal) [min]

Layer 0 (preprocessed) 1.290 2.772 7.013
Layer 1 (preprocessed) 1.637 2.800 7.088
Layer 2 (preprocessed) 1.248 2.787 7.097
Layer 3 (preprocessed) 1.225 2.722 6.920
Layer 0 (first derivative) 1.067 2.537 6.727
Layer 1 (first derivative) 1.198 2.580 6.732
Layer 2 (first derivative) 1.043 2.585 6.735
Layer 3 (first derivative) 1.033 2.530 6.660
MS 1.019 2.420 6.433
ODP –∗ 2.38 6.42

∗ Pentane is not an aroma-active compound; hence, it cannot be recorded with the ODP.

Figure 6. Chromatograms of the sensor layers (0–3) measured at a sensor temperature of 250 °C: (a) preprocessed raw signal of the sensor
and (b) first derivative of the preprocessed raw signal. MS: mass spectrometer.

results in increased sensitivity (Baur et al., 2018a). There-
fore, the sensor is first operated at 400 °C for 1 h to achieve
a high oxygen occupancy. Then, measurements are taken di-
rectly afterwards at a sensor temperature of 100 °C (Fig. 7).

In contrast to the simple 100 °C measurements, peaks can
be observed using the DSR mode. When looking at the pre-
processed raw signal, the running-in behavior can be ob-
served clearly by a continuously rising baseline (Fig. 7a).
For layer 0 and layer 1 no clear peak can be seen, although
layer 1 shows a small change within the slope at the reten-
tion time of the hexanal peak. Layer 2 and layer 3 also show
a strong running-in behavior of the sensor, but in addition, a
change in the slope can be initially observed. Hence, the first
derivative was formed to visualize the change in the slope

(Fig. 7b). For layer 2 and layer 3, peaks can now be ob-
served. Thereby, layer 2 offers a peak at 2.873 min, which
might belong to hexanal (compare to the MS hexanal peak
at 2.407 min). No further peaks could be detected within
layer 2. For layer 3, two peaks occur even. The first has a re-
tention time of 1.633 min and might belong to pentane (com-
pare to the MS pentane peak at 1.012 min). The second peak
has a retention time of 2.877 min and might belong to hex-
anal (compare to the MS hexanal peak at 2.407 min). No fur-
ther peaks could be observed here. The shift in the retention
times appears to be stronger than at the previous measure-
ment at 400 °C (see Fig. 4). This might be due to the reduced
temperature at the sensor surface. As no further peaks are de-
tected either, this temperature mode seems to not be suitable
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Figure 7. Chromatogram of 100 °C after a 400 °C step (DSR mode): (a) preprocessed raw signal and (b) first derivative of the preprocessed
raw signal. MS: mass spectrometer.

for the tested sensor and the desired application. However, as
at least a few peaks could be detected, the DSR mode might
fit other sensors for GC measurements in future.

4 Conclusion and outlook

A GC-SOMSA system containing three detection ports was
conceptualized as an element of a structured development
concept for IOMSs. Thereby, a MS detector, an ODP, and a
sensor chamber made a fast characterization of a sensor pos-
sible. The parallel detection allows for a correlation of the
MS signal with the sensor signal and with the odor impres-
sion and hence allows for an instrumentation of odor mea-
surements. For this purpose, a commercially available sensor
was characterized towards odor-active fat oxidation products
as a use case. Hexanal, octanal, and nonanal were chosen as
oxidation markers known in the literature, and pentane was
added in a higher concentration as an additionally occurring
component. Test measurements with the MOS sensor SGP40
operated at 400 °C revealed that the sensor was able to detect
all components besides nonanal. Nevertheless, hexanal and
octanal were clearly visible, especially for layer 3. Pentane
was also clearly detectable at all sensor layers.

The tested the synchronism of the MS, and the sensor re-
sponse showed a time offset, which was influenced by the
sensor layers and by a sensor protection membrane. First,
inter-layer differences in the retention times of the paral-
lel sensor layers indicate different reactions of the eluting
fractions on each layer surface. Second, a membrane pro-
tects the used sensor from siloxanes that occur during col-
umn bleeding, making this particular sensor ideal for GC ap-

plications. However, this membrane also causes a time de-
lay of the peaks as an eluting fraction has to diffuse through
the membrane first. Thereby, larger molecules are hindered
stronger than smaller molecules, which is indicated through
an increase in the time offsets with increasing retention times
(Sensirion; Schultealbert et al., 2021). Therefore, the cause
of the offset may not be influenced by the flow restriction
but by the sensor itself. To minimize such time offset effects
and to optimize the peak separation within the sensor signal,
the first derivative was formed. As the retention time offset
was much lower, especially for pentane, the detectors were
considered to be in parallel. ODP measurements confirmed
that the detectors are in parallel with each other. The reten-
tion times of the ODP and the MS were nearly the same.
As the flow restriction for the ODP has the same dimension
as the flow restriction of the sensor chamber, since both de-
tectors are switched against ambient air pressure and the in-
herent flow restriction of the sensor chamber is negligibly
small compared to the actual flow restriction, all retention
time shifts are presumably caused by the sensor itself (by ei-
ther the protection membrane or slow surface reactions).

As the derived signal shows negative peaks, an optimiza-
tion of the sensor temperature was considered afterwards,
and other operating temperatures were applied. Thereby, the
sensor did not show a sufficient response towards 100, 150,
and 200 °C. At 250 °C, the sensor could detect all peaks.
In addition, the pentane peak seemed to be less prominent
than the other peaks, which offers the possibility of specif-
ically detecting the odor-active compounds hexanal and oc-
tanal against a higher pentane background. The other temper-
atures (300 and 350 °C) revealed results similar to the 400 °C
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measurement. In addition, the DSR mode revealed an im-
proved signal response for 100 °C (Baur et al., 2018a) but did
not reveal a detection of all relevant peaks. The DSR mode is
therefore promising for future applications with other sensor
types, but it is not suitable for the sensor used here. Never-
theless, as clear signals were detected from a temperature of
250 °C with layers 0 and 1, the sensor is suitable to monitor
oxidation products of aging fat. Hence, a further developed
GC-SOMSA using a SOMSA setup with a MS, ODP, and
much smaller dead volumes made a fast and comprehensive
characterization of a commercial sensor possible to build an
IOMSs for a special use case.

In future, the sensor membrane could be removed or sen-
sors without a protecting membrane could be used to test
the influence of the membrane on the offset of the retention
times and hence on the synchronism of the detectors. Further-
more, GC programs with lower temperatures can be used to
decrease a possible column bleeding. Columns without any
siloxanes, such as packed columns, could also be used and
tested in order to make the membrane redundant. Using dif-
ferent sensors, the DSR mode might also improve the sen-
sor signal, which is why this mode of operation should be
considered for further measurements. A humidification unit
could be inserted to the make-up stream to test the influence
of different humidity levels to the sensor reaction. Finally,
any reasonable sensor can be characterized as suitable for a
broad field of applications. The compact design will reduce
the required development times for IOMSs and hence enable
a faster and cheaper development. Thus, GC-SOMSA be-
comes an integral element of a structured development con-
cept.
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