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holder is functionally connected with a motor so that separate sample holders can be moved under the non-thermal plasma (NTP)
discharge and so that the sample position of the sample holder is controllable. This is system and an apparatus functionally connec-
ted with a volatile trap in such a way that a volatiles released from said the composition it is trapped. The sample holder can com -
prises an attachment means or an enclosure on top so that it can be covered by a NTP penetrable mesh. In a specific embodiment the
trap is connected to or tollowed by a VOC analyser, for instance a VOC analyzer that comprises detectors of the group consisting of
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NON-THERMAL PLASMA SYSTEM FOR ACCELERATED
AGEING OF ORGANIC SAMPLES

FIELD OF THE INVENTION

Present invention in general concerns a system and an apparatus to accelerate oxidation
chemistry of sample of organic products by non-thermal plasma based on variability due to the
difference of the physico-chemical properties of the organic samples to be tested. More
particularly the non-thermal plasma system or non-thermal plasma apparatus comptises at least
one enclosure for connecting or removing sample holders so that the apparatus can comprise

at the position under the NTP comprise different types of sample holders and preferably it

comprises such enclosures to hold a plurality of sample holders. Preferably this sample holder

is funetionally connected with a motor so that separate sample holders can be moved under the
non-thermal plasma (NTP) discharge and so that the sample position of the sample holder is
controllable. This is system and an apparatus functionally connected with a volatile trap in such
a way that a volatiles released from said the composition it is 1Iappcc‘1.. The sample holder can
compriges an attachment means or an enclosure on top so that it can be covered by a NTP
penetrable mesh. In a specific embodiment the trap is connected to or followed by a VOC
analyzer, for instance a VOC analyzer that comprises detectors of the group consisting of an
electronic nose, FID, MS, UV, IR, TOF and SIFT-MS.

BACKGROUND OF THE INVENTION

These is a need for faster, better controlled non-thermal oxidation of organic. samples to be
sensed for the in the formation of a unique set of oxidation products. This unique set of
oxidation products produced contain information to characterize, describe and product sample

quality.

The sample position of the sample holder is controllable such that when operational the sample

" position can be placed in or under the plasma discharge. The plasma discharge originates an

controlled set of highly reactive species (radiation, radicals, excited species, ions) that might
intensify/accelerate chemical oxidation reactions at ambient conditions. The latter .

circumstances are essential in order to guarantee representative chemical mechanisms.

The apparatus is useful to analyze types samples with different physico-chemical properties.
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Moreover the apparatus of present invention allows the differentiation of tested samples as
consequence of exposure to plasma discharge which is adaptable in a controllable manner.
Present invention enables the evaluation of quality, oxidative stability, authenticity, purity and
aroma stability of the introduced sample by performing post-hoc analyses on the sample or by
analysing the aforementioned produced VOC (Volatile Qrganic Compounds) compounds
during/after pre-treatment by the invention. This allows the treatment of a large variety of
samples both food as non-food matrices that are prone to oxidation résulting in the production
of an unique set of volatile organic compounds. For instance food ingredients and food
products; lipids, fatty acids, proteins, peptides, amino acids, carbohydrates, antioxidants, etc.
and non-food ingredients and products; ioolymers, paints, colouring agents, glues, building

products, etc.
SUMMARY OF THE INVENTION

The present invention solves the problems of the other tests to accelerate oxidation chemistry

by non-thermal plasma of sample of orgénic and inorganic products that are characterized by

. variability of oxidation chemstry due to the difference of the physico-chemical properties of

the organic and inotganic samples to be tested . The invention enables a faster, better controlled
non-thermal oxidation of organic samples 1o be sensed for the in the formation of a unique set
of oxidation products. This unique set of oxidation products produced contain information to
characterize, classify, describe and product sample quality. |

In accordance with the purpose of the invention, as embodied and broadly described herein, the
invention is broadly drawn to a technical solution whereby the sample position of the sample
holder is controllable such that when operational the sample position can be placed in or under '
the plasma dischérge. The plasma discharge otiginates from an controlled set of hughly reactive
spécics (radiation, radicals, excited species, ions) that might intensify/accelerate chemical
oxidation reactions at ambient conditions. The latter circumstances are essential in order to
guarantee representative chemical mechanisms.

In one aspect of the invention, this provides an apparatus that is useful to analyze types samples
with different physico-chemical prqpcrtics.. The apparatus of present invention allows
differentiation of plasma discharge adaptable in a controllable manner. Present invention ‘
enables the evaluation of quality, oxidative stability, anthenticity, purity and.aroma stability of
the introduced sample by performing post-hoc analyses on the sample or by analyzing the
aforementioned produced VOC compounds during/after pre-treatment by the invention. This
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allows the treatment of a large variety of samples both food as non-food matrices that are prone
to oxidation resulting in the production of an unique set of volatile organic compounds. For
instance food ingredients and food products; lipids, fatty acids, proteins, peptides, amino acids,
carbohydrates, antioxidants, etc. and non-food ingredients and pr'ociucts; polymers, paints,
colouring agents, glues, building products, ete.

The present invention provides an apparatus to accelerate oxidation in a sample of organic

A products by non-thermal plasma, the apparatus comprising a reaction chamber equipped with a

build-in plasma reactor and a build in sample holder comprised in the reaction chamber,

whereby the reaction chamber is adapted for airtight closure (by seal, an air lock) so that it can

 operate under atmospheric conditions or under a selected pas atmospheres. Some of the

techniques described above may be embodied as the apparatus comprises a reaction chamber
that is 1) connected or connectable to a gas fluid pump for extracting said fluid, such as air,
from the reaction chamber and whereby the reaction chamber is 2) connected to at least one gas
container for introduction of the specific gas, for example Helium or Argon. When operational
the gas pump and'the gas container are for replacing ambient air in said the reaction chamber
by a gas of choice. This embodiment of the invention advantageously comprises that the sample
position of the sample holder is controllable such that when operational the sample position can
be placed in or under the plasma discharge. This can be further embodied in that the non-thermal
plasma reactor is installed inside the ailztight reaction chambcr of aid apparatus and further that
the non-thermal plasma (NTP) reactor to generate oxidative reactive species on a non-thermal
way is any one of the group consisting of a corona discharge reactor, dielectric barrier
discharger (DBD), plasma jet discharger (one or two electrodes are covered with dielectric
barrier material) and glow discharger. The energy source for non-this thermal plasma can be
DBD ( for instance 1 kHz to 1MHz) or RF (for instance in a range of 10 to 15 KHz and
preferably about 14 MHz). In a specific embodiment of the invention, the electrodes non-
thermal plasma reactor have any one of the following shapes pin shaped, hollow pin, conic or-
flat. Hereby the electrodes in a specific embodiment are at a distance of 0.1 mm to 1 mm in
between. Such elecirodes preferably comprise Tungsten, stainless steel, copper, copper alloy.
According to an embodiment of present invention the apparatus comprises a gas container is
connected or connectable to the reaction chamber with specific features for optimal ﬁlnctioning
such as the connection between the gas container and the reaction chamber comprises a fluid
controller to control the gas flow, the gas container outlet or the reaction.chamber inlet
compriges a fluid controller to control the gas flow to sustain a constant plasma discharge can
be varied between 0.001 sLm up to 5 sLm (sLm = standard litres per minute), the gas container
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when partially or totally filled comprises a gas of the group consisting of pure arpon, pure
helium, argon:air mixture, argon: helivm mixture, Ar/0;, He/Oa, Ar/H20, He/H20 and/or the

connection between the gas container and the reaction chamber is a high-pressure tubing.

. In a further embodiment of the invention, the appa:fatus of present invention is characterized in

that said apparatus is operational in two modi operandi: a) as 2 stand-alone unit to pre-treat
infroduced sample matrices or b) hyphenated with a VOC (Volatile Organic Compounds)
aﬁa]yzcr.

In one embodiment of the invention, the above described apparatus comprises a lLiquid pump to
so that a liquid sample can be pumped through a sintered glass disk into the sample holder
position under the NTP. Hereby the liqud sample introduction can comprise a sintered glass

fountain.

According to an embodiment of the present invention there is also provided that the liquid
samples holder can be position so that the NTP is close to the liquid sample or so that the NTP
discharges inside the liquid sample. Solid materials can be fixated in the sample holder for NTP
exposure. Hereby the solid sample holder can be position so that the NTP is close to the solid
sample or so that the NTP discharges on the solid sample. Such apparatus can be adapted for
online evaluation of VOC formation by the reaction chamber connected with gas conduit so
that when operational gas loaded with volatile oxidation products is hyphenated to a VOC -

analyzer on the gas conduit or at the outlet of gas conduit.

In yet a specific embodiment the sample holder is functionally connected with a volatile trap in
such a way that a volatiles released from said the composition it is trapped. Hereby the apparatus
can be adapted f;)r online evaluation of VOC formation by the reaction chamber connected with
gas conduit so that when operational gas loaded with volatile oxidation products is hyphenated
to a VOC trap at ambient conditions or a cooled VOC trap in such a way that volatiles released
from a sample under NTP treatment are trapped. A suitable cooled trap is a Peltier cooled trap,
a liquid/gas cooled trap, or a cryo trap (for instance a liquid nitrogen cooled trap). Furthermore
in a specific embodiment the cooled trap comprises a tube containing sorbent material (e.g.
tenax, Silica Gel, activated charcoal) or bubbled through ice-cooled water sample. It is also
degirable to that the cooled trap is connected to or followed by a VOC analyser, for instance a
VOC analyzer that.comprises detectors of the group consisting of an electronic nose, FID, MS,
UV, IR, TOF and SIFT-MS. Other preferred features of the apparatus of present invention are

that the apparatus has at least one enclosure for connecting or removing the sample holder.
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Another preferred firther embodiment is that the sample holder is connectable and removable
by and enclosure in the reaction chamber under the non-thermal plasma reactor, the enclosure
is adaptable or removable so that the apparatus can comprise at the position under the NTP
comprise different types of sample holders such as a fountain system holder, a solids/liquid
sample holder, a cone samples holder, a cube sample holder, a cylindrical sample holder, the
apparatus comprises an enclosure to fix a mesh above sample holder such mesh being NTP
penetrable, the apparatus comprises a sample holder that comprises an attachment means or an
enclosure on top so that it can be covered by a NTP penetrable megh, the apparatus comprises

an enclosures to hold a plurality of sample holders functionally connected with a motor so that |
separate sample holders can be moved under the NTP, the apparatus comprises at least one

sampler holder with a volume in a range from 10 L to 10 000 ml.

This apparanis of present invention can be used in conjunction with generating accelerated
ageing in said organic sample or in conjunction with generating accelerated oxidation

chemistry in said organic sample.

Present invention concerns an apparaws to accelerate oxidation by non-thermal plasma in a
sample compriging an organic product, the apparatus comprising a reaction chamber equipped
with a build-in plasma reactor and a build in sample holder comprised in the reaction chamber,
whereby the reaction chamber is adapted for airtight closure (by seal, an air lock) so that it can
operate or under attospheric conditions or under a selected gas atmospheres and whereby the
sample holder is functionally connected or connectable with a volatile trap in such a way that a

volatiles released from said the composition it i trapped.

In yet another embodiment the invention concerns an apparatus to accelerate oxXidation by non-
thermal plasma in a sample comprising an organic product, the apparatus comprising a reaction
chamber equipped with a build-in plasma reactor and a build in sample holder comprised in the
reaction chamber, whereby the reaction chamber is adapted for airtight closure (by seal, an air
lock) so that it can operate or under atmospheric conditions or under a selected gas atmospheres
and whereby the reaction chamber is connected with gas conduit so that when operational gas
loaded with volatile oxidation products is hyphenated to the volatile trap in such a way that

volatiles released from a sample under non-thermal plasma (NTP) treatment is trapped.

This volatile trap can be a cooled traj), for instance a eryo trap for instance a liquid nitrogen
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cooled trap. This volatile ttap can comprises a tube containing sorbent material, for instance
tenax, silica gel or activated charcoal or it comprises an ice-cooled water sample for the volatile
méam'c compounds to be guided or bubbled into. In a particular embodiment the cooled trap is
connected or followed by a volatile organic compounds (VOC) analyzer.

Present invention also concerns in a particular embodiment an apparatus to accelerate oxidation

by non-thermal plasma in a sample comprising an organic product, the apparatus comprising a

reaction chamber equipped with a build-in plasma reactor and a build in sample holder
comprised in the reaction chamber, whereby the reaction chamber is adapted for airtight closure
(by seal, an air lock) so that it can operate or under atmospheric conditions or under a selected
gas atmospheres and whereby the apparatus has at least one enclosure for connecting or
removing the sample holder. A particular feature is whereby the enclosure is adaptable or
removable so that the apparatus can comprise at the position under the NTP different types of .
sample holders such as a fountain system holder, a solids/liquid sample holder, a cone samples
holder, a cube sample holder, a cylindrical sample holder.

According to one aspect of the invention the above described apparatus comprises an enclosure
to fix a mesh above sample holder such mesh being non-thermal plasma (NTP) penetrable.
According to one aspect of the invention the above described apparatus comprises sample
holder that comprises an attachment means or an enclosure on top so that it can be covered by

a non-thermal plasma (NTP) penetrable mesh.,

According to another aspect the apparatus according to the invention as described above is
characterized by that the apparatus comprises a VOC analyzer comprising a detectors of the
group consisting of an electronic nose, flame ionization detector (FID), mass spectrometry
(MS), ultraviblet (UV), infrared (IR), time-of-flight mass spectrometer (TOF) and selective ion
flow tube-mass s.pcctrometry (SIFT-MS). '

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the xeaction chamber is
1) connected or connectable to a gas fluid pump for extracting said fluid, such as air, from the
reaction chamber and whereby the reaction chamber is 2) connected to at least one gas container

for introduction of the specific gas, for example helium or argon.

According to another aspect the apparatus according to the invention as embodied in the
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description above is in a particular embodiment characterized in that when operational the gas
pump arid the gas container are for replacing ambient air in said the reaction chamber by 2 gas

of choice.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the sample position of the'
sample holder is controllable such that when operational the sample position can be placed in

or under the plasma discharge.
According to another aspect the apparatus according to the invention as embodied in the
déscription above is in a particular embodiment characterized in that the non-thermal plasta

reacior is installed inside the airtight reaction chamber of aid apparatus.

According to another aspect the apparaius according to the invention as embodied in the

' description above-is in a particular embodiment characterized in that the non-thermal plasma

(NTP) reactor to genetate oxidative reactive species on a non-thermal way is any one of the
group consisting of a corona discharge reactor, dielectric barrier discharger (DBD), plasma jet
discharger (one or two electrodes are covered with dielectric barrier material) and glow

discharger.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the energy source for non-

thermal plasma ig dielectric barrier discharge or radio frequency discharge.

According to another aspect the apparatus according to the invention as embodied in the
description above i$ in a particular embodiment characterized in that the electrodes non-thermal

plasma reactor have any one of the following shapes pin shaped, hollow pin, conic or flat.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the electrodes are at a

distance of 0.1 mm to 1 mm in between.

According to another aspect the apparatus according t6 the invention as embodied in the
description above is in a particular embodiment characterized in that the materials of the
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electrodes comprise Tungsten, stainless steel, copper, copper alloy.

According to another- aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the gas container is

connected or connectable to the reaction chamber.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the connection between
the pas container and the reaction chamber comprises a fluid controller to control the gas flow.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the gas container ontlet or
the reaction chamber inlet comprises a fluid controller to control the gas flow to sustain a
constant plasma discharge can be varied between 0.001 sLin up to 5 sLm (sLm = standard liters

per minute).

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the gas container when
partially or totally filled comptises a gas of the group consisting of pure argon, pure helium,
argon:air mizture, argon: helium mixture, Ar/O2, He/O2, At/H;0, He/H20.

According to another aspect the apparatus according to the in?cntiou as embodied in the
description above is in a particular embodiment characterized in that said apparatus is
operational in two mddi operandi: a) as a stand-alone unit to pre-treat introduced sample
matrices or b) hyphenated with a VOC (Volatile Organic Compounds) analyzer.

According to another aspect the apparatus according to the invention as embodied in the
description above is in & particular embodiment characterized in that the connection between *

the gas container and the reaction chamber is a high-pressure tubing.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular cmbodimcnt characteﬁzed 1 that the apparatus comprises a
liquid pump to so that a liquid sample can be pumped through a sintered glass disk into the
sample holder position under the non-thermal plasma (NTP).

8
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According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the liquid sample

introduction comprises a sintered glass fountain.

- According to another aspect the apparatus according to the invention as embodied in the
description above is in 4 particular embodiment characterized in that the liquid samples holder
can be position so that the NTP is close to the liquid sample or 5o that the NTP discharges inside
the liquid sample.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that a solid sample holder can
be position so thatl the NTP is close to the solid sample or so that the NTP discharges on the
solid sample. ' '

According to another aspect the apparatus according to the invention as embodied in the
‘description above is in a particular embodiment characterized in that said apparatus is adapted
for online evaluation of VOC formation by the reaction chamber connected with gas conduit so
that wheﬁ operational gas loaded with volaﬁle oxidation products is hyphenated to a VOC

analyzer on the gas conduit or at the outlet of gas conduit.

According to another aspect the apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that the sample holder is
connectable and removable by and enclosure in the reaction charnber under the non-thermal

plasma reactor.

According to another aspect tﬁe apparatus according to the invention as embodied in the
description above is in a particular embodiment characterized in that it comprises enclosures to
hold a plurality of sample holders functionally connected with a motor so that separate sample
holders can be moved under the NTP, |

Further scope of applicability of the present invention will become apparent from the detailed
description given hereinafter. However, it is understood that the detailed description and
specific examples, while indicating preferred embodiments of the invention, are given by way

of illustration only, since various changes and modifications within the gpirit and scope of the
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invention will become apparent to those skilled in the art from this detailed description, It is to
be understood that both the foregoing general description and the following detailed description

are exemplary and explanatory only and are not restrictive of the invention, as claimed.

Detailed Description .

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION .

The following detailed descriptibn of the invention refers to the accompanying drawings. The
same reference numbers in different drawings identify the same or similar elements. Algo, the
following detailed description does not limit the invention. Instead, the scope of the invention
is defined by the appeﬁdcd claims and equivalents thereof.

The following detailed description of the invention refers to the accompanying drawings. The
same reference numbers in different drawings identify the same or similar elements. Also, the
following detailed description does not liﬁlit the invcntion. instcad, the scope of the invention
is defined by the appended claims and equivalents thereof,

Several documents ate cited throughout the text of this specification. Each of the documents
herein (including any manufacturer’s specifications, instructions ete.) are hereby incorporated
by reference; however, there is no admission that anjl document cited is indeed prior art of the
present invention.

The present invention will be described with respect to particular embodiménts and with
reference to certain drawings but the invention is not limited thereto but only by thé claims.
The drawing's,dcsoribcd are only schematic and are non-limiting, In the drawings, the size of
somé of the elements may be exaggerated and not drawn to scale for illustrative purposes. The
dimensions and the relative dimensions do not correspond to actual reductions to practice of ‘
the invention. |

Furthermore, the terms first, second, third gnd the like; in the description and in the ¢laims, are
used for distinguishing between similar elements and not necessarily for describing a sequential
or chronological order. Itigto be undexstood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of the invention described herein are
capable of operation in other sequences than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like in the description and the claims are
used for desctiptive purposes and not necessarily for describing relative positions. It is to be
understood that the terms so used are interchangeable under appropriate circumstances and that
fhe embo:dimcnts of the invention described herein are capable of operation in other oﬁentéﬁons

than described or illustrated herein.
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It is to be noticed that the term “compriging”, used in the claims, should not be interpreted as
being restricted to the means listed thereafter; it does not exclude other elements or steps. It is
_thus to-be interpreted as specifying the presence of the stated features, integers, steps or
components as referred to, but does not preclude the presence or addition of one or more other
features, integers, steps or components, or groups thereof. Thus, the scope of the expression “a
device comprising means. A and B” should not be limited to the devices consisting only of
components A and B. It means that with respect to the present invention, the only relevant
components of the device are A and B. .

Reference throughout this specification to “one embodiment” or “an embodiment” means that
a particular feature, structure or charactéristic described in connection with the embodiment is
included in at least one embodiment of the present invention. Thus, appearances of the phrases
“in one embodiment™ or “in an embodiment” in various places throughout this specification are
not necessarily all referring to the same embodiment, but may. Furthermore, the particular
Teatures, structures or characteristics may be combined in any suitable manner, as would be
apparent to one of ordinary skill in the art from this disclosure, in one or more embodiments.
Similarly it is appreciated that in the description of exemplary embodiments of the invention,
various features of the invention are sometimes grouped together in a single embodiment,
figure, or description thereof for the purpose of streamlining the disclosure and aiding the
understanding of one or more of the various inventive aspects. This method of disclosure,
however, is not to be interpreted as feﬂccting an intention that the claimed invention requires
more features than are expressly ecited in each claim. Rather, as the following claims reflect,
inventive aspects lie in Jess than all features of a single forégoing disclosed embodiment. Thus,
the claims following the detailed description are hereby expressly incomoi-atcd into this detailed
description, with each claim standing on its own as a separate embodiment of this invention.
Furthermore, while some embodiments described herein include some but not other featureg
included in other embodiments, combinations of features of different embodiments aré meant
to be within the scope of the invention, and form different embodiments, as would be
understood by those in the art. For example, in the following claims, any of the claimed
embodiments can be used in any combination.

In the description provided herein, numerous specific details are set forth. However, it is
understood that embodiments of the invention may be practiced without these specific details,
In other instances, well-known methods, structures and techniques have not been shown in
detail in order not to obscure an understanding of this description.

Other embodiments of the invention will be apparent to those skilled in the art from
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consideration of the specification and practice of the invention disclosed herein.

It is intended that the specification and examples be considered as exemplary only.

Each and every claim is incorporated into the specification as an embodiment of the present
invention. Thus, the claims are part of the description and are a further description and are in
addition to the preferred embodiments of the present invention.

Each of the claims set out a particular embodiment of the invention,

The following terms are provided solely to aid in the understanding of the invention.

Non thermal plasma technology can be used for oxidation tests on any organic and inorganic
' matrix that can be oxidized, such as for example fish oil. An example of fish 0il samples that
we used for menhaden fish oil (Sigma Aldrich, Diegem (Belgium)) was purchased and stored
at -80°C to prevent further oxidation. For each test, fish oil samples were used, either pure or
enriched with an antioxidant ( 100 ng/g and/or 1000 pg/g a-Tocopherol (Sigma Aldrich)). The
fatty acid composition of the Menhaden fish oil was provided by Sigma Aldrich and is
expressed in percentage. For the used fish oil, the following initial typical fatty acid composition
is applicable; 30.4 % saturated fatty acids (7.94 % C14:0, 15.1 % C16:0, 3.8 % C18:0), 26.7 %
mono-unsaturated fatty acids (10.5 % Cl6:1, 14.5 % C18:1, 1.3 % C20:1, 0.4 % C22:1) and
34.2 % poly-unsatyrated fatty acids (2.2 % C18:2, 1.5 % C18:3, 2.8 % C18:4, 1.1 % C20:4,
13.2 % C20:5, 4.9 % C22:5, 8.6 % C22:6). Non thermal plasma can be used on these samples
for oxidation test. In particular for natural aging . For instance according to the state of the art
Jor natural aging (reference) 100 grams of pure fish oil and 100 grams of eariched (1000 pg/g
n-tocopherol) fish oil was put in an Erlenmeyer and kept in the dark at ambient conditions for
11 weeks. Every week 3 g 61‘ oil was sampled and stored at -80°C to prevent further oxidation..
Natural storage tests take a lot of time!!! The NTP of present invention does this in a much
faster manner. ]
An example of thermal accelerated oxidation test of the art is as follows. Thermal treatment of
the fish oil was performed at 100 °C for 6 hours, based on the widely used Rancimat test
(Lutterodt, Slavin, Whent, Turner, & Yu, 2011). In each experiment 50 g of fish oil was put in
a g]asé flask and heated to the desired temperature by placing it in a temperature controlled
oven. Air was bubbled for 6 hours through the sample (using a sintered glass disk for maximum
contact with the oil) at a flow rate of 1.0 L/min. The oil was continuously stirred by the air
stream passing through the sample, creating an optimum transfer of oxygen to the heated oil.
After passing through the oil, the air bubbled through an ice-cooled water sample of 100 g in
order to capture secondary volatile lipid oxidation compounds. After thermal treatment, 0.5 g
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of the water sample was transferred into a 20 mL headspace vial and sealed using an inert Teflon
septum. Afterwards, the same treatment was applied to oil containing 1000 pg/g a—tocopherol.
The NTP of present invention is suitable for thermal accelerated oxidation test.

This is a highly described description of a possible NTP reactor that has been used to
develop/proof the invention. In this section plasma chemistry but also details of a possible
(already available) NTP reactor is given.

Dielectric barrier discharge plasma is suitable for accelerated oxidation treatment. DBD plasma
operating with Ar/O2 mixture as a feed gas in ambient air can be considered as a source of a
broad range of active specics. The species generated in the active zone of the discharge located
in between elecirodes can be divided in (listed according to increasing reactivity): charged
particles (electrons, positive and nepative ions); neutral excited states of Ar (metastables,
resonance states and electron excited states); UV and VUV photons (appearing due to excimer

. radiation, OH and NO bands emission); oxygenated species including Oa, O3 singlet, and O.

The production mechanisms of different excited species have been intensively studied in the
last decade worldwide. In the research of Van Gils, Hofmann, Boekema, Brandenburg, &
Bruggeman (2013) and Reuter et al. (2012)production of VUV and UV radiation in plasma of
Ar using a slightly higher power of 20 W has been studied and absolute VUV radiance has been
estimated around 2-3 mWmmsr*. Such low amount of VUV/UV photons cannot explain
observed chemical changes during oil ﬁeatments. Thetefore the effect of UV radiation can be
excluded. Considering the low ionization dégrec of our plasma with an electron density of about
1.5x10" em™ and taking into account dissociative electron—ion recombination which has a
typical rate of 10713 m® 57!, the actual density of charged particles that reaches the treated surface
in the far afterglow is 2-3 orders of magnitude lower than the density of the charged barticles
in the active zone. The charged particles concentration of about 1 07 cm™ cannot considerably
affect chemical reactions in the liquid phase during our experiments. Active species of Ar,
especially those with long lifetime as metastable and resonance states, can reach the surface of
the treated oil. Ar excited states cannot directly oxidize the oil but can initiate formation of free
radicals in the liquid. This process has been checked in an independent experiment of Van
Durme, Nikiforov, Vandamme, Leys, & De Winne (2014) in which Ar plasma jet has been used
for olive oil treatment. It was shown that the formation of oxidative products_ in oil under action
of a pure Ar plasma jet is very low, even after 60 minute§ of plasma treatment. Considering the
above mentioned results, the effect of plasma treatment of liquid samples can be solely
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attributed to oxygenated species including mainly Oz, Oz singlet, and atomic O,

25 grams of fish oil was put in 4 glass container. The oil was pumped through a sintered glass
disk, which 'prcve.nted the oil from being blown away during the NTP-treatment and increased
the contact of the plasma jet and the oil, Sample losses were determined by weighing the sample
‘before. and after treatment. Less than 3% of sample was lost during 60 minutes of NTP
treatment. Previous tests indicated that a direct treatment of the oil surface without a sintered
glass disk leaded to an insufficient contact of the plasma with the oil. Secondly the oil would
gush, leading to contamination of the quartz tube and eventually inhibiting the formation of a
stable plasma jet. The plasma jet (Fig 1.b) was placed above the sintered glass disk, spreading
over the oil surface. The distance between the capillary quartz tube and the sintered glass disk
was 5 mm. Exposure times of 60 minutes were applied for Plasma tteatment. The plasma jet
comprises a tungsten rod (energetic electrode) with a sharp tip, inserted in a quartz capillary
with 1.3 mm innér diameter. The tungsten rod and quartz capillary together are centered inside
a grounded aluminum tube (ground electrode). Alternating peak to peak voltage of 6 kV is
applied to the tungsten rod by a 50 kHz power supply (Bayerle, Germany). Gas is fed into the -
plasma jet through two separated lines each controlled by a mass flow controller (Bronckhorst,
Belgium), For the cxpcrimcntall configuration used in this study, a stable discharge was obtained
when the voltage input was fixed at 6.00 kV (peak to peak) and current of 128 mA while
maintaining an Argon gas flow rate of 2.00 slm (standard liters per minute). The Argon stream
was doped with oxygen gas (0.6 %) in order to create the abovementioned oxidative species
and eventually induce lipid oxidation, while maintaining the treated oil sample at ambient
tcmpefa.tures. Atomic oxygen concenfration wag measured using spectroscopy. More specific,
an Ocean Optics 52000 spectrometer with resolution of 1.5 nm has been used for emission
spectrometry of the plasma jet. Sensitivity of the spectrometer has been corrected with the use
of a NIST calibrated Oriel model 65355 speciral lamp. Adding 0.6% of oxygen led to a total
atomic oxygen concentration of 7.21%107cm™,

It has to be noted that the measurement of singlet delta oxypen (SDO) muolecules in the plasma
jet is a technically challenging task due to the small size of the jet and a correspondingly low
absorption signal. Among availablé results, most of the experiential studies of the singlet
oxyéen production have been carried out in conditions similar to those of our plagma jet but for
He/O, mixtures by means of IR absorption. In the study of Sarani, Nikiforov, & Leys, (2010)
the SDO absolute density was estimated to be around 6 x 10'° ¢cm™ for RF and DBD jets in an
optimal He/Oz mixture. Similar values in the order of 10'% em™ were obtained in the study of

Lu & Wu (2013) for a low power plasma jet operating in ambient air. A density of 1.7 x 10'%
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cm™ of Oz (a'Ag) was found in a microplasma jet operating in He+2% Q2 (Sousa, Douat,
Bauville, Fleury, & Puech, 2013). These experimental results have also been confirmed by
numerical simulations where the SDO density was estimated at 10'S e in the He plasma jet.
In recent work SDO densities were also estimated in an Ar plasma jet by a numetical study.
The. authors have found that up to 1 em away from the nozzle the Oz (a'Ag) concentration is
about 0.7 x 10" cm™ and comparable with the density of atomic oxygen. They found that Oz
(a'Ag) initiated chemistry starts to be important only in the very far effluent, as its internal
enerpy is rather low (0.98¢V) compared with OH, Ar excited states and atomic O. |
For chemical analysis of volatile lipid oxidation products VOC analytical technique can be
combined with the mvention (HS-SPME-GC-MS). Isolation of the volatiles originated from
lipid oxidation, was performed with an autosampler (MultiPurpose Sampler® or MPS®,
GERSTEL®, Miilheim am der Ruhi, Germany), equipped with a headspace-solid phase
microextraction unit. Solid-phase microexiraction combined with one dimensional gas
chromatography-mass spectrometry has been applied in many food related researches and
already proved to be a sensitive and reliable methodology for the evaluation of volatile lipid
oxidation products (Van Durme et al., 2014). Based on experiments (§3.1) the foiloxiving
sample preparation conditions were selected: 0.5 g of fish c;il sample or water sample (§2.2.1)
was hermetically sealed in brown 20 mL vials to be incubated 30 min. Next, the headspace was
extracted at 60°C on a well-conditioned CAR/PDMS_ SPME fiber for another 30 minutes by
means of a thermostatic agitator.

. A fully. automated sample preparation unit (MultiPurpose Sampler® or MPS®, GERSTEL®,

Miulheim an der Rur, Germany), combined with a 6890/5973 GC-MS system (Agilent
Technologies®, Palo Alto, CA) was used for compound separation and identification. Helium
was used as a carrier gas (1 mL/min). Injector and transfer lines were maintained at 250 °C and
280 °C, respectively. The total ion current (70 eV) was recorded in the mass range from 40 to
230.amu (scan mode) using a solvent delay of 2 min and a run time of 5 min. For GC-MS
proﬁiiﬁg, both a cross-linked methyl silicone column (HP-PONA), 50 m x 0.20 mm ID.,
0.5 pm film thickness (Agilent chhnology@) and a ZB-WAX column, 30 m x 0.25 mm 1D,
0.25 pm film thickness (Phenomenex®) were used and programmed: 40 °C (5 min) to 160 oC
at 3 °C/min, from 160 °C to 220 °C at 5 °C/min, held for 3 min. Identification of volatile
organic compounds in the fish oil hcadsj)ace was performed by comparison with the mass
spectra of the Wiley® 275 Library, Additionally, confirmation of identified compounds was

. done by determination of Kovats indices, determined after injection of a series of n-alkane

homologues using the analytical configuration as described above. Thirdly, some authentic
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reference standards were injected to confirm the identity of some important volatiles.
.Concentration of identified oxidation products were expressed semi-quantitatively, using an
intemnal standard, 4-Hydroxyl-4-methyl-2-pentanone (10 uL, 0.309 pg/pL). All samples were

measured in triplicate (n=3).

Identification of odo'r active volatile oxidation markers is useful to aﬁabzze naturally aged fish
oil. In the following section, the naturally aged fish oil wag evaluated over a period of 11 weeks
by identifying and quantifying volatile organic compounds in the headspace of the matrix. The
goal is to profile the aroma compounds in function of storage time and to identify a number of
volatiles that are clear markers for lipid oxidative phenomena in fish oil. Although this
approach, using secondary volatiles to evaluate the lipid oxidation progress, is most realistic,
today most researchers still. focus on measuring primary oxidation products by means of
peroxide value (PV). Secondary oxidation products are often evaluated by the thiobarbituric
acid reactive substances (TBARS) or the p-anisidine value (AV). Research papers in which
volatiles are measured typically select hexanal as a typical lipid oxidation marker (Panseri,
Soﬁcin, Maria, & Antonio, 2011). In fish oil however, hexanal is not a typical lipid 6xidati0n
marker, Other oxidation products such as 1-penten-3-one (pungent gréen odor), Z-4-heptenal
(fishy odor), (E,E)-2,4-heptadienal (faity, rancid odor), (E,Z)-2,6-n0nadieﬁa] (cucumber odor)

‘and 1-octen-3-ol (mushroom odor) have been characterized as very potent odorants,

contributing to the unpleasant rancid and fishy off-flavor. For this study, different solid-phase
microextraction (SPME) fibers were compared (CAR/PDMS, PDMS, CAR/DVB/PDMS) at
60 °C and an exiraction time of 30 min. The most effective fiber type proved to be CAR/PDMS.
Using the selected fiber type (CAR/PDMS), extractions were performed at 40, 60, 80°C for 15,
30, 45 min. .Jt was observed that a 30 minute extraction time was optimal, when preceded by
incubating the sample fbr 30 min at 60 °C. Naturally aged fish oil was used for this
optimijzation. Table 1 represents semi-quantitatively determined cohcentrations of volatile
compounds present in fresh and naturally aged fish oil samples. In total 55 volatiles were
identified of which the aldehydes proved to be the most dominant, followed by hydrocarbons
and ketones. While in fresh fish oil a total volatile orgamc compound (VOC) concentration of
1.64*10° pg/g was already measured, a significant increase in VOC variety and concentration
was observed after 11 weeks of storage in ambient and dark conditions (3.82*10% pg/g). It is
generally known that in this matrix practically no enzymatic lipid oxidation or other microbial
or fermentative processes can occur. Since enzymes are present in the watery -phase of a

biological system, amounts of enzymes in the extracted oil are considered negligible.
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Therefore, these observations can only be explained by lipid auto-oxidation, typically resulting
in volatiles such as aldehydes (2-propenal, propanal, pentanal, heptanal, (E,E)-2,4-heptadienal
and (E.E)-2,4-octadienal), ketones (1-octen-3-one, 3,5-octadien-2-one, 2-nonanons) and
several hydrocarbons (tridecane, pentadecane). The lipid oxidation mechanism is initiated by
free radicals which abstract a hydrogen atom at carbon atoms adjacent to a double bond. Triplet

oXygen reacts with these lipid radicals leading to lipid peroxides formation. Further propagation |
reactions include hydroperoxide formation and P-scissions eventually resulting in the
formation of secondary lipid oxidation volatiles. Resaction mechanism pathways. of these
oxidation volatiles are well desctibed in literature (Frankel, 1984). Above mentioned results
illustrate that HS-SPME-GC-MS is a sensitive, reproducible and relevant analytical technique
to sﬁdy oxidation phenomena in fish oil, hence this approach will be also used when studying

. lipid oxidation chemistry in both thermal and non-thermal plasma based lipid oxidation (§3.3).

From Table 1 it can be derived that formic acid, 1-penten-3-ol, propenal, (E)}-2-pentenal,
heptanal, (E)-2-heptenal, (E,E)-2,4-heptadienal, (E,E)-2,4-octadienal, (E)-2-nonenal and (E)-2-
decenal strongly increased during natural storage, making them important lipid oxadation
products. Since it is well described that oxidized fish oil develops important off-aromas, it is of
high importance to consider Odor Activity Values (OAV) when smdying lipid oxidation. OAV
values are calculated by dividing the specific headspace concentration by the corresponding
odor threshold value. For the naturally aged oil most odor active lipid, oxidation compounds
proved to be 1-octen-3-one (14.40 pg/g, OAY = 2.9%10%), (E,Z)-2,6-nonadienal (24.99 pglg,
OAV = 2,5%10%), (E)-2-nonenal (51.74 pg/g, OAV = 5.2%10%), (E,E)-2,4-decadienal (17.87
pgle, OAV =2.6%10%), (E)-2-decenal (31.95 pg/g, OAV = 1.1*10%), 3,5-octadien-2-one (85.68
ug/g, OAV = 7.1*10%), 1-penten-3-one (43.13 pg/g, OAV = 4.3%10%, (E,E)-2,4-hcptadiena1
(517.9 pg/g, OAV =3.5%10%, 1-octen-3-0l (33.28 pg/g, OAV =3.3¥10%), (E)-2-octenal (55.23.
ng/g, OAV = 1.9%10%, nonanal (16.76 pg/g, OAV = 1.7¥10%), pentanal (25.28 pg/g, OAV =
2.1*10%) and propanal (38.99 pg/g, OAV = 1.1¥10%). Using this approach, completed by
literature study, enabled to select a list of the most important Lipid Oxidation Markers (LOMs)
as summarized in Table 2. These LOMSs were used in this paper to evaluate and compare both

the thermal (§ 3.2) and non-thermal plasma (§ 3.3) based accelerated lipid oxidation methods.

Lipid oxidation marker assessment for evaluation of antioxidant effectiveness during the

natural aging test
Figure 22 illustrates changes in headspace concentrations above fish oil samples for a number

of the selected LOMs summarized in Table 2, more specific 2-propenal, (E)-2-pentenal, (E)-2-
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decenal, 1-octen-3-ol and (E,E)-2,4-octadienal. In agreement with other studies (Horn, Nielsen,
& Jacobsen, 2009) a clear anti-oxidative effect of adding 1000 pg/g a-tocopherol is visvalized
in Figure 2a, showing a reduced formation after 11 weeks for 2-propenal, (E)-2-pentenal, (E)-
2-decenal, 1-octen-3-0l and (E,E)-2,4-octadienal. This result indicates that a-tocopherol and y-
tocopherol both have antioxidant properties when used in the conditions described earlier. Horn
et al. (2009) determined a prooxidative effect of y-tocopherol addition below 200 pg/g. This
experiment has not been repeated in this work since this effect has already been well described.

Thermal Treatment generates VOC’s. Based on VOC measurements of thcrmall}" treated
fish oil, it could be concluded that some compounds identified in naturally aged fish oil could
not be detected after the thermal treatment. This was for example the case for ethanol,
acetaldehyde, 2-methyl-2-butenal, (E,E,E)-24,6-octatrienal, (E,E)-2,4-decadienal, 1-hydroxy-
2-butanone and 5-ethyl-2(5H)-furanone. _

Secondly the relative VOC composition after thermal treatment proved to be completely
different compared to that measured in naturally aged fish oil. For example the relative class
importance of aldehydes for naturally aged fish oil was 33%, while this was 82% for thermally
oxidized fish oil, Figure 2b illustrates the formation of the earlier identified volatile lipid
oxidation markers. Thirdly, the overall concentration range of thc. VOCs seems to be much
higher after the thermal treatment compared fo the natural aging process. Since 11 weeks of
natural aging resulted in concentrations up to 35 pg/g for 1-octen-3-ol and 55 pg/g for (E)-2-
pentenal, a thermal treatment of 6 hours resulied in concentrations for these compounds of
respectively 550 ug/g and 1100 pg/g. Formation of 2-propenal, (E)-2-pentenal, (E)-2-decenal,
1-octen-3-0l and (E.E)-2,4-octadienal ate presented in figure 2b.

Furthermote, in contrary to the results as measured during ambient storage test, the addition of
1000 pg/g o-tocopherol élearly resulted in a prooxidative effect during theﬁnal exposure,
leading to increased lipid oxidation products. Instead of working as a chain-breaking
antioXidant preventing propagation of free radicals, the high temperature inverted these
antioxidative properties of a-tocopherol into prooxidative effects.

Based on these results it can be concluded that the thermal accelerated lipid oxidation test
insufficiently correlates with natural oxidation of fish oil. Besides the different composition and
higher concentration of oxidation products, the addition of a-tocopherol (1000 pg/g) resvlts in
a prooxidative effect during the thermal treatthent, while an antioxidative effect was observed
at ambient temperature. Since the adverse effects of elevated temperatures have already clearly
been proven during this study and in other research papers (Mancebo-Campos, Salvador, &
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Fregapane, 2014), experiments with a-tocopherol enriched fish oil at 100 pg/g were not

performed.

The apparatus and system of present invention is to suitable to treat an organic matrix and any
oxidizable matrix in order to produce volatiles to characterize said matrix or analyze its volatile
fingerprint or to analyze or asses the quality, age or shelf life of said matrix, A suitable matrix
for present invention is for instance a polyunsaturated fatty acids (PUFA) matrix. The enhanced
incorporation of PUFA has become an important t0pi;= for the food industry due to their wide
range of nutritional and health benefits for the end consumer. These positive effects have been
described mainly for @-3 and -6 PUFAs (Skall & Anne, 2008). Numerous epidemiological,
clinical, animal and in situ experiments have shown health benefits due to an increased intake
of w-3 fatty acids, such as EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid).
Studies revealed a including decreased risk of coronary heart disease, immune response
digorders and miental illness, as well as benefits to infants and pregnant women. Sources
containing high levels 'of these unsaturated fatty acids are nuts; vegetable oils, fish and
soybeans. In the last years, increasing attention is given to new, sustainable sources of these

PUFAs, such as microalgae or extracts. of microalgae that can be integrated in a variety of

foodstuffs (Barba, 2016).

Despite the many advantages of increasing the PUFA content in food matrices, a major issue is
their high susceptibility to lipid oxidation. This oXidative phenomenon inevitably leads to loss
of shelf-life, consumer acceptability, functionality, nutritional value, organoleptic properties
and safety. The intensity of lipid oxidative deteriotation of PUFA enriched foodstuffs depeﬁds
on different f;actors; particularly the degree of unsaturation of fatty acids and the presence of
external factors promoting oxidation, e.g. exposure to oxygen and light, metallic ions or high
temperatures. The oxidative stability of each of these PUFAs is inversely proportional to the
number of bis-allylic hydrogens in the inolcculc; therefore, EPA and DHA are even more easily
oxidized compared to oleic acid, linoleic acid and linolenic acid (G. Delgado-Pando, 8.
Cofrades, C. Ruiz-Capillas, M. Triki, 2012).

There are few reports on accurate shelf-life tests for the evaluation of lipid oxidation in PUFA
enriched food products that specifically focus on the organoleptic changes developing during
storage, For food manufacturers it is of high importance to safeguard the initial nutritional and

organoleptic characteristics during the shelf-life. In line with the abovementioned trend, the
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development and improvement of methods to evaluate the oxidative stability of food products
have received growing attention in the last years. Due to practical reasons, researchers have

been especially focusing on accelerated shelf-life tests. Such techniques have great application

. . possibilities in the study of lipid oxidation, oil stability, off-flavor formation chemistry, the

prediction of possible intermediate formation and the impact of oxidation on the nutritional
properties of fbod in a faster manner (Van Durme et él., 2014). Moreover, these techniques can
also be used for the assessment of the functionality of synthetic and natural antioxidants in
PUFA-enriched food products.

In practice, most of the accelerated oxidation techniques are based on increased temperatures
(e.z. Swift test, Rapcimat), Rancimat is the most widely used test for accelerated lipid
oxidation, An oil sample is heated to the desired temperature while air is bubbled through at a
constant flow rate. Next the air, loaded with the formed oxidation volatiles, is sent through a
water sample in which the volatiles of the oil sample are transferred. After the experiment an
oil matrix is left of which all formed oxidation products have been stripped. In this way a
sensory evaluation of this accelerated ‘aped’ produet is not possible. Secondly, outcomes of
thermally-based techniques poorly correlate with realistic storage tests. This can be explained
by the fact that the mechanism of lipid oxidation changes when temperatures exceed 60 °C
(Mancebo-Campos, Fregapane, & Safvador, 2008). No marked success has ever been achieved
in realistically predictioning organoleptic changes and/or shelf-life of edible fats and oils by
such thermally based stability tests.. Some studies in literature revealed that most accelerated
tests are performed at temperatures of at least 100 °C (Farhoosh & Hoseini-Yazdi, 2013). Next
to deviating lipid oxidation kinetics, other reactions such as polymerization, thermal
degradation, cyclization, Maillard reactions, Strecker degradation, denaturation or oxygen
depletion could oceur at such high temperatures (Van Durme, Nikiforov, Vandamme, Leys, &
De Winne, 2014), Secondly, these thermally based techniques remain relatively time-
consuming (up to several days). Moreover, some antioxidants ave thermally unstable, which
leads to an under —or overestimation of their effect.

Abovementioned factors indicate that innovative accelerated oxidation techniques are required
which operate at ambient temperatures and which are able to accelerate lipid oxidation
processes in both a fast and reliable manner. Moreover, the development of an accelerated
oxidation test enabling the user to perform a sensory analysis on the treated sample would be
of great value for the food industry. In this paper, the applicability of Non-Thermal Plasma
(NTP) will be investigated as a new innovative accelerated lipid oxidation test using fish oil as
a case. NTP is generally described as the fourth state of matter and comprises reactive species
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(atoms, ions, radicals), formed by dissociative electron attachment processes. Several
applications of NTP have already been described in literature, such as removal of pollutants in
water, medical applications surface treatments and gas emission treatments (Durme, Dewulf,
Leys, & Langcnhovc, 2008). However, besides sanitation of food products (Baier et al., 2013)
and first experiments on a commercial blend of vegetable oil (Van Durme, Nikiforov,
Vandamme, Leys, & De Winne, 2014), no applications of NTP for the accelerated oxidation of
lipids in food have been reported. The primary goal of this work is to investigate ‘whether NTP
treatment induces realistic lipid oxidation reactions in fish oil, and to what degree they correlate
with natural lipid auto-oxidation. This was assesséd by measuring and comparing the secondary
volatile lipid oxidation products as markers for food ageing. Experiments were performed using
Ar/Oz plasma on fish oil as a reference material. These results are compared to thermally
oxidized and naturally aged fish oil samples.

Olive oil is a highly desirable food product on the international market due to its unique
organoleptic properties, its high monounsaturated fatty-acid content and antioxidant properties
(Bendini et al., 2007). Safeguarding the quality of these olive oils is of utmost importance.
Much research is focusing on the aroma and flavor properties of olive oils. The organoleptic
quality of olive oils is mostly assessed using trained taste panels or by means of headspace-
solid phase microextraction (Romero, Garcia-Gonzalez, Aparicio-Ruiz, & Morales, 2015).
Recently, (Uncu & Ozen, 2015) described a Fourier transform infrared spectroscopy method to
determine quality parameters such as oxidative stability, color pigments, fatty acid profile and
phenolic composition of olive oils. Next to the abovementioned focus on overall quality of fresh
olive oil, increasing research attention is given to oxidative deterioration of olive oils.
(Krichene et al.,, 2010) studied the stability of virgin olive oil and behavior of its natural
antioxidants under medium temperature conditions. Equally important is the development of
analytical techniques to verify the traceability of high-quality ;nonovaricté_l olive oils. In order
to verify the claimed botanical origin, multiple techniques have been developed such as Near
Inﬁa:rcd' (NIR) Spectroscopy, Nuclear Magnetic Resonance (NMR) Spectroscopy, and
Synchronous Fluorescence Spectroscopy (Garcia, Martins, & Cabrita, 2013). (Giacalone,
Giuliano, Gulotta, Monfreda, & Presti, 2015) reported how extra virgin olive oils of Ttalian and
non-Ttalian origin were differentiated .by GC-FID analysis of sterols and esterified sierols
followed by chemometric tools. (Garrido-Delgado, del Mar Dobao-Prieto, Arce, & Valcércel,
2015)describeﬂ how combining a capillary column with Jon Mobility Spectrometry (IMS)
enabled the quantification of 26 volatile metabolites (aldehydes, ketones, alcohols and esters)
which might be used to verify the category of an olive oil sample. Garcia et al. (2013) applied
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headspace solid-phase micro-extraction (HS-SPME) to quantify a selection of C6 compounds
and terpene hydrocarbons as suitable markers of the geographical origin and genotype of the
EVO0O. .
Today, significant research attention is also given to the dcvcloprﬁcnt of analytical techniques
which can be used to detect olive oil adulteration. Due to its economic importance olive oils are
prone to such adulteration. Garcia et al. (2013) reviewed that blending of extra virgin olive oil
(EVO0OQ) with réfined olive oil (ROOQ) is a common type of adulteration. Extra-virgin olive oil
(EVOO) is also often adulterated with less expensive oils (¢.g. sunflower, soy, corn, and
rapeseed oils, hazelnut and peanut oils). Several aﬁalytical chemical techniques have been
developed for the detection of olive oil adulteration such as liquid chromatography (analyzing
triacylglycerol content), gas chromatography-mass spectromctry,. mid-infrared spectroscopy,
microwave reflectometry analysis, electronic nose, DNA identification of adulterant markers,
detection of metabolite-based markers. (Borras et al., 2015) studied mid-infrared (MIR) spectra
(4000-600 cm™ 1) of olive oils using chemometric methods to distinguish extra-virgin olive oils
with lower guality olive oils. (Dais & Hatzakis, 2013) extensively reviewed current application
of Nuclear Magnetic Resonance (NMR) Spectroscopy for olive oil quality and authenticity
assessment. In particular two methodological approaches of metabolomics, metabolic profiling
and metabolic fingerprinting were discussed in gréat detail.

Since the abovementioned techniques are rather time-consuming, often generate chemical
taste, and require highly trained professionals, ongoing réscarch attention is given in order to
develop improved methods for vegetable oil adulteration. Using mass spectral characteristics
of selected ions and equivalent chain length a model could detect adulteration of edible oil with
other vegetable oils from a content of 10%. (Zhang et al,, 2016) proposed ion mobility
spectrometry (IMS) fingerprinting as a simple and rapid detection technology for adulteration.
Such IMS technology is based on the detection of ionized molecules that are separated under a
weak electric field at ambient conditions. This innovative method proved to be able to classify
sesame oil samples that were 10% adulterated. (Mabood et al,, 2015) investigated the effect of
thermal treatment (8 hours at 75°C) on the discrimination of pure extra virgin olive oil (EVQO)
samples from EVOO samples adulterated with sunflower oil. Using fluorescence spectra
adulterated oil samples conld be identified from 2%. (van Wetten, van Herwaarden, Splintcr;
Boerrigter-Eeﬁ]ing, & van Ruth, 2015) investigated the applicability of fast DSC for the
detection of sunflower oil (SFC) in EVOO. Heating curves of adulterated EVOOs showed an
decrease in the one of two endothermic peaks which therefore could be used in the detection of
adulteration of EVOO by SFO. Depending on the type of olivé oil, the presence of 2~-10% SFO
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could be detected.

Based on the above literature overview it can be noticed that despite the recent advances in
analytical methods for"olive oil adulteration, minimal detection levels for adulteration are still
too high. Additionally, techniques described above are typically time-consuming, require the

. use of harmful solvents and require highly expensive and complex technology and expertise.

From literature it can be concluded that the currently available techniques are able to detect
adulteration only from 2% oil addition, Garcia et al. (2013) concluded that further research is
required to find new approaches or identify new compounds that could be assigned as reliable
adulteration matkers able to detect this fraudulent practice with high selectivity, sensitivity and
accuracy.

In this work, the application of non-thermal plasma has been tested for the first time as an
innovative preparation technique enabling the detection of low amounts of adulteration, In the
recent study of Vandamme et al. (2015) and Van Durme, Nikiforov, Vandamme, Leys, & De
Winne (2014) Non-Thermal Plasma (NTP) proved to be an accelerated oxidation technique
with great potential to study and predict lipid oxidation phcnoincna and/or oxidative stability.
It was proven that such non-thermal plasma treatments enabled a controlled and standardized
accelerated induetion of lipid oxidation in complex food matrices due to the generation of high
concentrations of reactive species such as singlét oxygen, hydroxyl radicals, atomic oxygen,
etc.. The applicatiori of non-thermal plasma technology to detect adulteration is unexplored, but
highly promising since it can be assumed that each oil matrix oxidizes differently depending on
its unitjuc fatty acid profile, presence of polyphenols and specific composition of antioxidative
compounds, eto. It is assurned that adulteration with different types of oil will result in small
changes of oil composition and/or contents of minor compounds determining unique oxidation
mechanisms and pathways. The result of such oxidative detericration is the formation of volatile
organic compounds. A forced non-thermal oxidation could thus result in the formation of an
unique headspace composition that can be used to classify authentic from adulterated oil
matrices. The goal of this work is therefore to investigate whether the application of non-
thenmal plasma mipht indeed induce such different lipid oxidation kinetics in adulterated olive

oil samples, leading to the formation of a unique headspace composition.
EXAMPLES

Example 1 Non-Thermal Plasma treatment with the apparatus of present invention.

23



10

15

20

25

30

WO 2017/156598 PCT/BE2017/000021

This example illustrate the formation aﬁer treatment by the invention of interesting unique
volatiles that can be used to assess the treated product (in this case fish oil enriched with
antioxidants)
Fish oil samples, either fresh or containing a-tocopherol at 1000 pg/g, based on Horn et al.
(2009) were both treated with the plasma jet over a period of maximum 60 minutes. The
tcmpcfatutc of each sample was measured directly after treatment, using a calibrated infrared
thermometer (Voltcraft, IR900-308). Several temperature measurements of the sample during
‘the plasma treatment revealed that no increase in temperature occurred. As described earlier
NTP experiments were performed at a constant voltage input of 6.00 kV, while maintaining an
argon gas flow rate of 2 shn (standard liters per minute). The same analytical approach, using
HS-SPME-GCMS, as déscribed in Materials and Methods | was used to evaluate the
performance of the NTP. Moreover, addition of a-tocopherol should indicate if this new
technique accelerates the lipid oxidation, with a more realistic prediction of the antioxidant

properties of a~tocopherol.

Following NTP-treatment, a significant increase of several lipid oxidation products was
detected which were also found in the naturally aged fish oil. 2-propenal, 1-penten-3-one,
pentanal, 2-undecanone, (E)-2-pentenal, (E)-3-hexenal, nonanal, hexanoic acid, butanoic acid
and heptanal were the compounds that incrqascd in concentration following the NTP-treatment.
These oxidation products are formed as a result of the reactive species present in the plasma jet,
in particular atc\amic oxygen and singlet oxygen.

The coxﬁpounds that increased in function of treatment time are displayed in figure 2¢. Contrary,
for a number of volatile lipid oxidation markers (e.g. (E,E)-2,4-heptadienal, (E)-2-decenal and
1-octen-3-ol) no significant increase was observed after NTP-exposure. This result could be
explained by the fact that the plasma jet was sustained by an argon gasflow of 2 slm, which
creates a very turbulent atmosphere near the contact zone, causing a partial stripping of volatile
compounds. Diffusion of volatiles from the oil matrix to the headspace is a well-known physical
phenomenon which depends on various parameters, e.g. Speciﬁé VOC/oil partitioning
coefficient, temperature, turbulence... When the stripping effect is more dominant than the
formation of specific oxidation products, a decrease in concentration is observed. This might
result in an underestimation of the fo.mlati'on rate of some volatile oxidation markers. Since the
scope of this study is to cvaluate fo what extent the NTP treated sample correlates with a
naturally aged sample, no further measurements have been performed on the stripped volatiles.
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The addition of oxygen in the plasma results in the formation of several active species of which -
atomic oxygen and siﬁglet oxygen are considered the most reactive. Singlet oxygen is an excited
state of triplet oxygen (ground state) and highly reactive. This highly reactive oxygen species
(ROS) can be formed in nature under influence of UV-light, and is responsible for phote-
oxidation of lipids. Singlet oxygen directly reacts with an unsaturated fatty acid, without the
prior formation of a radical, as is the case in the reaction mechanism with triplet oxygen. As
discussed earlier, during the initiation step hydroperoxides are formed on the carbon atoms
adjacent to a double bond, which in its turn leads to the formation of various secondary
oxidation compounds th}ough a vatious range of reaction mechanisms (Frankel, 1991).
Pentanal can be formed from a 13-hydroperoxide of linoleic acid and the B-scission mechanism.
(E)-2-Propanal in its turn can be formed from a 3-hydroperoxide of any omega-3 fatty acid
including linoleic acid, DHA and EPA . Atomic oxygen is also a short-lived highly reactive
species which algo initiates the lipid oxidation mechanism by immediate reaction with the fatty

acid, eventually leading to the formation of secondary oxidation products.

Based on the NTPonidation experiment it could be concluded that the addition of a-tocopherol
resulted in an antioxidant effect when added at 1000 pg/g for most LOMs (in some cases no
significant difference was observed). An additional NTP-treatment was performed on fish oil,
enriched with 100 pg/g a-tocopherol. In agreement with literature data, the antioxidative
properties after addiné 1000 pg/g a~tocopherol were not observed when the same compound
was added at 160 pg/g concentration. This effect is clearly visible in case of pentanal, 2-
undecanone, (E)-3-hexenal and nonanal. In case of 2-propenal and 1-penten-3-one, an
antioxidative effecf was observed. Heptanal on the other hand was formed much more rapidly
when 100 pg/g o-tocopherol was added, while an addition of 1000 pg/g did not have a
significant effect. Similar conclusions were made by Horn et al. (2009) who added different
concentrations of y-tocopherol to fish oil in order to evaluate the antioxidant effect. Addition
of y-tocopherol at concentrations above 440 Lg/g fish oil proved to resulf in 4 clear antioxidant
effect, while addition at concentrations below 220 ug/g resulted in a prooxidative effect.
Prooxidative effects have been shown to rely on the ability of tocopherols to participate in side
reactioﬁs in some food systems. It has been described that a-tocopherol reacts not only with
peroxyl radicals (ROQ), but also with alkoxyl radical intermediates (RO-) to form hydroxy
compounds. Such side reactions may, to some extent, explain the present findings (Horn,
Nielsen, & Jacobsen, 2009). Another éxplanaﬁon’ could be interactions between a-tocopherol

and plasma-immanent species leading to the formation of oxidative compounds which in tumn
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lead to the pro-oxidative effect. Future research is needed to unravel these mechanisms. Based
on these rcsulté, it can be concluded that the NTP-technique approaches the natural oxidation
process more closely than the thermal oxidation test, considering the effects of a-tocopherol
addition at different concentrations.

Example 2 Oil samples _

The apparatus of present invention has been tested for véﬁfyjng adulteration of olive oils
(example), and any other matrix that can be oxidized.

Adulterated olive oil samples were prepared adding 1.00g, 2.00g and 3.00g from the same batch
of sunflower oil (commercial available 100% refined sunflower oil) to respectively 99.0g, 98.0g
and 97.0g from a batch of extra virgin olive oil (commercially available Carapelli Extra Virgin
Olive Oil ‘Classico’, Firenze (Italy), immediately followed by a 10 minute intensive mixing.
All samples were stored in the dark at -80 °C to prevent oxidation. The commercial sunflower
oil had following composition; total saturated fat (11%), total mono-saturated fat (27.3%), total
poly-unsaturated fat (61.7%). The commercial extra virgin olive oil (EVOQ) was composed as;
total saturated fat (14.5 %) (palmitic acid: 13.0%, stearic acid: 1.5%), total 'mono-unsaturatcd
fat (70.3 — 73.5%) (oleic acid: 70.0%, palmitoleic acid: 0.3-3.5%), total poly-uﬁsahzrated fat
(15.5%) (linoleic acid: 15.0%, a-linolenic acid: 0.5%).

Prior to enalysis 0.5¢ of oil sample was carcfully weighed in a 20 mL glass vial and sealed air-
tight with a silicon cap. Concentration of identified oxidation products were expressed semi-
quantitatively, using an internal standard, 3 pL methylpyrazine (14.33 mg/mL). All samples

weré measured in quaduplicate (n=4).

A dislectric batrier discharge (DBD) plasma source was used for Non-Thermal Plasma (NTF)
treatments of the oil samples. The plasma jet was operated with oxygen (Ar/Oz) gas mixture.
The species generated in the active zbne of the discharge located in between electrodes can be
divided in (listed according to increasing reactivity): charged particles (electrons, positive and |
negétive ions); neutral excited states of Ar (metastables, resonance states and electron excited
states); UV and VUV photons (appearing due to excimer radiation, OH and NO bands
emission); oxygenated species including Os, O3 singlet, and O. For NTP-treatments, 20 g of oil
sample was put in the plass container and placed in the plasma setup. Based on the work of .
Vandamme et al. (2015) treatments were performed using Ar/O»-plasma (0.1% Oz) in argon
atmosphere, based on its high correlation with the oxidation mechanism of oil samples at room

temperature. Voltage input was kept at 6.00 KV in order to maintain a stable plasma jet. Samples
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were treated for 60 minutes which is significantly shorter compared to other vegetable oil
pretreatment techniques which typically take several hours (e.g. Rancimat, Active Oxygen
Method, Schaal Oven) to days (storage tests). Morcover, from the work of Vandannné ct al.
-(2015) it can be seen that shorter plasma treatment times might be sufficient. However, since
the goal of this manuscript is to investigate the applicability of NTP for olive oil adulteration,

optimization of the NTP pretreatment time is not of concern at this point.

Example 3 Analytical method (illustrative)

Isolation of the volatiles originated from Iipid oxidation, was performed with an autosampler
(multi-PurposeSampler® or MPS®, Gerstel®, Miilheim an der Ruhr, Germany), equipped with
a headspace-solid phase microextraction unit. Solid-phase microextraction combined with one
dimensional gas chromatography-mass spectrometry has been applied for analysis of olive o1l
aroma compounds, as well for the evaluation of lipid oxidation products in oils (Van Durme et
al., 2014; Vandamme et al., 2015)

Chemical-analytical measurements that were performed in this work were both MS-
fingerprinting based as conventional GC-MS profiling. In both cases a fully automated sample

" preparation unit (multi-PurposeSampler® or MPS®, Gerstel®, Mtilhéim an der Rur, Germany),

combined with a 6890/5973 GC-MS system (Agilent Technologies®, palo Alto, CA) was used.
Helium was used as a carrier gas (1 mL/min). When performing MS-fingerprinting analyses
the GC column was continuously held at 250°C in order to avoid chromatographic separation
of the analytes. Injector and transfer lines were maintained at 250°C and 280°C, respectively.
The total ion current (70 eV) was recorded in the mass range from 40-230 amn (scan mode)
uging a solvent delay of 2 min and a run time of 5 min. For GC-MS profiling, the ZB-WAXplus
column (30 m length, 0.25 LD., 0.25 pm film thickness) was programmcd:. 40°C (5 min) to
160°C at 3°C/min, from 160°C to 220°C at 5°C/min, held 3 minutes. Identification of volatile
organic compounds in the vegetable oil headspace was performed by comparison with the mass
spectra of the Wiley® 275 library. Confirmation of identification was done by determination of
tetention indices on the polar column afier injection of a selection of authentic standards. Both

experimentally and literature retention indices of identificd compounds are inserted in Table 1.

Exploratory data analysis of the chemical information was performed by means of principal
component analysis (PCA) (Unscrambler 9.7, Camo, Oslo, Norway). Using the same software
also soft independent modelling of class analoéy (SIMCA) was performed to determine the
degree of difference based on caleulated interclass distances. All data were weighted with 1/SD
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(standardization) and a leverage cotrection was used to validate the models.

On "chemical-analytical data paired comparison tests (t-test) were performed using SPSS
Statistics 21 software to evaluate observe if differences between treatments were significant.
Significances for the diffexrences were established at an alpha rigk of 5%.

Example 11 Classification of authentic and adulterated oil samples using MS-fingerprinting
Proﬁling of the headspace composition is an’ often applied approach to objectively assess the
quality of food products. However despite the low detection limits that can be achieved, the

- detection of adulteration in oil matrices cannot be achieved using state-of-the-art headspace

analysis. In this work headspaces of untreated and NTP-treated oil samples were analyzed vsing
MS-fingerprinting followed by a multivariate data processing. The headspaces were sampled
by Solid-Phase MicroExtraction (SPME) using a CAR-PDMS fiber. This analytical method is
an efficient and scientific accept_ed methoed to investigate whether samples can be classified
from each other based on differences in headspace composition (Vandamme et al,, 2015; Van
Durine et al., 2014). As could be cxpectcd, Figure 3a illustrates that authentic EVOO and up to
3% Sunflower Oil (SFO) adulterated EVOOQ samples cannot be classified from each other based .
on conventional MS-fingerprinting data. - ‘

Samples of pure olive oil, 99% EVOO0/1% SFO, 98% EV00/2% SFO and 97% EV00/3%
SFO were each exposed to an identical NTP treatment. Based on previous works it was chosen
to apply an O>-doped Ar-plasma (Vandamme et al., 2015; Van Durme et al,, 2014) . It was
proven that such plasma configuration generates high concentrations of both atomic as singlet
oxygen which are both highly oxidative species. Exposure of adulterated oil samples to these
reactive species is expected to induce specific oxidation pathvs}ays which are adequately
different than those induced in authentic EVOO. In order to verify this assumption, an identical
MS-fingerprinting approach as discussed carlier was done on 0il sarples after exposute to the
NTP (Figure 1b).

The 2D-PCA-plot for NTP treated o&l samples expla.ihs 97.53% (PC1: 93.01%, PC2: 4.52%) of
the total variance. From Figure 3b it can be clearly seen that the 2D-PCA-plot shows well
clustered replicates for each olive oil sample illustrating the reproducibility of the HS-5PME-
MS-fingerprinting method. Importantly, it can be seen that a NTP pretreatment on the olive oil -
samples confirmed the formation of an unique headspace composition that can be used to
diffcrcntiatq samples. Interestingly, adﬁlterated olive oil samples score positive on the first

principal component, while pure EVOO scored negatively. Additionally, a trend can also be
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seen in relation to the degree of adulteration. Increasingly positive values for the second
principal component are measured with increasing degree of SFO adulteration,

To confirm separate classification of NTP-pretreated adulterated olive oil samples, a statistical
evaluation of the mass fingerprints by means of Soft Independent Modelling of Class Analogy ‘
(SIMCA) has been done (Table 3a and 3b). It is generally accepted that samples are
significantly differentiated when interclass distances (IDs) are higher than 4.

Table 3a confirms the fact that no significant classification could be found between the
untreated oil samples, since interclass distances were lower than 4 at all times. From Table 3b,
it can be concluded that inferclass distances between the extra virgin olive oil and the other
samples, submitted to the NTP treatment, are mostly higher than 4. Interclass distances between
100% pure EVOO are in all cases higher than 19.5, confirming that even a 1% SFO addition
results in significant changes of headspace composition enabling to detect a deviation from the
pure olive oil. To the best of our knowledge, a detection limit of 1% SFO adulteration has never
been achieved.using headspace techniques. Next, it is clear from the relatively large interclass
distances, that a NTP pretreatment will enable to detect SFO adulteration at even lower levels.

Headspace profiling by HS-SPME-GC-MS: evaluation of differences on authentic and
adulterated olive oil before and after NTP pretreament

Van Durme, Nikiforov, Vandamme, Leys, & Winne (2014) described how Non-Thermal
Plasma exposure of lipids results in the formation of primary and sqcondary lipid oxidation
products. Especially volatile secondary oxidation products proved to be the most usefil markers
for the evaluation of lipid oxidation (aldehydes, ketones, efc.). Table 4 represent chemical-
analytical information of the headspace composition of both the authentic olive oil and the 1%
SFO/99% EVOO blend. VOC profiling was performed on both matrices before and after NTP
tl'eatiﬁent: Each oil blend was treated during one single NTP treatment, previous work (Durme
et al., 2014; Vandamme et al., 2015) sufficiently proved that NTP treatments are highly
reproducible and stable, All measurements were done 4 times and average VOC concentrations

were calculated using methylpyrazine as an internal standard.

From Table 4 is can be seen that the untreated 100% EVOO and 99% EVOO/1% SFO are .
highly similar. In all cases (except for 3-hexen-1-ol) concentrations of typically olive oil
markers are not significantly different (t-test, p < 0.05). This confirms the abovementioned
results, stating that HS-SPME-GC-MS profiling on untreated samples is not adequately
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sensitive to distinguish authentic from adulteratgd olive oil.

As expected from MS-fingerprinting results, significant differences (t-test, p < 0.05) were
measured for most volatiles afier 100% EVOO and 99% EVOO samples were exposed to NTP.
In particular the concentration of volatile secondary lipid oxidation products significantly
increased after NTP treatment. Indeed, while the total concentration of aldehydes in untreated
oil samples was average 11.558 ug/g, the NTP treatment resulted in the formation of increased
aldehydes contents of respectively 18.939 pg/g and 21.404 ug/g for 100% EVOO and 99%
EVOO. The same observations could be made for ketones and alcohols, A second observation
is that NTP pretreatment resulted in amounts of secondary lipid oxidation mﬁkers that were
significantly different between 100% EVOO NTP and 99% EVOO NTP, This was not the case
without NTP expogure, hence this confirms that plasma exposure induces unique reactions
depending on the purity of the oil sample.

Table 4 shows ratios between measured headspace concentrations after NTP treatment in both
authentic and 99% EVOO. From thig Table it can be seen that some marker molecules are
produced in higher amounts in authentic olive oils (100% EVOO NTP), of which this
observation was most pronounced for ethanol (ratio 7.708), 5-nonanol (ratio 4.450), 2-butanone
(3.097), 2-pentyl furan (ratio 2.174) and (E)-2-octenal (ratio 1.588).

Contrary, other markers were present in significantly lower (p < 0.05) concentration in authentic
compared to 1% SFO adulterated olive oil samples. This observation was most clear for nonanal
(ratio 0.642), 6-methyl-5-hepten-2-one (0.708), (E)-4-undecenal (0.805) and decanal (0.816).
Each of the aforementioned compounds are known oxidation markers. Morales et al. (2005)
reviewed the occurrence and formation of off-flavors in olive oils due to for example oxidation
processes. 2-octenal was one of the most odor active oxidation products in olive oils, equa]ly
saturated aldehydes such as nonanal were considered as main contributors to the rancid defect.
The same effects, however to a lesser extent, is true for oxidation products nonanol and 6-
methyl-5-hepten-2-one. 2-pentylfuran has been identified as useful marker which might be
useful in distinguishing oxidation at late stages. Min & Boff (2002) reviewed that it is mainly
singlet oxygen that is involved in the formation of 2-pentyl furan in vegetable oil ageing. It was
reported that a hydroperoxide at carbon 10 of linoleic acid is required for the formation of this
specific off-aroma caompound. The presence of 2-pentyl furan is known to give a strong metallic

off-flavor observed during sensory evaluations (Van Durme et al., 2014).
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All vegetable oils consist of a complex mixture of saturated, mono-unsaturated and poly-
unsaturated fatty acids, however in different ratios. Fatty acid composition is widely known as
an important factor affecting the rate and outcome of lipid oxidation. Increasing number of
unsaturated bonds in the lipid molecule lead to higher oxidative sensitivity. As sunflower oil
generally contains higher amounts of poly-unsaturated fatty acids than virgin olive .oil,
adulteration of the Iattér with sunflower oil should logically result in formation of oxidation
volatiles at a higher rate. This phenomena was observed for some oxidation markers such as
nonanal (ratio 0.642), 6-methyl-5-hepten-2-one (0.708), (E)-4-undecenal (0.805) and decanal
(0.816). However, many important lipid oxidation products such as 5-nonanol (tatio 4.450), 2-
butanone (3.097), 2-pentyl furan (ratio 2.174) and (E)-2-octenal (ratio 1.588) were more present
in pure oxidized olive oil. Although the general NTP-induced lipid oxidation phenomena
occurring in vegetable oils were already discussed by Van Durme et al, (2014), at this stage of
the research no concrete cxplanation can be given for the observed differences in headspace
composition when olive oil is adulterated with sunflower oil. Since the lipid oxidation
mechanism is known to have many impc;rtant inﬂucncilig parameters, such as oxygen
concentration, water activity, presence of metal ions, free fatty acid content, presence of unique
minor compounds such as polyphenols, antioxidants, prooxidants, etc., it would take a whole
series of additional experiments to investigate the specific contribution of the aforementioned
variables. More important s that results presented in this manuscript confirm that small changes
in olive oil matrix composition tesult in significantly different NTP-induced oxidation
chemistry. Based on the PCA results of NTP-treated oil samples, a good classification was
achieved between the different oil samples, even below 1% adulteration. The aforementioned
is only possible when NTP-induced headspace profiles are available for ascertained pure olive
oils, so profiles of possibly adulterated batches can be compared. To the best of our knowledge
no other available technique could manage to detect adulteration with such sensitivity. It can
be concluded that non-thermal plasina proves to be an excellent preparative technique for the
detection and quantification of adulteration of extra virgin olive oil with sunflower oil. Further
research will indicate whether this method is applicable at even lower concentrations of

adulteration, and other matrices.

Measurements of secondary oxidation volatiles during a natural storage test resulted in an
accurate evaluation of the 'lipid oxidation process, thermal aceelerated test and NTP-treatments.
A natural aging test of 11 weeks resulted in the formation of many lipid oxidation volatiles, of
which aldehydes proved to be the most important group. Compounds such as (E.E)-2,4-
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Heptadienal, (E,Z)-2,6-Nonadienal, 1l-octen-3-0], (E)-2-decenal and others proved to be

.important oxidation compounds. Based on this natural oxidation test a list of lipid oxidation

markers was chosen. Addition of 1000 pg/g a-tocopherol clearly resulted in an antioxidative
effect in accordance with results found in another study of Horn et al, (2009). -

The theymal accelerated lipid oxidation test, ‘based on'the well-knpvm Rancimat tést, proved to

‘be insufficiently correlated with the natural aging of fish oil. Next to the formation of deviating

types and concentrgtions of products and a different ratio of molecular groups, also a
prooxidative effect was observed when 1000 pg/g of a-tocopherol was added. '

The NTP-treatment resulted in the formation of several lipid oxidation products, which were
also all found in the naturally aged fish oil, such as 2-propcnail, (E)-2-pentenal, heptanal and 1-

‘penten-3-one. However, other lipid oxidation markers found in the naturally aged fish oil, such

as (E,E)-2,4-heptadienal and (E,E)-2,4-decadienal, did not seem to be formed during the NTP-
treatment. This result could be explained by the highly turbulent atmosphere near the reaction
zone, causing many volatiles to be stripped from the oil sample. In this way, an underestimation
is made about the formation of oxidation products. Secondly, the addition of 1000 pg/g a-
tocopherol resulted in a clear antioxidative effcdt, in accordance with the natural aging test.
When 100 pg/g o-tocopherol was added however, prooxidative properties were cormrectly
predicted. Non-thermal plasma proved to be able to accelerate the oxidation process in the fish
oil, with a more accurate prediction of the antioxidative propetties of a~tocopherol. In this way,
the use of NTP as a non-thermal accelerated oxidation technique has more potential to evaluate
additions of antioxidants than the thermal accelerated oxidation test. '

The results from this work have provided some interesting insights into the use of NTP for
accelerated lipid oxidation in fish oil. However, further research is required on this highly
innovative and challenging plasma-technique. One important advantage of this plasma-
technique is the high steerability. Many parameters, such as voltage, treatment time, dxygen
concentration, configuration, water concentration and carrier gas can be altered, resulting in
other plasma’characteristics. When water is doped in the argon jet for example, a high
concentration of Bydroxyl radicals can be expected in the plasma. Since these highly reactive
species are also responsible for natural oxidation processes, it could move the oxidation
chemistry closer to natural oxidation. An important bottleneck of the used NTP configuration
technique is the stripping of volatiles during the treatment, This could be overcome by treating
the oil in a reaction chamﬁer, and for example capturing the stripped volatiles in a solvent or
sorbent tube, or measuring their concentrations by means of an electronic nose. Further

experiments with this promising Non-Thermal Plasma for accelerated lipid oxidation in
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complex food matrices will determine to what extent it can correlate to the natural aging

Process.

Particular and preferred aspects of the invention are set out in the accompanying independent
and dependent claims. Features from the dependent claims may be combined with features of
the independent claims and with features of other dependent claims as appropriate and not
merely as-explicitly. set out in the claims.

Thus, the claims following the detailed description are hereby expressly incorporated into this
detailed description, with each claim standing on its own as a separate embodiment of this

invention.

Drawing Description

BRIEF DESCRIPTION OF THE DRAWINGS
The present invention will become more fully understood from the detailed description given

herein below and the accompanying drawings which are given by way of iflustration only, and
thus are not limitative of the present invention, and wherein:

FIG. 1 is a schematic view showing the apparatus and its components such ag the argon
container (1), tungsten rod (2), quartz capillary (3), plasma jet (4), ground electrode (5),
sintered glass disk (6), vacuurn pump (7), peristaltic pump (8), chemical nose or VOC

" analyzer (9), software processor unit (10), outlet (11), power source (12), liquid sample (13)

and grounding (14). ,

FIG. l.ais a schematic view showing a non—thermal plasma (NTP) reactor with its integrated
components such as the tungsten rod (2), ground electrode (5), plasma jet (4), inert layer of
porous material (e.g. sintered g]asé disk) or a mesh (6) and interacting with a solid sample
13). |

FIG. 1.b: NTP-treatment of fish oil: a) overall NTP.configuration; b) NTP-treatment of oil
sample (detail); ¢) NTP-contact with fish oil sample

FIG. 2.a Evaluation of average headspace concentrations of typical fish oil oxidation
products during 11 weeks of natural aging with and without addition of a-tocopherol
antioxidant (AQ) (1000 pg/g): a) 2-propenal, b) E-2-pentenal, c) 2-decenal, d) 1-octen-3-ol
and ¢) (E,E)-2,4-octadienal (n=3).

FIG. 2.b. Evaluation of average headspace concentrations of typical fish oil oxidation
p1:oducts after 6 hours of thermal treatment with and without addition of a-tocopherol
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antioxidant (AO) (1000 pg/g): a) 2-propenal, b) E-2-pentenal, ¢) 2-decenal, d) 1-octen-3-0l
and ¢) (E,E)-2,4-octadienal (u=3). '

FIG. 2.c. Average headspace concentrations of fish oil oxidation produets after 60 minutes of
NTP treatment with additional restults of 100 pg/g and 1000 pg/g e-tocopherol antioxidant
(AO) addition: a) propanal, b) propenal, c) pentanal, d) 2-undecanone, e) 3-hexenal, 1) B-2-.
pentenal, g) noﬁanal, h) heptanal, i) 1-penten-3-one (n=3).

FIG. 3. 2D-Principal component analysis (PCA) biplot of the HS~SPME-MS'-ﬁngerprint data
(n=>5) on both authentic EVOO samples (100%) as EVOO samples increasingly adulterated
with sunflower oil (99%, 98%, 97%) without sample pretreatment (a) and after sample
treatment with NTP (b).
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Table 1:
concwl concwil

Compounds (ne/g} |stdev |(ugfel  [stdev |DAV [} [Klexp |Kibt |idm
"|alcohols

athanal 000 |00 | 867 | 035 008 440 | 440 (B
'|}-penten-3-ol M7 | 336 | 1238 | 624 310| &BS | A5 |A
2-penten-1-ol 344D | 253 | 2401 | LG 60 757 | 746 (B
l-oden3-ol B45 (070 3328 | 1.27 | 33Z78| 939 | 968 {A
Aldehydes

aretaldehyde D00 |00 | 1559 | 028 130] 560 | 427 |C
2-propenal 000 (00D 1103 | 4D ‘542 C
propanal B10 | 016 3890 | D42 1054 574 | 508 |[C
hutanal 14312 | 099 ) 5893 | 045 26R| &01 | 596 |B
Z-butenal 4995 | 106 { 5259 | 151 637 | 23 (B
pentanal 000 | 00D | 3528 | 137 | 2106] 677 | 690 |A
2-butenal, 2-methyl- o0 [COD| 4319 | 304 B0E | 611 (A
E-2-pentenal oo0 | 000 5349 | 123 35| 718 | 731 1B
trans trans-2,4-heptadienal 3674 | 167 | 5179 |17.130) 34527( 1000 | 956 (B
Z-octenal 64.20 | 402 | 55.23 38D 18433| 1052 |1056|B
E,E-24-oitadienal 000 | 000 | 2560 167 1088 (1084|B
7.7-2 A-ocadienal 00 {000 | 4108 | 135 C
nonanat 000 | 000 | 1675 | @19 | 1675|1102 |1083|A
2.6-nonadi=nal (E7) 000 | 000 | 2459 | 113 |2489223| 1244 |1154]B
2-Nonenal 000 |ooo| 5174 | 165 | 517429| 1152 |1347|B
2,4 6-nctatrienal Qop | 00D | 15S% | 066 1151 C
Zdecenal 000 |ooD| 3195 | 303 | 106510] 1246 |1250|B
2 A~decadienat gop (o000 | 17.87 | 222 | 255313f 1773 |1297)A
Aromptics .

benzene : 3430 | 1.6 4,05 021 C
3.4-dihydropyran 00 |COD| V78 | 027 620 | M5 |B
2-Rthylfuran - 144.2 1 110 ) 9475 | 245 50?2 | 88 1C
2-metiylfuran 101,05 (056 | 2741 | 086 715 | 633 (C
Z-Wethoxyfuran oo | Q00| 3503 | 063 810 c
phenol 1084 | 1.36 | 1098 | 011 19| 974 | o8l |B
2(2-propenyl}-furan 000 | 000 | 2432 | Q67 1008 c

39



WO 2017/156598 PCT/BE2017/000021

Carbon adds

formic acid 030 0.08 243 4 373 054] 510 | 543 |B
acetic acid 2853 | 117 2728 | 741 24| 572 | €00 |B
ester :

isopropyl dode@noate 000 | GO0 | 1098 | 057 c
hydrocarbons

2pentene, £-methyl- | 000 | 0.00 4.8 01 .
2 5-octadiene 2pa9 | 765 | 1913 | 097 Biz C
odtatriene, I, 3-trans-5-irans- 3961 | 443 | 4337 | 236 278 C
2,4 6-octatriene 3359 | 320 | 6Bs | 025 5% | |c
J-acetyl-t-cydohexene 000 (OQOD| 2540 (0374 - 943 C
Itridecene 783 | L.22 900 | 068 1286 | F280|R
tridecans | 1272 | 068 | 1681 | 137 | - 1799 |1500|A
tetradecane 3825 | 1.23| 1783 | OIO 1419 {1400|A
hexadecane, 2,6,10, 14-tetramethyl 000 | QOD | 1332 | OB1 C
I-pentadecene g0 |Goo| 2340 | 336 1538 [1540{B
pentaderane 287.5 | 590.| 6557 |74 1538 |1S00{A
hexadecana 2757 | &9 3108 780 1600 | 160014
heptadec-B-ene 217 | L14| 2653 | 250 C
I-heptadecene 644 {022 831 | 482 C
heptadecans " | 3837 |05 | 2609 |Z2244 1674 | 1700(A
pentadecane,2,6,10 14-tetramethyl- | 000 [0.00] 7248 | 504 c
lsoprene 000 |0o| 64z |o0s c
ketones

ethyl vinyl ketone 2666 (177 | 43313 | 231 | 43133 C
I-hydroxy-2-butanone DOD (00D | 1556 [ 174 031 694 | 674 (A
S-ethyk2{5H}-furanone 000 | 0.00 | 3529 1132 925 | 954 |B
ethanone, 1-{1-cydohexen-1-yi)- 000 (o000 | B0m | 6B | 94 1
I-octen-3-one GoD | 003 | 1440 | 000 | 2879850] 972 |I0MHB
35-octadiene-2-one 2533 | 219 85.68 | 482 71403| 1063 |1D4H B
Z-norianone 2327 | 0890 | 1BS3 | 79 93| 1050 |1083|6
2-undecanone 448 114 I161 | 005 1658| 1277 |1296|B
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[Com pound

QOdor/aroma

'!;.*'.-?n.t.?.ne.l.‘. -
(E.E)

nenanal . . .

i:penten-3al
Z-prapenal
propanal ...
__{strawberry, fruit, tomata | | |

|soap, fat almend 100

2,4-heptadienal.

nemanal . |floral waxy,green | . 10
Zundecanone _ lMrulty-rosy, orznge-like | 70 [

burnt cooking erga

t,gu

fatty

solvent, pungent. ... . | ..

mber, wax,green .. | .

O™V (ug/g)]
U - L T

25.7“ |

6h 100°C (pe/g) |60 min O2/Ar (pg/g)

03
S 1 SO IO & 5 SO
IO % TN ANy S

(EE)-2 4 octadienal

OTV = OdorThreshold Value, (11 w NA) = 11 weeks of Natural Aging, (6h 100°C) = thermal
oxidation test of 6 hours at 100 °C, (60 min O2/Ar) = Oxygen/ Argon Non-Thermal Plasma

treatment for 60 minutes.
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Table 3a & 3b
a)
100% EVOO | 9% EVOO | 98%EVOO | 97% EVOO
100% EVOO | 0.000 0.755 2.991 2.497
99% EVOO | 0.755 0.000 2627 2.190
98% EVOO | 2.991 2.627 0.000 0.105
97% EVOO | 2.497 2.190 0.105 T 0.000
5 1)
100% 99% 98% 97%
EVOO NTP | EVOO NTP |EVOO NTP | EVOO_NTP
100% '
EVOO NTP | 0.0 19,5 22.9 20.8
99%
EVOO NTP | 195 0.0 57 8.9
98%
EVOO NTP | 229 5.7 0.0 3.6 .
97%
EVOO NTP | 2038 8.9 13.6 0.0

Table 3: Interclass distances after SIMCA data processing on MS-fingerprinting results of
Extra Vierge Olive Oils samples with increasing degree of sunflower oil adulteration, Table 3a
represents interclass distances of untreated oil samples, while Table 3b those of NTP-pretreated

10 oil samples
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Claims

What is claimed is:

1, An apparatus to accelerate oxidation by non-thermal plasma in a sample comprising an
organic product, the apparatus comprising a reaction chamber equipped with a build-in plasma
reactor and a build in sample holder éomprised in the reaction chamber, whereby the reaction
chamber is adapted for airtight closure (by seal, an air lock) so that it can operate or under
atmospheric conditions ot under a selected gas atmospheres and whereby the sample holder is
functionally connected or connectable with a volatile trap in such a way that a volatiles released '
froin said the composition it is trapped.

2, The apparatus according to claim 1, whereby the reaction chamber is connected with
gas conduit so that when operational gas loaded with volatile oxidation products is hyphenated
to the volatile trap insuch a way that volatiles released from a sample under non-thermal plasma
(NTP) treatment is trapped.

3. The apparatus according {0 any one of the previous claims 1 to 2, whereby the volatile
trép is a cooled trap. '

4. The apparatus according to any one of the previous claims 1 to 3, whereby the trap is a
CLyo trap.

5. The apparatus according to any one of the previous claims 1 to 4, whereby the trap is a
liquid nitrogen cooled cryo trap.

6. The apparatus according to any one of the previous claims 1 to 5, whereby the trap
comprises a tube containing sorbent material, for instance tenax, silica gel or activated charcoal
or it comprises an ice-cooled water sample for the volatile organic compounds to be guided or
bubbled into. _

7. The apparatus according to any one of the previous claims 1 to 6, whereby the cooled
trap is ¢onnected or followed by a volatile organic compounds (VOC) analyser.

8. The apparatus according to any one of the previous claims 1 to 7, whereby the apparatus
has at least one enclosure for connecting or removing the sample holder.

9. The apparatus a¢cording to any one of the previous claims 1 to 8, whereby the enclosure
is adaptable or removable so that the apparatus can comprise at the position under the NTP
different types of sample holders such as a fountain system holder, a solids/iquid sample
holder, a cone samples holder, a cube sample holder, a cyliﬁdﬁcal sample holder.

10.  The apparatus according to any one of the previous claims 1 to 9, comprising an
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enclosure to fix a mesh above sample holder such mesh being non-thermal plasma (NTP)
penetrable. | .

11,  The apparatus according to any one of the previous claims 1 to 10, with a sample holder
that comprises an attachment meané or an enclosure on top so that it can be covered by a non-
thermal plasma (NTP) penetrable mesh.

12.  The apparatus according to any one of the previous claims 1 to 11, whereby the VOC
analyzer comprises a detectors of the group consisting of an electronic nose, flame ionization
detector (FID), mass spectrometry (MS), ultraviolet .(UV), infrared (IR), time-of-flight mass
Spectrometer (TOF) and selective ion flow tube-mass spectrometry (SIFT-MS).

13, The apparatus according to any one of the previous claims 1 to 12, whereby the reaction
chamber is 1) connected or connectable to a gas fluid pump for extracting said fluid, such as
air, from the reaction charhbcr and whereby the reaction chamber is 2) connected to at least one
gas container for introduction of the specific gas, for example helium or axgon.

14, The apparatus according to any one of the previous claims I to 12, whereby when

-operational the gas pump and the gas container are for replacing ambient air in said the reaction

chamber by a gas of choice.

15.  The apparatus according to any one of the previous claims 1 to 12, whereby the sample
position of the sample holder is controllable such that when operational the sample position can
be placed in or under the plasma discharge.

16.  The apparatus according to any one of the previous claims 1 to 15, whereby the non-
thermal plasma reactor is installed inside the airtight reaction chamber of aid apparatus.

17, ©  The apparatus according to any one of the previous claims 1 to 16, whereby the non-
thermal plasma (NTP) reactor to generate oxidative reactive specieé on a non-thermal way is
any one of the group consisting of a corona discharge reactor, dielectric barrier discharger
(DBD), plasma jet discharger (one or two electrodes are covered with dielectric barrier material)
and glov(r discharger.

18.  The apparatus according to any one of the previous claims 1 to 18, whereby the energy
source for non-thermal plasma is dielectric batrier discharge ot radio frequency discharge.

19.  The apparatus according to any one of the claims 1 to 19, whereby the electrodes non-
thermal plasma reactor have any one of the following shapes pin shaped, hollow pin, conic or
flat. '

20.  The apparatus according to claim 19, whereby the electrodes are at a distance of 0.1 mm
to 1 mm in between.

21.  The apparatus according to any one of the claims 1 to 20, whereby the materials of the
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electrodes comprise Tungsten, stainless steel, copper, copper alloy.

22.  The apparatus according to any one of the claims 1 to 21, whereby gas container is
comected or connectable to the reaction chamber.

23.  The apparatus according to any one of the claims 1 to 22, whereby the connection
between the gas container and the reaction chamber comprises comprises a fiuid controller to
control the gas flow.

24.  The apparatus according to any one of the claims 1 to 23, whereby the gas container
outlet or the reaction chamber inlet comprises a fluid controller to control the gas flow to sustain
a constant plasma discharge can be varied between 0.001 sLm up to 5 sLm (sLm = standard
litres per minute). . .

25,  The apparatus according to any one of the claims 1 to 24, whereby the gas container
when partially or totally filled cpmpriscs.a gas of the group consisting of pure argon, pure
helium, argon:air mixture, argon: helium mixture, Ar/O2, He/O2, Ar/H20, He/H20.

26.  The apparatus accordiﬁg to any one of the previous claims 1 to 25, characterized in that
said apparatus is operational in two modi operandi: a) as a stand-alone unit to pre-treat
introduced sample matrices or-b) hyphenated with a VOC (Volatile Organic Compounds)
analyser.

27.  The apparatus according to any one of the previous claims 1 to 26, characterized in that
the connection between the gas container and the reaction chamber is a high-pressure tubing,
28.  The apparatus according to any one of the previous claims 1 to 27, whereby the
apparatus comprises a liquid pu.mp to so that a liquid saxﬁplc can be pumped through a sintered
glass disk into the sample holder position under the non-thermal plasma (NTP).

29, Ihe apparatus according to any one of the previous claims 1 to 28,whereby the liquid
sample introduction comprises a sintered glass fountain.

30.  The apparatus according to any one of the previous claims 1 to 29, whereby the liquid
samples holder can be position so that the NTP is close to the liquid sample or so that the NTP
discharges inside the liquid sample.

31.  The apparatus according to any one of the previous claims 1 to 30, whereby a solid
samplé holder can be position so that the NTP is close to the solid sample or so fchat the NTP
discharges on the solid sample.

32,  The apparatus according to any one of the prefzioué claims 1 to 31, adapted for online
evaluation of VOC formation by the reaction chamber connected with gas conduit so that when
operational gas loaded with volatile oxidation products is hyphenated to a VOC analyzer on the

gas conduit or at the outlet of gas conduit.
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33.  The apparatus according to any one of the previous claims 1 o 32, whereby the sample
holder js connectable and removable by and enclosure in the reaction chamber undet the non-
thermal plasma reactor.

34.  The apparatus according to any one of the previous claims 1 to 33, comprising
enclosures to hold a plurality of sample holders functionally connected with a motor so that
separate sample holdérs can be moved under the NTP.

35.  The apparatus according to any one of the previous claims 1 to 34, comprising at least
one sampler holder with a volume in a range from 10 pL to 10 000 mL,

36.  The use of the apparatus according to any one of the previous claims 1 to 35, to generate
accelerated ageing in said organic sample ‘

37.  The use of the apparatus according to any one of the previous claims 110 35 to generate
accelerated oxidation chemistry in said organic sample

4%
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Figure 1a
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Figure 1b
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Figure 2a (continued)
c)
2-decenal
40
B 35
2 30 At
g 2 / \i/ —+—No AO
:
] -
= T/ -4-1000 pg/g
S o
0 5 10 15
Time (weeks)
d)
1-octen-3-ol
40
oo 35 - ’
?:-9 30 WA
e 2
8 f//“‘/ ~-No AO
4= 20 b -
e
£ -+-1000 yg/g
Q 10 o o A
c Z ,\,4{/% S SR TR S R AO
8 5 T
)]
0 2 4 6 8 10 12
Time (weeks)

5/18



WO 2017/156598 PCT/BE2017/000021

Figure 2a (continued)
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Figure 2b (continued)
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Figure 2b (continued)
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Figure 2¢ (continued)
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Figure 2¢ (continued)
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Figure 2¢ (continued)
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