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Abstract:

An oxygen scavenger based on a catalytic system with palladium (CSP) was recently
developed to remove oxygen in food packagings. Although the CSP worked with various
types of food, with some foods an inhibition of the CSP was observed. Since such catalytic
systems are susceptible to sulphur poisoning, the aim of this study was to understand the
inactivation of palladium-based catalysts in presence of foods containing volatile sulphur
compounds (VSCs). To achieve this, the oxygen scavenging activity (OSA) of the CSP was
evaluated in the presence of selected food products. Afterwards, VSCs mainly present in these
foods, were exposed to the CSP and the influence on the OSA was evaluated. Finally,
headspace analysis was performed with the diluted VSCs and with the packaged food
products, using PTR-ToF-MS. It was found that the catalytic activity of the CSP was inhibited
when VSCs were present in the headspace in concentrations ranging between 10.8-36.0 ppbv
(dimethyl sulphide, DMS), 1.2-7.2 ppbv (dimethyl disulphide), 0.7-0.9 ppbv (dimethyl
trisulphide), 2.1-5.8 ppbv (methional) and 4.6-24.5 ppbv (furfuryl thiol). It was concluded that
in packaged roast beef and cheese, DMS may be the compound mainly responsible for the
inactivation of the CSP. In packagings containing ham, the key compounds were hydrogen
sulphide and methanethiol, in peanuts it was methanethiol and in par-baked buns an
accumulation of methional, DMS, butanethiol and methionol. When potato chips were
packaged, it was demonstrated that when VSCs are present in low concentrations, oxygen can
still be scavenged at a reduced OSA.

Keywords: Active packaging, oxygen scavengers, palladium, volatile sulphur compounds,
catalyst poisoning.
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INTRODUCTION

Food packaging technologies are continuously developing in response to the increasing
requirements of modern society. Consumer demands for minimally processed, more natural,
fresh and convenient foods, which do not contain any preservatives but have an acceptable
shelf life, have grown significantly over the last years [1-3]. To respond to this need, active
packaging has been designed as an innovative technology to enhance the shelf life of food
while improving its quality, safety and integrity [4-9]. The application of oxygen scavengers
is one of the most important active packaging technologies. Such technologies aim to remove
residual oxygen present in food packagings [3, 10-15] and thereby prevent negative effects,
such as growth of aerobic microorganisms [10] or oxidation of the product [16], and hence
contribute to the overall preservation of quality during storage.

Recently, an oxygen scavenger based on a catalytic system with palladium (CSP) has been
developed [17-19] showing the potential to extend shelf life and improve the overall quality
of oxygen-sensitive foods packaged in modified atmosphere [20]. The oxidative mode of
action of this CSP is based on the catalytic oxidation of hydrogen into water [21] so that
headspace oxygen can be removed when hydrogen is included in the modified atmosphere of
a packaging. Although the CSP works with several types of food, for some foods, such as
peanuts or cheese, an inhibition of the OSA of the CSP was observed after the food was
packaged. As described in the literature, such catalytic systems are susceptible to catalyst
poisoning, which is defined as the strong chemisorption of reactants, products or impurities
on sites otherwise available for catalysis [22-24]. Common catalyst poisons are sulphurous
compounds and the adsorption of sulphur on palladium surfaces has been well studied [25-
30].

Sulphur is also present in several foods. Currently, more than 700 volatile organic sulphur
compounds have been reported [31], of which over 250 different sulphur-containing volatiles
occur in heated foods [32]. This suggests that an interaction of volatile sulphur compounds
(VSCs) with the highly active palladium surface might be responsible for the observed
inhibitory effect.

The aim of this study was to understand the inactivation of palladium-based catalysts in the
presence of sulphur-containing foods. To achieve this, in a first step, the oxygen scavenging
activity (OSA) of the CSP was evaluated in the presence of selected food products.
Afterwards, VSCs mainly present in these foods were selected and their individual influence
on the OSA was evaluated. Finally, the time-resolved presence of the VSCs in the headspace
of the packaged food products was analysed using proton transfer reaction time-of-flight mass
spectrometry (PTR-ToF-MS). This method has already been successfully applied for the
analysis of food stuffs such as coffee [33, 34], fruits [35], dried [36] or raw meat [37].

MATERIALS AND METHODS

Materials

Catalytic system based on palladium (CSP)

The palladium-coated film (PET/SiO4/Pd) applied in this study was produced using
magnetron sputtering technology [17-19, 38], according to the method described by Yildirim
et al. [19]. SiOx- and palladium (Pd) deposition thickness was 80 nm and 1.04 nm,
respectively.

Chemicals
The following chemicals were used for the investigation of the individual sulphur compounds:
dimethyl sulphide (DMS) >99%; dimethyl disulphide (DMDS) >98%; dimethyl trisulphide
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(DMTS) >98%; 2-furfuryl thiol (FFT) >97% and methional (MET) >97. The volatile sulphur
compounds (VSCs) were diluted in sodium acetate-acetic acid buffer solution (sodium acetate
>99% and acetic acid >99.7%) with pH 5. All chemicals were supplied by Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland.

Food products

The following food products, commercially packaged under modified atmosphere, were
investigated: 425 g sliced roast beef (M Classic Englisch Braten, Migros, Switzerland), 425 g
boiled cured ham (Vorderschinken, Metzgerei Bertschart, Wadenswil, Switzerland), 205 g
salted potato chips (Nature, Zweifel Pomy-Chips AG, Spreitenbach, Switzerland), 120 g
potato powder (Prix Garantie Kartoffelstock, Coop, Switzerland), 140 g skimmed milk
powder (Sanolait, Qualité & Prix, Coop, Switzerland), 230 g cereal mix (oats, barley, spelt,
brown sugar, hazelnuts, sun flower seeds, honey, dried apple; Qualit¢é & Prix, Coop,
Switzerland), 495 g roasted salted peanuts (Ultje GmbH, Schwerte, Germany), 285 g Italian
hard cheese (Grana Padano, 14 months ripened, Qualité & Prix, Coop, Switzerland) and 2x
45 g par-baked buns (self made; wheat flour type 550, water, margarine, malt, salt and baker’s
yeast). The buns were stored in sealed bags at -16°C and defrosted in the bags at 3°C within
18 hours before analysis. Ham was sliced and cheese was coarsely grated immediately prior
to the start of the measurement. Roast beef, potato chips and peanuts were removed from their
packaging, weighed and tested without any subsequent processing steps being performed.

Methods

Packaging process and measurement of oxygen scavenging activity

For all experiments, packaging trays (PS-EVOH-PE with peel, 0.5 mm, 204x147x85 mm,
Stager & Co AG, Muri, Switzerland) with a volume of 1620 cm’ were used.

In a first step, the food products were packaged and the influence on the OSA of the CSP was
evaluated. Therefore, a food to headspace ratio of 1:3 was chosen in the packaging, resulting
in a uniform headspace of 1215 c¢m” for all foods. To evaluate the OSA, a 25 cm” patch of the
Pd-coated film was applied and an oxygen sensitive sensor spot (PSt6, 3 mm diameter,
Presens, Regensburg, Germany) was glued to the inner side of the lidding film prior to
sealing. The OSA measurements started immediately after MAP packaging with a non-
destructive measurement method using fibre optic optodes Fibox 4 trace (Presens,
Regensburg, Germany). After the food product was placed in the tray, a vacuum of 50 mbar
was applied using a tray sealer (T200, Multivac, Hiinenberg, Switzerland), the tray was
flushed with a gas mixture (2 vol.% O, 5 vol.% H, and 93 vol.% N;) until 900 mbar was
achieved and then sealed at 125°C (high barrier lidding film: PET/EVEP-LAF 60; 60 pum;
OTR: 1.5 cm*/m? d bar, 23°C / 35% RH: Siidpack, Ochsenhausen, DE).

In a second step, the dissolved VSCs were exposed to the CSP. Thereby, a glass petri dish
(internal diameter: 95 mm; height: 14 mm) was placed in the tray and 50 ml of DMS, DMDS,
DMTS, MET and FFT solution, respectively, was filled into the petri dish immediately before
packaging. The applied concentrations of the respective VSC ranged from 10" to 10 mmol/.
Packaging conditions and evaluations of the OSA were the same as for that of the food. All
experiments were performed at 30°C £1°C and carried out in triplicates. Thereby, all applied
food products and buffer solutions were pre-conditioned at 30°C +1°C for 1 hour prior
packaging.

External 3-point-calibration of PTR-TOF-MS

An external 3-point-calibration of the sulphurous buffer solutions was performed. Thereby,
packaging trays with an empty glass petri dish (internal diameter: 95 mm; height: 14 mm)
were packaged under modified atmosphere as described above but, without Pd-coated film
and sensor spot. 50 ml of the respective VSC, in concentrations ranging from 10% to 107
mmol/l (as listed in Table 1), was prepared in a syringe (HSW NORM-JECT®, PP/PE, Faust,
Schaffhausen, Switzerland) and sealed with a parafilm (PARAFILM™, Sigma-Aldrich
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Chemie GmbH, Buchs, Switzerland) before use. The sulphurous solution was inserted into the
petri dish in the tray using a needle (BD MICROLANCE™ 3, 21 g 1% 0.8x40 mm, Becton
Dickinson AG, Allschwil, Switzerland) through a septum (15 mm diameter, Dansensor A/S,
Ringsted, Denmark) and the measurements were started immediately. In addition, control
measurements were obtained for empty packaging trays and/or the sodium acetate-acetic acid
buffer solution without any sulphur compounds. The PTR-ToF-MS details and data
processing were the same for all types of measurements.

PTR-ToF-MS measurements and data analysis

Headspace samples were taken 2 and 10 min after packaging of food or injection of VSC
solutions, lasting for 120 seconds. The VSCs were monitored on-line with PTR-ToF-MS
(PTR ToF 8000, Ionicon Analytik GmbH, Innsbruck, Austria). Each sample was introduced
with a flow of 100 sccm via a heated transfer line (80°C, 1 mm inner diameter, PEEK tubing,
BGB Analytik AG, Switzerland) into the drift tube, which was operated at 2.35 mbar, 90 °C
and 600 V drift voltage. The transfer line was fixed to a needle (BD MICROLANCE™ 3,
21 g 14 0.8x40 mm, Becton Dickinson AG, Allschwil, Switzerland) by a pen (needle for
CheckMate, Dansensor A/S, Ringsted, Denmark) and the needle was injected to 75 % of its
length into the packaging headspace through a septum (15 mm diameter, Dansensor A/S,
Ringsted, Denmark). For data analysis, the signal in the time window between 60-90 seconds
was averaged, corresponding to an absolute sample volume of 75 cm”®. All experiments were
performed at 30°C £1°C and carried out in triplicates.

PTR-ToF-MS data were recorded by ToFDAQ Viewer v.1.2.97 (Tofwerk AG, Thun,
Switzerland). Mass calibration was performed on [H;'*O]" and [C3H;0]" (acetone). The
average intensity of the raw data was expressed in counts per seconds (cps) and converted to
normalised counts per second (ncps) [39]. Proton transfer reactions between H;O" and volatile
organic compounds (VOCs) only occur if the proton affinity of the desired VOC is larger than
water (166,5 kcal/mol) what is the case for VSCs [40-44]. Only signals of the most prominent
isotopes with a time—intensity profile reaching an intensity of more than three times the
standard deviation of the base line [39] were included (limit of detection, LOD) and only
peaks of more than six times the standard deviation were quantified (limit of quantification,
LOQ). The peaks were assigned to a specific VSC compound based on the sum formula of the
respective VSCs, the comparison with the measurements of the differently diluted VSC
standards, and the knowledge of the VSCs present in the respective food products.

For quantification of the VSCs present in the food products, the absolute headspace
concentrations, expressed in parts-per-billion by volume (ppbv), were calculated from peak
areas according to manufacturer information (PTR TOF 8000, Ionicon Analytik GmbH,
Innsbruck, Austria). Constant values were used for the reaction rate coefficient (kg = 2x10”
cm’/s) [36, 43, 45, 46] and the VSC transmission factor (Trgy: = 0.9) introducing a systematic
error that is in most cases <30 % and can be accounted for if the actual rate constant is
available [36, 44, 46].

RESULTS AND DISCUSSION

Evaluation of the oxygen scavenging activity of the catalytic system based on palladium
in the presence of food products

To investigate the influence of food products on the oxygen scavenging activity (OSA) of the
catalytic system based on palladium (CSP), milk powder, roast beef, ham, cheese, peanuts,
potato chips, potato powder, a cereal mix and par-baked buns were packaged under modified
atmosphere (2 vol.% O,, 5 vol.% H; and 93 vol.% N;) and the oxygen concentration in the
headspace was monitored.
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In empty packaging trays, the oxygen concentration was reduced from 2 to 0 vol.% within
55 min, as illustrated in Figure 1. When milk powder was packaged, the oxygen was removed
within 80 min. In packagings containing cereals or potato powder, the time required to reduce
the initial oxygen concentration to 0 vol.% was similar with 135 and 155 min, respectively.
About 240 min were necessary to remove all oxygen when potato chips were present in the
packaging.

In packagings without food, the CSP could reduce the oxygen concentration from 2 to 0.4
vol.% within 10 min (Figure 1). The presence of foods, however, reduced the oxygen
scavenging rate of the CSP. Nevertheless, all oxygen in the headspace could still be removed.
In contrast, for packagings containing peanuts, par-baked buns, roast beef, ham or cheese, a
clear inhibition in the OSA was observed within 5 to 10 min after the food was packaged
(Figure 2). Although, in the presence of par-baked buns, the oxygen concentration was
continuously reduced from 2 to 0.6 vol.%, after 155 min the OSA stagnated and no further
activity was observed. When cheese was packaged, oxygen concentration was reduced to 1.5
vol.% within the first 5 min but, 10 min after packaging, the oxygen concentration remained
constant at a level of 1.46 vol.%. In packagings containing roast beef, ham or peanuts, oxygen
could be removed only within the first 5 min, resulting in a final oxygen concentration of
1.66, 1.70 and 1.78 vol.%, respectively.

The loss of OSA in the presence of food mentioned above cannot be explained by the lack of
hydrogen in the headspace. Preliminary studies (unpublished results) revealed that hydrogen
was still present in the applied high barrier packaging system, even after several days at 30°C.
The effect of the oxygen released from the food into the headspace within the time that the
OSA stagnated is as well negligible. An increase in oxygen concentration in the headspace
was first observed after several days. Furthermore, when the poisoned film was repackaged
with MAP with hydrogen, it did not show any OSA (unpublished results). These observations
suggest that some volatiles emitted from the investigated foodstuffs had an inhibitory effect
on the OSA of CSP. Functional principle of the CSP is based on the catalytic oxidation. As
described in the literature, such catalysts are susceptible to poisoning [22-24]. Common
catalyst poisons are sulphurous compounds and the adsorption of sulphur on palladium
surfaces is well studied [25-30]. Most foods contain differing amounts of volatile sulphur
compounds (VSCs) which may be released in the headspace after packaging. Release rates
and the concentration of VSCs in the headspace depend on numerous factors, such as the way
the food is processed, the composition of the food matrix and the temperature of the food and
the environment [47-52]. The inhibitory effect seen in the presence of food products (Figure
2) could be due to the VSCs released after packaging of these foods resulting in an inhibitory
concentration for the CSP in the headspace.

Evaluation of the oxygen scavenging activity of the CSP in the presence of sulphurous
buffer solutions

The major chemical class of VSCs present in food is represented by sulphides, particularly the
disulphide group, followed by thiazoles, thiophenes, and thiols [31]. Among the VSCs,
dimethyl sulphide, dimethyl disulphide, dimethyl trisulphide, methional and furfuryl thiol
have been reported to be mainly present in food products [31, 53-59] and also in those tested
in this study (Figure 2). Therefore, the influence of these VSCs on the OSA of the catalytic
system based on palladium (CSP) was evaluated. For that purpose buffer solutions containing
VSCs were prepared in decreasing dilution steps of one order of magnitude within the range
of 10™* to 10™® mmol/, individually exposed to the CSP and the OSA was evaluated.

When buffer solution without VSCs was placed in the packaging tray, the oxygen
concentration was reduced from 2 vol.% to 0 vol.% within 75 min, as illustrated in Figure 3.
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The presence of 107 mmol/l DMS or 10°® mmol/l FFT, prolonged the time necessary to
remove all the oxygen to 145 min. Packagings containing 10”7 mmol/l DMTS and 10™ mmol/l
MET resulted in a further reduction in OSA and all the oxygen in the packagings was
scavenged within 165 and 265 min, respectively.

The results shown in Figure 3 indicate that although the presence of VSCs in the headspace
reduced the OSA, it was possible to remove all the oxygen in the packaging. However, when
the amount of the respective VSC was increased, each by one order of magnitude, an
inhibition on the OSA of the CSP was observed (Figure 4). In the first 5 min, the OSA of the
CSP in the presence of the buffer solutions containing the VSCs was similar to that without
VSCs. Afterwards, the buffer solutions containing VSCs continuously reduced the OSA.
After 160 min, the oxygen concentration remained constant at a level of 0.53 +0.06 vol.% for
DMTS (10° mmol/l), 0.54 +0.06 vol.% for MET (10 mmol/l) and 0.66 +0.06 vol.% for DMS
(10° mmol/l) and no further OSA was observed. For DMDS (10”7 mmol/l) after 120 min, the
OSA stagnated at an oxygen concentration of 0.96 +0.07 vol.% and when FFT was exposed to
the CSP at a concentration of 10° mmol/l, no further OSA was observed after 80 min at a
level of 1.15 0.14 vol.% oxygen. On the other hand, all the oxygen in the packaging
containing buffer solution without any VSC could be removed within 75 min.

The results showed that the VSCs tested inhibit the OSA of the CSP. Therefore, these might
be the main sulphur compounds in the food responsible for the inactivation of the OSA of the
CSP (Figure 2). Moreover, the results shown in Figure 3 and 4, clearly indicate that when
sulphurous buffer solutions are exposed to the CSP at the applied conditions, the minimum
inhibitory concentration of the VSC lies in the range between 107 to 10 mmol/l for DMS,
10® to 107 mmol/l for DMDS, 107 to 10 mmol/l for DMTS, 107 to 10 mmol/l for MET
and 10 to 10™ mmol/I for FFT.

Minimum inhibitory concentration of VSCs

We found that the interaction of VSCs with the palladium surface can lead to the inactivation
of the catalytic system (CSP) and we defined the minimum inhibitory concentration of
exposed VSC-solutions responsible for this inhibition. The results showed that the inhibitory
effect occurred within the first 10 min (Figure 4). Thus, to obtain a comprehensive and in
particular a time resolved understanding of the inhibition of the CSP by sulphur in buffer
solutions or food, VSCs in the headspace had to be analysed within the first 10 minutes after
packaging, requiring a time resolved analysis.

In a first step of PTR-ToF-MS, an external 3-point-calibration of the sulphurous buffer
solutions was performed to assure that the VSC signals, measured in the applied sulphurous
buffer solutions as well as those presumed in the food products, were well within the linear,
dynamic range of the PTR-ToF-MS. Thereby, solutions of DMS, DMDS, DMTS, MET and
FFT in concentrations ranging from 10® to 10° mmol/l were packaged under modified
atmosphere and headspace analysis was performed taking samples, each 2 and 10 min after
packaging.

The three calibration points were chosen based on the following factors: The second
calibration point for the respective VSC was chosen according to the concentration, shown in
Figure 4, where a CSP inhibition was observed. The first and third calibration points were
defined based on literature values of the investigated food stuffs, listed in Table 2 and 3.
Considering that the H;O'-ions signal intensity was essentially constant throughout the
experiments, it could be assumed that the response of PTR-ToF-MS was linear over the range
investigated in this study [39]. A small deviation from linearity was noticed for the sulphides,
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but this is believed to be due to a concentration dependent fragmentation pattern, rather than a
saturation of the proton-transfer reaction. Moreover, the control measurements applied to
empty packaging trays and/or the sodium acetate-acetic acid buffer solution without any
sulphur compounds revealed that no measurement-disturbing compounds were detected.

In Table 1, the normalised average ion intensities and the resulting calibration formulae are
listed at each calibration point of the respective VSC. Based on these results, the absolute
headspace concentration was calculated, as described in the paragraph “PTR-ToF-MS
measurements and data analysis”. This was performed for a) the concentration of the
respective VSC where a CSP inhibition was observed (shown in Figure 4 and second
calibration point in Table 1), and b) the concentration of the respective VSC where no CSP
inhibition was observed, as shown in Figure 3. Out of a) and b), the minimum inhibitory
concentration of the respective VSC was defined to be in the range between 10.8-36.0 ppbv
for DMS, 1.2-7.2 ppbv for DMDS, 2.1-5.8 ppbv for MET, 4.6-24.5 ppbv for FFT and 0.7-
0.9 ppbv for DMTS; these values are listed in Table 2. Thus, inhibitory concentrations of
VSCs in the headspace lie between those concentrations and if the concentration of the
individual VSC is above this range, the CSP will be inactivated at the applied conditions.
According to the literature values listed in Table 2, these compounds are also highly abundant
in the selected food systems. Thus, it is assumed that the presence of those VSCs might be
responsible for the CSP inactivation by the foods shown in Figure 2.

Headspace analysis of the packaged food products

To understand the inhibition of the catalytic system based on palladium (CSP) by food
(Figure 2), we analysed the presence and the concentration of the VSCs in the headspace of
the packaged food.

In general, food volatiles are expected to be continually released from the food immediately
after their formation. After packaging of the food, volatiles are still emitted into the headspace
of the packaging, until a thermodynamic equilibrium is achieved. Thereby, not only the
concentration of the volatile compounds in the food but rather the affinity of the compounds
for the different phases and their availability for release into the gaseous phase is essential for
their partition [48, 60]. As food matrices are generally multiphasic, containing liquid, solid,
and gaseous phases, volatile compound retention is a complex process, as has been described
in several studies [47-52, 61]. The prediction of the headspace concentration of VSCs for
different food products is hence not straightforward and has to be determined experimentally.
Therefore, headspace analysis was performed with modified atmosphere packaged beef, ham,
cheese, peanuts, par-baked buns and potato chips using PTR-ToF-MS.

The obtained VSC concentrations in the headspace were compared with the minimum
inhibitory concentration ranges that had been defined above for DMS, DMDS, DMTS, MET
and FFT and are listed in Table 2. VSC concentrations in foods which exceeded this ranges,
were marked with “>", VSCs within the inhibition range were marked as “~”and those VSCs
below this range were marked with “<” and are listed in Table 2. In addition, a range of
additional VSCs, reported to be present in the respective food products in numerous studies,
were tentatively identified and their concentrations in the headspace are listed in Table 3.

Roast Beef

Thermally-processed meat is reported as being one of the foods with the highest number of
VSCs. This is mainly due to the high protein content of meat and hence, the high availability
of sources of sulphur in the form of the sulphur amino acids cysteine and methionine [32].
During roasting, baking or boiling of meat, VSCs are mainly generated out of those amino
acids in the Maillard reaction [32, 62-64]. Thus, the CSP inhibition in the presence of roast
beef and ham, shown in Figure 2, is strongly assumed to be caused by a wide range of VSCs
present in meat. Headspace analysis of roast beef revealed that dimethyl sulphide was by far

http://mc.manuscriptcentral.com/pts



©CoO~NOUTA,WNPE

Packaging Technology and Science
IAPRI Conference 2016

the most abundant sulphurous volatile with concentrations of 100.0 and 168.3 ppbv, 2 and 10
min after packaging, respectively. This finding is in accordance with the findings of several
studies on meat [31, 58, 62]. With respect to the previously defined CSP inactivation levels in
this work, for roast beef, 2 min after packaging the concentration of DMS was far beyond the
upper range (36.0 ppbv) of CSP inactivation, as shown in Table 2. The concentration of
DMDS was within the defined inactivation range (1.2-7.2 ppbv) with 6.9 ppbv after 2 min and
had exceeded the upper level after 10 min with 11.0 ppbv. For MET, FFT and DMTS, the
concentration was below the CSP inactivation level. Additional VSCs identified in the
headspace of roast beef reaching concentrations within the ppbv-range were methylethyl
disulphide, butanethiol and methionol and a range of further VSCs in the pptv-range, as listed
in Table 3. For roast beef it is therefore strongly assumed that DMS is the compound mainly
responsible for the inactivation of the CSP as its concentration in the headspace was up to two
orders of magnitude higher than that for the other detected VSCs.

Ham

In packagings containing ham, only the concentration of DMS reached a level lying within
the CSP inactivation range (10.8-36.0 ppbv) with 13.3 ppbv after 10 min (Table 2). Although
this concentration might even be sufficient to inhibit the CSP, it is assumed that other
tentatively detected VSCs in the headspace of packaged ham might be responsible for the
observed inactivation of the CSP, in particular the highly volatile hydrogen sulphide (14.8
ppbv) and methanethiol (49.2 ppbv). All other VSCs detected in the headspace showed
concentrations in the parts-per-trillion by volume (pptv) range except methylethyl disulphide
(3.5 ppbv) or butanethiol (7.7 ppbv) (Table 2 and 3).

Cheese

VSCs of Italian hard cheeses are well studied [65-69]. Sulphur compounds primarily arise
from biodegradation of methionine and cysteine by the cheese microflora where the common
precursors methional and hydrogen sulphide, respectively, were formed and further
decomposited to VSCs such as DMS, DMDS, DMTS or methanethiol during cheese ripening
[59, 68-71]. Headspace analysis of cheese packagings revealed highest amounts for DMS,
exceeding the upper level of CSP inactivation (36.0 ppbv) with 49.7 ppbv immediately after 2
min (Table 2). Additionally, FFT was within the inactivation range (4.6-24.5 ppbv) with a
concentration of 21.0 ppbv after 2 min but did not exceed the upper level after 10 min. The
concentrations of DMDS with 0.9 ppbv and MET 1.8 ppbv were slightly below the
corresponding inactivation ranges. DMTS with a concentration in the pptv-range was much
lower than its inactivation range (0.7-0.9 ppbv). Other main VSCs tentatively identified in the
headspace were methanethiol, methyl ethyl disulphide, butanethiol and methionol with a
concentration of 13.8, 1.2, 5.7 and 6.0 ppbv, respectively (Table 3). Among the detected
VSCs in cheese, DMS is assumed to be the compound that is mainly responsible for the CSP
inactivation, since its concentration was by far the highest of all VSCs identified in the
headspace exceeding the upper inactivation level after the cheese was packaged.

Peanuts

VSCs in peanuts are mainly generated through degradation of the amino acids cysteine and
methionine during the roasting procedure [32, 62, 63, 72]. However, apart from the five
selected compounds previously described and listed in Table 2, only few VSCs were reported
in roasted peanuts. Some of these are methanethiol, 2-acetylthiophene, 2-acetylthiazole or
propyl disulphide [54, 72-74], as listed in Table 3. Headspace analysis of peanuts revealed
that the amount of DMDS was above the upper inactivation level (7.2 ppbv) with 8.1 ppbv
immediately after 2 min and the headspace concentration increased to 10.1 ppbv after 10 min.
Concentration of DMS was just below the CSP inactivation level with 8.6 ppbv after 10 min.
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The amounts of MET, FFT and DMTS were much lower than their inactivation level (Table
2). Additional VSCs, such as hydrogen sulphide, alkyl thiols or thiophenes, were also
tentatively identified (Table 3). However, by far the highest concentration and thus, assumed
to be the main VSC responsible for CSP inactivation, was methanethiol with 39.7 ppbv after 2
min. Its concentration in the headspace increased to 92.9 ppbv after 10 min being one order of
magnitude higher than DMS and DMDS and more than two orders of magnitude higher than
all the other detected VSCs in the headspace. Peanuts inhibited the OSA much stronger than
other tested foods (Figure 2). This might be due to the presence of DMDS as well as the high
concentration of methanethiol in the headspace.

Par-baked Buns

The composition of volatile compounds in bread depends on the ingredients, the conditions of
dough fermentation and the baking process [75]. VSC in wheat bread crumb are mainly
formed by the fermentative activity of yeast from amino acids in the flour [75-77]. During
fermentation, methional is emerged from methionine and can be further transformed to
methionol, methanethiol [77, 78] or sulphides [53, 79-81].

In packagings containing par-baked buns, the headspace concentrations of DMS, DMDS and
FFT were below the respective inactivation level with amounts of 5.1, 0.5 and 1.2 ppbv,
respectively, after 10 min. The concentration of DMTS was below the detection limit of PTR-
ToF-MS. Exceptionally for MET, after 10 min, a concentration of 2.1 ppbv was observed,
lying just within the range of CSP inactivation (Table 2). Additional VSCs, tentatively
identified and exceeding the pptv-range, were butanethiol, methionol and methanethiol with
4.4, 4.2 and 1.8 ppbv, respectively, after 10 min (Table 3). Par-baked buns had the least
poisoning effect on the CSP compared to the other foods tested (Figure 2). Since MET was
the only VSC with a concentration just within the CSP inactivation range, a cumulative and/or
synergistic effect of VSCs is presumed to have finally blocked the entire active surface of the
CSP.

Potato Chips

When potato chips were packaged with the CSP, although all the oxygen could be removed in
the headspace, a reduction in the oxygen scavenging rate was observed (Figure 1). Therefore,
additional to the foods that inactivated the CSP (Figure 2), potato chips were selected and the
VSCs in the headspace were analysed with PTR-ToF-MS. Similar to other thermally
processed foods, VSCs in potato chips were formed from sugar-amino acid interactions
during the frying process, mainly from methional which is the Strecker aldehyde of
methionine [32, 62, 72, 82]. Headspace analysis of potato chips revealed that the evaluated
compounds were far below the respective inactivation levels, with resulting concentrations in
the pptv-range (Table 2). This was also true for further tentatively identified VSCs, such as
alkyl thiols or methionol, listed in Table 3. The only exception was methylbenzenethiol,
having the highest concentration in the headspace of potato chips with 2.1 ppbv after 2 and
10 min. Thus, the results obtained indicate that although a certain interaction of VSCs with
the CSP might have occurred, however, the VSC concentration in the headspace of potato
chips packagings was not high enough to inactivate the catalytic activity of the CSP under
measurement conditions.

It has been reported in several studies [22-24, 26, 28] that a number of sulphur compounds,
particularly sulphides and thiols [26], form strong covalent bonds with metal atoms as its
unshared electron pairs can lead to very strong chemisorption on the metal surface thereby
leading to remarkable reduction in catalytical activity, the so-called “catalyst poisoning”.
Beside the concentration of the VSCs, the toxicity increases with increasing electronegativity,
molecular weight and with the complexity of the chain length or the ring of the sulphurous

Q
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molecule [24, 26]. The two last points were clearly confirmed when comparing the
determined CSP inactivation levels of DMS (10.8-36.0 ppbv, 62.13 g/mol), DMDS (1.2-7.2
ppbv, 94.20 g/mol) and DMTS (0.7-0.9 ppbv, 126.26 g/mol), reflecting that the higher the
molecular weight, as well as the longer the chain, the lower the inhibitory concentration, in
other words, the higher the observed toxicity. Moreover, it is reported by Maxted [24] that
sulphides, which contain two hydrocarbon chains, are more toxic than the corresponding
thiols, which contain only one chain. This might be an explanation therefore, why a higher
concentration of FFT (4.6-24.5 ppbv, 114.17 g/mol) was required to inactivate the CSP than it
was the case for DMDS. Since the adsorption on the surface is typically dissociative, leaving
a reduced sulphur atom strongly bonded to the surface, poisoning of the Pd-coated film by
VSCs can be considered as irreversible [22, 26]. Consequently, once the VSCs have diffused
from the packaged food to the Pd-surface, the active sites otherwise available for the catalysis
of oxygen and hydrogen into water are occupied by VSCs and hence no further oxygen can be
scavenged.

Overall it can be stated that the catalytic activity of the applied palladium-based oxygen
scavenger system was inhibited when volatile sulphur compounds in concentration ranges
between 10.8 and 36.0 ppbv for DMS, 1.2 and 7.2 ppbv for DMDS, 0.7 and 0.9 ppbv for
DMTS, 2.1 and 5.8 ppbv for MET and 4.6 and 24.5 ppbv for FFT were present in the
packaging headspace. Moreover, entire inactivation of the Pd-based catalyst was
demonstrated when headspace concentrations exceeded the upper inhibition ranges of the
respective compounds. The results revealed that the key compounds responsible for the
inactivation of the CSP in food are most likely: DMS in roast beef and cheese, hydrogen
sulphide and methanethiol in ham, methanethiol in peanuts, and in par-baked buns, an
accumulation of methional, DMS, butanethiol and methionol. Moreover, by the application of
potato chips, it was demonstrated that when VSCs are present in low concentrations, oxygen
can still be scavenged but, at a reduced OSA.

CONCLUSION

In this study we identified that the interaction of volatile sulphur compounds with the highly
active palladium surface is responsible for the inhibitory effect of the palladium-based oxygen
scavenger system. In addition, it was demonstrated that the catalytic activity of the scavenger
system was inhibited when volatile sulphur compounds were present in the food products.
Finally, the main VSCs in selected foods that might be responsible for the inactivation of the
catalytic system based on palladium were determined.

ACKNOWLEDGEMENTS

This study was funded by the Commission for Technology and Innovation; CTI Project No.:
14665.1 PFLS-LS.

REFERENCES

1. Singh P, Abas Wani A, Saengerlaub S. Active packaging of food products: recent
trends. Nutrition & Food Science 2011. 41(4): pp. 249-260, DOI:
10.1108/00346651111151384.

2. Gerez CL, Torres MJ, Font de Valdez G, Rollan G. Control of spoilage fungi by lactic
acid bacteria.  Biological Control 2013. 64(3): pp. 231-237, DOIL
10.1016/j.biocontrol.2012.10.009.

http://mc.manuscriptcentral.com/pts 10

Page 10 of 28



Page 11 of 28

©CoO~NOUTA,WNPE

Packaging Technology and Science

IAPRI Conference 2016

3.

10.

11.

12.

13.

14.

15.

Realini CE, Marcos B. Active and intelligent packaging systems for a modern society.
Meat Science 2014. 98(3): pp. 404-419, DOI: 10.1016/j.meatsci.2014.06.031.

Yildirim S. Active Packaging for Food Biopreservation, in Protective Cultures,
Antimicrobial ~Metabolites and Bacteriophages for Food and Beverage
Biopreservation, Lacroix C (ed). Woodhead Publishing: Cambridge, 2011; 460-489.

Pereira de Abreu DA, Cruz JM, Losada PP. Active and Intelligent Packaging for the
Food Industry. Food Reviews International 2012. 28(2): pp. 146-187, DOI:
10.1080/87559129.2011.595022.

Zhang H, Hortal M, Dobon A, Bermudez JM, Lara-Lledo M. The Effect of Active
Packaging on Minimizing Food Losses: Life Cycle Assessment (LCA) of Essential
Oil Component-enabled Packaging for Fresh Beef. Packaging Technology and
Science 2015. 28(9): pp. 761-774, DOIL: 10.1002/pts.2135.

Sheng Q, Guo X-N, Zhu K-X. The Effect of Active Packaging on Microbial Stability
and Quality of Chinese Steamed Bread. Packaging Technology and Science 2015.
28(9): pp. 775-787, DOI: 10.1002/pts.2138.

Mihaly Cozmuta A, Peter A, Mihaly Cozmuta L, Nicula C, Crisan L, Baia L, Turila A.
Active Packaging System Based on Ag/TiO2 Nanocomposite Used for Extending the
Shelf Life of Bread. Chemical and Microbiological Investigations. Packaging
Technology and Science 2015. 28(4): pp. 271-284, DOI: 10.1002/pts.2103.

Gutiérrez L, Batlle R, Andgjar S, Sanchez C, Nerin C. Evaluation of Antimicrobial
Active Packaging to Increase Shelf Life of Gluten-Free Sliced Bread. Packaging
Technology and Science 2011. 24(8): pp. 485-494, DOI: 10.1002/pts.956.

Solovyov SE. Oxygen Scavengers, in The Wiley Encyclopedia of Packaging
Technology, Yam KL (ed). John Wiley & Sons: Hoboken, New Jersey, USA, 2010;
841-850.

Arvanitoyannis IS, Oikonomou G. Active and Intelligent Packaging, in Modified
atmosphere and active packaging technologies, Arvanitoyannis IS (ed). CRC Press:
Boca Raton, 2012; 628-654.

Sangerlaub S, Gibis D, Kirchhoff E, Tittjung M, Schmid M, Miiller K. Compensation
of Pinhole Defects in Food Packages by Application of Iron-based Oxygen
Scavenging Multilayer Films. Packaging Technology and Science 2013. 26(1): pp. 17-
30, DOI: 10.1002/pts.1962.

Joven R, Garcia A, Arias A, Medina J. Development of an Active Thermoplastic Film
with Oxygen Scavengers Made of Activated Carbon and Sodium Erythorbate.
Packaging Technology and Science 2015. 28(2): pp. 113-121, DOI: 10.1002/pts.2093.

Gohil RM, Wysock WA. Designing Efficient Oxygen Scavenging Coating
Formulations for Food Packaging Applications. Packaging Technology and Science
2014. 27(8): pp. 609-623, DOI: 10.1002/pts.2053.

Damaj Z, Joly C, Guillon E. Toward New Polymeric Oxygen Scavenging Systems:
Formation of Poly(vinyl alcohol) Oxygen Scavenger Film. Packaging Technology and
Science 2015. 28(4): pp. 293-302, DOIL: 10.1002/pts.2112.

http://mc.manuscriptcentral.com/pts b



©CoO~NOUTA,WNPE

Packaging Technology and Science

IAPRI Conference 2016

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Choe E, Min DB. Chemistry and reactions of reactive oxygen species in foods.
Critical Reviews in Food Science and Nutrition 2006. 46(1): pp. 1-22, DOI:
10.1080/10408390500455474.

Yildirim S, Jammet JC, Lohwasser W. Multi-layer film. European Patent, 2236284,
6/10/2010.

Lohwasser W, Wanner T. Composite system, used as packaging foil, bag foil or
partially applied single foil, comprises substrate foil thin film and catalyst for
reduction of oxygen. European Patent, 1917139, 22/11/2005.

Yildirim S, Roécker B, Riiegg N, Lohwasser W. Development of Palladium-based
Oxygen Scavenger: Optimization of Substrate and Palladium Layer Thickness.
Packaging Technology and Science 2015. 28(8): pp. 710-718, DOI: 10.1002/pts.2134.

Hutter S, Riiegg N, Yildirim S. Use of palladium based oxygen scavenger to prevent
discoloration of ham. Food Packaging and Shelf Life 2016. In Press.

Nyberg C, Tengstal CG. Adsorption and reaction of water, oxygen, and hydrogen on
Pd(100): Identification of adsorbed hydroxyl and implications for the catalytic H2-02
reaction. The Journal of Chemical Physics 1984. 80(7): pp. 3463-3468, DOI:
10.1063/1.447102.

Bartholomew CH. Mechanisms of catalyst deactivation. Applied Catalysis A: General
2001. 212(1-2): pp. 17-60, DOI: 10.1016/S0926-860X(00)00843-7.

Forzatti P, Lietti L. Catalyst deactivation. Catalysis Today 1999. 52(2-3): pp. 165-
181, DOI: 10.1016/S0920-5861(99)00074-7.

Maxted EB. The Poisoning of Metallic Catalysts, in Advances in Catalysis,
Frankenburg WG, Komarewsky VI, Rideal EK, Emmett PH, Taylor HS (ed).
Academic Press, 1951; 129-178.

Castro FJ, Meyer G, Zampieri G. Effects of sulfur poisoning on hydrogen desorption
from palladium. Journal of Alloys and Compounds 2002. 330-332(0): pp. 612-616,
DOI: 10.1016/S0925-8388(01)01626-7.

Bartholomew CH, Agrawal PK, Katzer JR. Sulfur Poisoning of Metals, in Advances in
Catalysis, Eley DD, Pines H, Weis P, B. (ed). Academic Press, 1982; 135-242.

Peralta L, Berthier Y, Huber M. Study of the sulphur adsorption on a palladium (110)
surface by LEED and AES. Surface Science 1981. 104(2-3): pp. 435-447, DOI:
10.1016/0039-6028(81)90070-4.

Gravil PA, Toulhoat H. Hydrogen, sulphur and chlorine coadsorption on Pd(111): a
theoretical study of poisoning and promotion. Surface Science 1999. 430(1-3): pp.
176-191, DOI: 10.1016/S0039-6028(99)00432-X.

Figoli NS, L'Argentiere PC. Deactivation and regeneration of sulfur-poisoned
supported palladium complexes. Journal of Molecular Catalysis A: Chemical 1997.
122(2-3): pp. 141-146, DOI: 10.1016/S1381-1169(97)00027-7.

http://mc.manuscriptcentral.com/pts 12

Page 12 of 28



Page 13 of 28 Packaging Technology and Science

IAPRI Conference 2016

1

2 30. Bucur RV. Inhibition of Hydrogen Desorption from a Thin Palladium Layer by
2 Surface Poisoning. Journal of Catalysis 1981. 70(1): pp. 92-101, DOI: 10.1016/0021-
5 9517(81)90319-5.

6 ..

7 31.  Nijssen LM. Volatile Compounds in Food: Qualitative and Quantitative Data. TNO
8 Nutrition and Food Research Institute, 1996.

9

10 32. Mottram D, Mottram H. 4An Overwiew of the Contribution of Sulfur-Containing
11 Compounds to the Aroma in Heated Foods, in Heteroatomic Aroma Compounds,
12 Reineccius G, Reineccius T (ed). American Chemical Society: Washington, 2002.

13

14 33. Gloess AN, Vietri A, Wieland F, Smrke S, Schonbédchler B, Lopez JAS, Petrozzi S,
15 Bongers S, Koziorowski T, Yeretzian C. Evidence of different flavour formation
i? dynamics by roasting coffee from different origins: On-line analysis with PTR-ToF-
18 MS. International Journal of Mass Spectrometry 2014. 365-366: pp. 324-337, DOI:
19 10.1016/.ijms.2014.02.010.

20

21 34, Wieland F, Gloess AN, Keller M, Wetzel A, Schenker S, Yeretzian C. Online
22 monitoring of coffee roasting by proton transfer reaction time-of-flight mass
23 spectrometry (PTR-ToF-MS): towards a real-time process control for a consistent
24 roast profile. Analytical and Bioanalytical Chemistry 2012. 402(8): pp. 2531-2543,
25 DOI: 10.1007/s00216-011-5401-9.

26

27 35. Farneti B, Khomenko I, Cappellin L, Ting V, Costa G, Biasioli F, Costa F. Dynamic
28 volatile organic compound fingerprinting of apple fruit during processing. LWT - Food
ég Science and Technology 2015. 63(1): pp. 21-28, DOI: 10.1016/1.1wt.2015.03.031.

g; 36. Del Pulgar JS, Soukoulis C, Biasioli F, Cappellin L, Garcia C, Gasperi F, Granitto P,
33 Mark TD, Piasentier E, Schuhfried E. Rapid characterization of dry cured ham
34 produced following different PDOs by proton transfer reaction time of flight mass
35 spectrometry  (PTR-ToF-MS).  Talanta 2011. 85(1): pp. 386-93, DOI
36 10.1016/j.talanta.2011.03.077.

37

38 37. Kneupp C, Holl L, Beauchamp J, Langowski H-C. Online monitoring of volatile
39 freshness indicators from modified atmosphere packaged chicken meat using PTR-MS.
40 in 27th IAPRI Symposium on Packaging. Conference Proceedings. 2015. Valencia,
41 Spain.

42

ji 38. Wanner GT. O2-zehrende und -anzeigende Packstoffe fiir Lebensmittelverpackungen,
45 unverdffentlichte  Dissertation:  Technische  Universitdit  Miinchen, 2010.
46 https://mediatum.ub.tum.de/doc/972162/document.pdf.

47

48 39. Ellis AM, Monks PS, Mayhew CA. Proton Transfer Reaction Mass Spectrometry:
49 Principles and Applications. Wiley, 2014.

50

51 40. Schuhfried E, Biasioli F, Aprea E, Cappellin L, Soukoulis C, Ferrigno A, Mérk TD,
52 Gasperi F. PTR-MS measurements and analysis of models for the calculation of
53 Henry’s law constants of monosulfides and disulfides. Chemosphere 2011. 83(3): pp.
gg 311-317, DOI: 10.1016/j.chemosphere.2010.12.051.

56 41. Cappellin L, Probst M, Limtrakul J, Biasioli F, Schuhfried E, Soukoulis C, Mark TD,
g; Gasperi F. Proton transfer reaction rate coefficients between H30+ and some sulphur
59

60

http://mc.manuscriptcentral.com/pts 13



©CoO~NOUTA,WNPE

Packaging Technology and Science

IAPRI Conference 2016

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

compounds. International Journal of Mass Spectrometry 2010. 295(1-2): pp. 43-48,
DOI: 10.1016/j.ijms.2010.06.023.

Williams TL, Adams NG, Babcock LM. Selected ion flow tube studies of
H30+(H20)0.1 reactions with sulfides and thiols. International Journal of Mass
Spectrometry and lon Processes 1998. 172(1-2): pp. 149-159, DOI: 10.1016/S0168-
1176(97)00081-5.

Pollien P, Lindinger C, Ali S, Yeretzian C. Absolute quantification of headspace
volatiles by PTR-MS. in Ist International Conference on Proton Transfer Reaction
Mass Spectrometry and its Applications. 2003. Universitét Innsbruck, Austria.

Lindinger W, Hansel A, Jordan A. On-line monitoring of volatile organic compounds
at pptv levels by means of proton-transfer-reaction mass spectrometry (PTR-MS)
medical applications, food control and environmental research. International Journal
of Mass Spectrometry and Ion Processes 1998. 173(3): pp. 191-241, DOI:
10.1016/S0168-1176(97)00281-4.

Lindinger W, Jordan A. Proton-transfer-reaction mass spectrometry (PTR-MS): on-
line monitoring of volatile organic compounds at pptv levels. Chemical Society
Reviews 1998. 27(5): pp. 347-375, DOI: 10.1039/A827347Z.

Farneti B, Khomenko I, Cappellin L, Ting V, Romano A, Biasioli F, Costa G, Costa F.
Comprehensive VOC profiling of an apple germplasm collection by PTR-ToF-MS.
Metabolomics 2015. 11(4): pp. 838-850, DOI: 10.1007/s11306-014-0744-9.

Wendin K, Ellekjeer MR, Solheim R. Fat Content and Homogenization Effects on
Flavour and Texture of Mayonnaise with Added Aroma. LWT - Food Science and
Technology 1999. 32(6): pp. 377-383, DOI: 10.1006/fst.1999.0562.

Philippe E, Seuvre A-M, Colas B, Langendorff V, Schippa C, Voilley A. Behavior of
Flavor Compounds in Model Food Systems: a Thermodynamic Study. Journal of
Agricultural and Food Chemistry 2003. 51(5): pp. 1393-1398, DOI:
10.1021/5f020862e.

Goubet I, Le Quere JL, Voilley AJ. Retention of Aroma Compounds by
Carbohydrates: Influence of Their Physicochemical Characteristics and of Their
Physical State. A Review. Journal of Agricultural and Food Chemistry 1998. 46(5):
pp- 1981-1990, DOI: 10.1021/j£970709y.

Brauss MS, Linforth RST, Cayeux I, Harvey B, Taylor AJ. Altering the Fat Content
Affects Flavor Release in a Model Yogurt System. Journal of Agricultural and Food
Chemistry 1999. 47(5): pp. 2055-2059, DOI: 10.1021/j£9810719.

Lubbers S, Landy P, Voilley A. Retention and release of aroma compounds in foods
containing proteins Food Technology 1998. 52(5).

De Roos KB. How lipids influence food flavor: The chemistry of flavor interactions.
Food Technology 1997. 51(1).

Maeda T, Kikuma S, Araki T, Ikeda G, Takeya K, Sagara Y. The effects of mixing
stage and fermentation time on the quantity of flavor compounds and sensory intensity

http://mc.manuscriptcentral.com/pts 4

Page 14 of 28



Page 15 of 28

©CoO~NOUTA,WNPE

Packaging Technology and Science

IAPRI Conference 2016

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

of flavor in white bread. Food science and technology research 2009. 15(2): pp. 117-
126.

Chetschik I, Granvogl M, Schieberle P. Quantitation of Key Peanut Aroma
Compounds in Raw Peanuts and Pan-Roasted Peanut Meal. Aroma Reconstitution and

Comparison with Commercial Peanut Products. Journal of Agricultural and Food
Chemistry 2010. 58(20): pp. 11018-11026, DOI: 10.1021/jf1026636.

Reineccius G, Reineccius TA. Heteroatomic Aroma Compounds. American Chemical
Society: Washington, D.C., 2002.

Qian M, Fan X, Mahattanatawee K. Volatile Sulfur Compounds in Food. Americal
Chemical Society: Washington D.C., 2012.

Maarse H. Volatile Compounds in Foods and Beverages. Marcel Dekker, Inc.: New
York, 1991.

Belitz H-D, Grosch W, Schieberle P. Lehrbuch der Lebensmittelchemie. Springer-
Verlag: Berlin, 2008.

Landaud S, Helinck S, Bonnarme P. Formation of volatile sulfur compounds and
metabolism of methionine and other sulfur compounds in fermented food. Applied
Microbiology and Biotechnology 2008. 77(6): pp. 1191-1205, DOI: 10.1007/s00253-
007-1288-y.

Druaux C, Voilley A. Effect of food composition and microstructure on volatile
flavour release. Trends in Food Science & Technology 1997. 8(11): pp. 364-368, DOI:
10.1016/S0924-2244(97)01095-9.

Gijs L, Piraprez G, Perpéte P, Spinnler E, Collin S. Retention of sulfur flavours by
food matrix and determination of sensorial data independent of the medium
composition. Food Chemistry 2000. 69(3): pp. 319-330, DOI: 10.1016/S0956-
7135(99)00111-5.

McGorrin RJ. The Significance of Volatile Sulphur Compounds in Food Flavors, in
Volatile Sulfur Compounds in Food, Qian M, Fan X, Mahattanatawee K (ed).
American Chemical Society: Washington D.C., 2011.

Legrum W. Riechstoffe, zwischen Gestank und Duft. Vieweg + Teubner Verlag:
Wiesbaden, 2011.

Mottram DS. Flavour formation in meat and meat products: a review. Food Chemistry
1998. 62(4): pp. 415-424, DOI: 10.1016/S0308-8146(98)00076-4.

Moio L, Addeo F. Grana Padano cheese aroma. Journal of Dairy Research 1998.
65(02): pp. 317-333.

Meinhart E, Schreier P. Study of flavour compounds from Parmigiano Reggiano
cheese. Milchwissenschaft 1986. 41(11): pp. 689-691.

Langford VS, Reed CJ, Milligan DB, McEwan MJ, Barringer SA, Harper WJ.
Headspace analysis of Italian and New Zealand parmesan cheeses. Journal of Food
Science 2012. 77(6): pp. C719-26, DOI: 10.1111/5.1750-3841.2012.02730.x.

http://mc.manuscriptcentral.com/pts 15



©CoO~NOUTA,WNPE

Packaging Technology and Science

IAPRI Conference 2016

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Frank DC, Owen CM, Patterson J. Solid phase microextraction (SPME) combined
with gas-chromatography and olfactometry-mass spectrometry for characterization of
cheese aroma compounds. LWT - Food Science and Technology 2004. 37(2): pp. 139-
154, DOI: 10.1016/S0023-6438(03)00144-0.

Barbieri G, Bolzoni L, Careri M, Mangia A, Parolari G, Spagnoli S, Virgili R. Study
of the Volatile Fraction of Parmesan Cheese. Journal of Agricultural and Food
Chemistry 1994. 42(5): pp. 1170-1176, DOI: 10.1021/jf00041a023.

Curioni PMG, Bosset JO. Key odorants in various cheese types as determined by gas
chromatography-olfactometry. International Dairy Journal 2002. 12(12): pp. 959-984,
DOI: 10.1016/S0958-6946(02)00124-3.

Spinnler HE, Martin N, Bonnarme P. Generation of Sulfur Flavor Compounds by
Microbial Pathways, in Heteroatomic Aroma Compounds, Reineccius G, Reineccius T
(ed). American Chemical Society: Washington D.C., 2002.

Chetschik I, Granvogl M, Schieberle P. Comparison of the Key Aroma Compounds in
Organically Grown, Raw West-African Peanuts (Arachis hypogaea) and in Ground,
Pan-Roasted Meal Produced Thereof. Journal of Agricultural and Food Chemistry
2008. 56(21): pp. 10237-10243, DOI: 10.1021/;802102u.

Walradt JP, Pittet AO, Kinlin TE, Muralidhara R, Sanderson A. Volatile Components
of Roasted Peanuts. Journal of Agricultural and Food Chemistry 1971. 19(5): pp. 972-
979, DOI: 10.1021/jt60177a017.

Waller GR, Johnson BR, Foltz RL. Volatile components of roasted peanuts. Neutral
fraction. Journal of Agricultural and Food Chemistry 1971. 19(5): pp. 1025-1027,
DOI: 10.1021/jf60177a019.

Grosch W, Schieberle P. Bread, in Volatile Compounds in Foods and Beverages,
Maarse H (ed). Taylor & Francis, 1991.

Frasse P, Lambert S, Levesque C, Melcion D, Richard-Molard D, Chiron H. The
influence of fermentation on volatile compounds in French bread crumb.
Lebensmittel-Wissenschaft + Technologie 1992. 25(1): pp. 66-70.

Birch AN, Petersen MA, Hansen AS. Aroma of Wheat Bread Crumb. Cereal
Chemistry Journal 2013. 91(2): pp. 105-114, DOI: 10.1094/CCHEM-06-13-0121-
RW.

Gassenmeier K, Schieberle P. Potent aromatic compounds in the crumb of wheat
bread (French-type) — influence of pre-ferments and studies on the formation of key
odorants during dough processing. Zeitschrift fiir Lebensmittel-Untersuchung und
Forschung 1995. 201(3): pp. 241-248, DOI: 10.1007/BF01192996.

Pozo-Bayon MA, Guichard E, Cayot N. Flavor Control in Baked Cereal Products.
Food Reviews International 2006. 22: Pp- 335-379, DOI:
10.1080/87559120600864829.

Seitz LM, Chung OK, Rengarajan R. Volatiles in Selected Commercial Breads.
Cereal Chemistry Journal 1998. 75(6): pp. 847-853, DOI:
10.1094/CCHEM.1998.75.6.847.

http://mc.manuscriptcentral.com/pts 16

Page 16 of 28



Page 17 of 28 Packaging Technology and Science

IAPRI Conference 2016

1

2 81. Ruiz JA, Quilez J, Mestres M, Guasch J. Solid-Phase Microextraction Method for
2 Headspace Analysis of Volatile Compounds in Bread Crumb. Cereal Chemistry
5 Journal 2003. 80(3): pp. 255-259, DOI: 10.1094/CCHEM.2003.80.3.255.

6 . .

7 82. Oruna-Concha MJ, Duckham SC, Ames JM. Comparison of Volatile Compounds
8 Isolated from the Skin and Flesh of Four Potato Cultivars after Baking. Journal of
9 Agricultural and Food Chemistry 2001. 49(5): pp. 2414-2421, DOI:
10 10.1021/5f0012345.

11

12 83. Self R, Rolley HLJ, Joyce AE. Some volatile compounds from cooked potatoes.
13 Journal of the Science of Food and Agriculture 1963. 14(1): pp. 8-14, DOI:
1‘51 10.1002/jsfa.2740140102.

i? 84. Deck RE, Pokorny JAN, Chang SS. Isolation and Identification of Volatile
18 Compounds from Patato Chips. Journal of Food Science 1973. 38(2): pp. 345-349,
19 DOI: 10.1111/5.1365-2621.1973.tb01423 x.

20

21 85. Drumm TD, Spanier AM. Changes in the content of lipid autoxidation and sulfur-
22 containing compounds in cooked beef during storage. Journal of Agricultural and
23 Food Chemistry 1991. 39(2): pp. 336-343, DOI: 10.1021/jf00002a023.

24

25 86. Vercellotti J, Kuan J, Spanier A, St Angelo A. Thermal generation of sulfur-
26 containing flavor compounds in beef. in ACS Symposium series. 1989. USA:
% American Chemical Society.

29 87. Didzbalis J, Ritter KA, Trail AC, Plog FJ. Identification of Fruity/Fermented Odorants
32 in High-Temperature-Cured Roasted Peanuts. Journal of Agricultural and Food
30 Chemistry 2004. 52(15): pp. 4828-4833, DOI: 10.1021/j10355250.

gi 88. Schieberle P, Grosch W. Potent odorants of the wheat bread crumb Differences to the
35 crust and effect of a longer dough fermentation. Zeitschrift fiir Lebensmittel-
36 Untersuchung und Forschung 1991. 192(2): pp. 130-135, DOI: 10.1007/BF01202626.

37

38 89. Frasse P, Lambert S, Richard-Molard D, Chiron H. The Influence of Fermentation on
39 Volatile Compounds in French Bread Dough. LWT - Food Science and Technology
40 1993. 26(2): pp. 126-132, DOI: 10.1006/st1.1993.1027.

41

42 90. Wagner R, Grosch W. Evaluation of Potent Odorants of French Fries. LWT - Food
ji Science and Technology 1997. 30(2): pp. 164-169, DOI: 10.1006/15t1.1996.0162.

jg 91. Buttery RG, Guadagni DG, Ling LC. Volatile components of baked potatoes. Journal
47 of the Science of Food and Agriculture 1973. 24(9): pp. 1125-1131, DOI:
48 10.1002/jsfa.2740240916.

49

50 92. Buttery RG, Ling LC. Characterization of Nonbasic Steam Volatile Components of
51 Potato Chips. Journal of Agricultural and Food Chemistry 1972. 20(3): pp. 698-700,
52 DOI: 10.1021/jf60181a068.

53

54 93. Buttery RG, Seifert RM, Ling LC. Characterization of some volatile potato
55 components. Journal of Agricultural and Food Chemistry 1970. 18(3): pp. 538-539,
g? DOI: 10.1021/jf60169a044.

58

59

60

http://mc.manuscriptcentral.com/pts 17



©CoO~NOUTA,WNPE

Packaging Technology and Science Page 18 of 28

IAPRI Conference 2016

94.

95.

96.

Mottram DS. The effect of cooking conditions on the formation of volatile
heterocyclic compounds in pork. Journal of the Science of Food and Agriculture 1985.
36(5): pp. 377-382, DOI: 10.1002/jsfa.2740360510.

Baloga DW, Reineccius GA, Miller JW. Characterization of ham flavor using an
atomic emission detector. Journal of Agricultural and Food Chemistry 1990. 38(11):
pp. 2021-2026, DOI: 10.1021/jf00101a006.

Maga JA, Katz I. The role of sulfur compounds in food flavor part III: Thiols. CR C
Critical Reviews in Food Science and Nutrition 1976. 7(2): pp. 147-192, DOI:
10.1080/10408397609527205.

http://mc.manuscriptcentral.com/pts 18



Page 19 of 28

P OO~NOUILAWNPE

ADABADIMDPPDEDIMDWOWWWWWWWWWWNNNNNNNNNNRERPRERPRPERPRPERERRPR
~NO U BRARWNRPOOO~NOOOPRWNRPOOONODUPRAWNPOOO~NOOUUMWNEO

S D
O

IAPRI Conference 2016

Packaging Technology and Science

Table 1: Calibration points and formulae of the external 3-point-calibration of dimethyl sulphide (DMS), dimethyl disulphide (DMDS), dimethyl trisulphide

(DMTYS), 2-furfuryl thiol (FFT), and methional (MET). Mean values (n = 3). Systematic standard uncertainty (< 30 %).

. 2. Cal. Point . . . . . . .
1. Cal. Point (CSP Inhibition) 3. Cal. Point VSC Calibration after 2 min VSC Calibration after 10 min
VsC*
mmol | ncps neps mmol neps neps mmol | ncps ncps Correlation Correlation
p. P 4 p. P . p. P . Formula coefficient Formula coefficient
N 2 min 10 min N 2 min 10 min N 2 min 10 min 2 2
R R
DMS 1.E-05 | 7.7E+05 | 9.0E+05 | 1.E-06 |23E+05 |2.7E+05 | 1.E-08 |3.5E+04 |3.7E+04 |y=I1E +08x%**! 0.9950 y =2E+08x"4¢! 0.9971
DMDS | 1.E-05 | 1.1E+06 | 1.3E+06 | 1.E-07 | 4.8E+04 |53E+04 | 1.E-08 |7.8E+03 | 8.8E+03 |y =6E +09x"™"" 0.9950 y =7TE+09x" 7" 0.9921
MET 1.E-03 | 1.9E+05 |2.1E+05 | 1.B-04 |4.5E+04 |[43E+04 | 1.E-06 |9.8E+02 | 9.6E+02 |y=2E+08x + 13229 0.9829 y=2E+08x + 11113 0.9905
FFT 1.E-04 | 9.8E+05 | 1.0E+06 | 1.E-05 | 1.4E+05 | 1.8E+05 | 1.E-07 | 3.4E+03 | 4.1E+03 |y =1E+10x +24239 0.9981 y =1E+10x + 40890 0.9946
DMTS | 1.E-05 | 1.5E+04 | 12E+04 | 1.LE-06 | 6.8E+03 | 6.6E+03 | 1.E-08 |3.1E+03 | 3.0E+03 |y=172792x"%! 0.9593 y =119050x"%% 0.9859

*mmol/l: concentration of the VSC in buffer solution exposed the catalytic system based on palladium (CSP).
neps 2 min /10 min: normalised average ion intensities of the respective VSCs in the headspace 2 and 10 min after packaging.

http://mc.manuscriptcentral.com/pts

19



P OO~NOUILAWNPE

ADABADIMDPPDEDIMDWOWWWWWWWWWWNNNNNNNNNNRERPRERPRPERPRPERERRPR
~NO U BRARWNRPOOO~NOOOPRWNRPOOONODUPRAWNPOOO~NOOUUMWNEO

S D
O

IAPRI Conference 2016

Packaging Technology and Science

Page 20 of 28

Table 2: Concentrations of DMS, DMDS, MET, FFT and DMTS tentatively identified in the headspace of different food products, each within 2 and 10 min
after packaging under modified atmosphere. Concentrations marked with “>" (bold) were found as being above, “~” (bold) within and “<” below the range of
the inactivation of the oxygen scavenger based on a catalytic system with palladium. (LOD = Limit of detection, LOQ = Limit of quantification, q =

qualitative). Mean values (n=3). Systematic standard uncertainty (< 30 %).

Range of
minimum
inhibitory Roast beef Ham Cheese Peanuts Par-baked buns Potato Chips
Sum concentration
VSCIppbvl | ¢orula [ppbv]
2-10 min 2 min Literature 2 v Literature 2 min Literature 2 min Literature 2 min Literature 2 min Literature
10 min 10 min 10 min 10 min 10 min 10 min
DMS 108 - 36.0 100.0 |> [13015 g’é’]b 9.0 |<| 497 | >|19-120 ppb 42 |< (2] < (53] 09 |< (53]
CoHeS - =30 1683 | > | g 133 |~ 522 |> |[59,67,69] |86 |<|% 50 |<|® 12 |< |1
a- q. [68, 70, 71]
8.3-180 ppb
6.9 ~ 0.2 < 0.6 < 8.1 > 0.3 < 0.6 <'| 10 ppb [82]
DMDS CHeS, [1.2-7.2 1o || [31] 03 <% [31] 0.9 < [59, 67, 69] 101 | |% [73] 0.5 | [53,79,80] | ;¢ <|as4
q. [68, 70, 71]
29 ppb [58
10 < |1336ppb |, < | 11-23 ppb 19 < | 1150 ppb [59, | > < [40ppb[54] | o <|q [;DSP 78[_83 02 < | 0.78-15 ppb
Methional CsHsOs |2.1-58 13 [55.58,85, | [55, 58] s 65, 67, 69] 0.4 al73.87 |, %8 89’] B P [55, 82, 90]
<1 86] : < <1q.68,70,71] |- < : ~ %% ‘ <1 q.[91-93]
0.5-29 ppb 8.8-100
1.0 < 0.7 <10.195ppb [21.0 |~ 0.8 < 0.7 < 0.3 <
FFT CsHOS | 4.6 - 24.5 [55, 58] - ppb [54] -
1.3 < | 8 ppb [85] 0.8 < | [55,58,94] [21.8 | 1.0 <|q187 1.2 < 0.3 <
1.4-11 ppb
0.09 | <|13-35ppb 005 | < 006 |< <LOQ | < | 1.4 ppb <LOD | < | 5.1 ppb [58] |<LOD |<|0.033-8 ppb
DMTS CHeS; 1 0.7-09 0.04 | < |[85,86] 005 |<|% (93] 006 |< 55.9[2337’739%] <LOQ | < | [54] <LOD | < | q.[53,79-81] |<LOD | < |[82,90]
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Table 3: Concentrations of VSCs tentatively identified in the headspace of different food products, each within 2 and 10 min after packaging under modified

atmosphere. (LOD = Limit of detection, LOQ = Limit of quantification, q = qualitative). Mean values (n=3). Systematic standard uncertainty (< 30 %).

Roast beef Ham Cheese Peanuts Par-baked buns Potato Chips
VSC [ppbv] Sum 2 min 2 min 2 min 2 min 2 min 2 min
pp Formula 10 min Literature 10 min Literature 10 min Literature 10 min Literature 10 min Literature 10 min Literature

0.4 q. 9.5 4. [96] 0.5 gi?bo%ég']mg 0.3 ) 0.04 ) <LOQ )

Hydrogensulphide | 11 14 [31, 96] 14.8 0.8 0. [96] 0.7 0.1 <LOQ
0.3-0.31 ppb 0.0019-0.028

1.1 [55, 58] 32.9 ([)3%8;3']5 PPb |y ppb [67] 39.7 113 ppb [54] | 0.8 (771 0.3 1.24 ppb

1.6 q. 49.2 > 13.8 q. [55, 59, 92.9 q.[72] 1.8 a 0.5 [90]
Methanethiol CH,S [31,96] 68, 71]

39 2.0 0.8 0.2 0.2 <LOQ
Methylethyl 54 . 35 - 12 - 04 . 03 - <LOQ .
sulphide C;HsS

0.1 ) 0.06 ) 0.1 ) 0.7 ) 03 ) 0.05 )
Thiophene CHLS 0.1 0.07 0.1 0.9 0.4 0.05

0.05 g'gggg'ppb <LOD ) <LOD ) 0.1 ) <LOQ o [77] <LOD )
Thiazole C,H:NS 0.05 [31, 86] <LOD <LOD 0.2 <LOQ <LOD

0.7 <LOD <LOD 0.1 <LOD <LOD
2-Methylthio- 03 - <LOD : <LOD a- [59] 0.1 - <LOD : <LOD a- [92]
acetaldehyde C;Hs0S

14 ] 49 ] 59 6] 03 [ 20 ] 0.1 ]
Butanethiol C4H,0S 3.5 7.7 5.7 9 0.3 4.4 0.1

0.0072-

0.5 0.2 0.3 0.9 0.5 0.08

02 0.0076ppb | a-31] 03 - 12 - 0.6 - 0.08 -
2-Methylthiophene | CsHeS ) [86] } ) } ) )

trace-

0.1 0.0006- <LOD 0.00001 pob <LOD : <LOD : 0.07 : <LOD :

4-Methylthiazole 0.1 0.0084 ppb | <LOD [94] PPY | 10D <LOD 0.08 <LOD
C4HsNS [85, 86]

5.0 ) 0.3 5.7 g;)blf[)ég.]zz <LOD ) 3.1 q.[77,79]1 |04 )
Methionol C4H,008 78 0.3 6.0 q. [68] <LOD 42 04
3-Mercapto-2- 05 0.069 ppb | <LOD 0.066 ppb | <LOD <LOD <LOD <LOD
pentanon CsH,008 0.8 [58] <LOD [58] <LOD ) <LOD ) <LOD ) <LOD )
Methylpropyldisulp 0.1 ) 0.1 ) 0.3 ) <LOD ) 0.2 ) <LOD 2 ppb [82]
hide CiH1S: 0.1 0.1 0.4 <LOD 02 <LOD PP
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Roast beef Ham Cheese Peanuts Par-baked buns Potato Chips
VSC [ppbv] Sum 2 min 2 min 2 min 2 min 2 min 2 min
pp Formula 10 min Literature 10 min Literature 10 min Literature 10 min Literature 10 min Literature 10 min Literature
Methylbenzenethio 0.3 ) 0.07 ) <LOQ 0.004 ppb <LOD ) <LOD ) 2.1 )
1 C;H;gS 0.1 0.08 <LOQ [55] <LOD <LOD 2.1
1.1 0.08 0.08 <LOD 0.2 <LOQ
2-Acetylthiophene | CeHs0S 04 i 0.09 i 0.07 . <LOD @73, 74 145 a- [79] <LOQ i
0.1 0.007 ppb <LOD 8.888‘5‘431_ppb <LOD ) <LOD 01721 <LOD q. 1791 <LOD }
2-Acetylthiazole | CcsHNos | “HOP [83] 7R [94] <LOD <LOD <LOD <LOD
245 0.1 0.13 ppb 317 | LOD 0.00008 ppb | <LOD ) <LOD ) <LOQ ) <LOD )
Trimethylthiazole CsHoNS 0.1 . <LOD [94] <LOD <LOD <LOQ <LOD
CsHgOS 0.2 ) 0.07 _ <LOD ) <LOD ) 0.1 ) <LOD )
Methylfurfurylthiol 0.1 0.07 <LOD <LOD 0.1 <LOD
Tetramethylthioure 0.2 <LOD 0.4 [69] <LOD 0.2 0.1
a CsHpN,S 0.3 ) <LOD ) 0.4 q- <LOD ) 0.6 ) 0.1 )
0.1 0.0005-0.005 0.2 0.00002 ppb | <LOQ q. [66, 69, <LOD : 0.1 ) <LOD :
Benzothiazole C,H:NS 0.1 ppb 85, 86] | ! [94] aY) 71 <LoD 0.1 <LOD
g;lglllil'thio) 0.5 ) <LOD ) 02 <0.01ppb | <LOD ) <LOQ ) <LOD )
propanoate CeHpOsS 0.4 <LOD 0.2 [66] <LOD <LOQ <LOD
2-

. 0.1 <LOD <LOD <LOD <LOQ <LOD
Methylbenzothiazo - - q. [66] - - -
le CHNS 0.1 <LOD <LOQ <LOD <LOQ <LOD

0.3 ) 0.1 ) <LOQ ) 0.1 (73] 0.1 ) <LOD :
Propyldisulphide CsHisSz 0.3 0.1 <LOQ <LOQ a4 0.1 <LOD
Bis-(2-methyl-3- <LOQ (57] <LOD ) <LOD ) <LOD ) <LOD ) <LOD )
furyl) disulphide CioH100:S, | <LOQ 4 <LOD <LOD <LOD <LOD <LOD
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28 Figure 1: Reduction in oxygen concentration in the packaging tray with milk powder, cereals, potato powder
29 and potato chips. Headspace volume (HSV) of empty packaging = 1620 cm?, HSV of food packagings =
30 1215 cm®. Mean values + standard deviation (n = 3).
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Figure 2: Reduction in oxygen concentration in the packaging tray containing peanuts, par-baked buns,
roast beef, ham and cheese. Headspace volume (HSV) of empty packaging = 1620 cm?®, HSV of food
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Figure 3: Reduction in oxygen concentration in the packaging tray containing buffer solutions with dimethyl
sulphide (DMS), dimethyl disulphide (DMDS), dimethyl trisulphide (DMTS), methional (MET) and furfuryl

29 thiol (FFT) in concentrations between 10 to 10® mmol/I and buffer solution without VSCs. Headspace

30 volume = 1550 cm?®. Mean values + standard deviation (n = 3).
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Figure 4: Reduction in oxygen concentration in the packaging tray containing buffer solutions with dimethyl
sulphide (DMS), dimethyl disulphide (DMDS), dimethyl trisulphide (DMTS), methional (MET) and furfuryl
thiol (FFT) in concentrations between 10 to 10”7 mmol/I and buffer solution without VSCs. Headspace
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volume = 1550 cm®. Mean values + standard deviation (n = 3).
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Inactivation of Palladium-based Oxygen Scavenger System by Volatile
Sulphur Compounds Present in the Headspace of Packaged Food

Bettina Rocker, Nadine Riiegg, Alexia N. Gldss, Chahan Yeretzian, Selguk Yildirim"

©CoO~NOUTA,WNPE

An inhibition in the oxygen scavenging activity of our recently developed oxygen scavenger
10 based on a catalytic system with palladium (CSP) was observed in the presence of some foods. In
11 this study we identified that the interaction of volatile sulphur compounds (VSCs) with the
12 palladium surface is responsible for this inhibitory effect and it was demonstrated that the
13 catalytic activity of the CSP was inhibited when VSCs were present in food. Moreover, the
14 main VSCs in selected foods that might be responsible for the inactivation of the CSP were
15 identified.
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