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GENERAL INTRODUCTION

The use of plastics in our daily life is huge. Actually, due to their biological, physical and chemical
properties, our society lean on the use of plastics. In the food industry, plastic packaging plays a fundamental
role as it protects the products from the environment. The food packaging can be separated into three
categories: physical, chemical and biological [1]. When using a “physical type” of packaging it involves a
protection toward temperatures or pressure for example whereas “chemical types” bring a protection against
water or oxygen. Finally, the “biological type” of food packaging provide protection against living organisms
(microorganisms, insects...). Hence, plastic packaging is used not only to avoid microbial and chemical
contamination but it also has a broad range of other functions: it helps for the conservation (hence helping
the diminution of the use of food additives), gives information (nutritional values, expiry date) and practicity.
Hence, it plays a role in the food supply chain by enhancing shelf-life of the products it protects and is
omnipresent in our daily lives. However, so far, traditional plastic packaging is mainly an inert material with
mechanical function toward food: making them practical to carry and protected from atmospheric conditions.
As a result of this passive use of plastics, consumers usually don’t pay attention to their composition and have
in mind that it doesn’t represent an important part of the product. Actually, it was proven that plastic
packaging could be harmful in many different ways. Opinions about their safety is very diverse and in spite of

50 years of studies, safety assessments remain elusive.

The migration of contaminants from the packaging to the foodstuff is more and more reported [2-4]. Those
contaminants can have many different origins: they can be degradation products due to high temperatures
(or irradiations) used during polymer manufacturing creating molecules with lower molecular weight (i.e.
higher diffusion capacity) but also additives which are also very sensitive to temperatures or presence of
impurities from the raw material or finally they can come from contaminants often brought by recycled
materials’ former life [5]. To a higher extent, the contaminants can also be Non-Intentionally Added Species
(NIAS) created during plastic life through chemical reaction with its environment [5]. Their identification is
quite difficult due to plastics the various compositions, various ways to manufacture and various environment
in which they can be involved in. It is thus almost impossible to predict the final composition of a plastic

material.

The risks on human health arising from migrating plastics components are more and more known. One of the
main concern is endocrine disrupting molecules such as bisphenol A or di(2-ethylhexyl) phthalate (DEHP).
However, consumers have to deal with a very hard exercise when trying to minimize the food exposure to
plastics. The only information that the consumer can have on the packaging comes from the labelling which

remains limited to the type of polymer that is used (thanks to the recycling symbols) but which doesn’t give



information about the potential toxicity or on its persistence in the environment. Furthermore, 89 million tons
of foods are wasted every year. The European Commission believe that almost 25 million tons could be
avoided thanks to more responsible food handling [6]. Thus, the European parliament stated that food
packaging should enhance food conservation. To avoid these contaminants migration, it is necessary to find a
way to characterise them and to know their origin. However, diffusion is almost impossible to stop. Hence, for
lack of being able to stop molecule diffusion from plastic to food, there is a possibility to take advantage of it
by adding active compound to the plastic formulation and thus improving shelf-life and food quality. This type
of packaging are called active packaging [7]. They represents a good alternative to all these issues brought by
traditional plastic packaging as a system able to provide deliberate interactions with the food or the headspace
in order to extend the shelf-life and the maintenance of food safety, thus decreasing the addition of
preservatives directly to the food [7, 8]. Active packaging role toward food wastes then becomes obvious. The
problematic is thus to maintain good mechanical and thermal properties of the polymer without the actual
controversial additives. Inevitably, many regulations came out for such new materials in food contact
applications [6]. Those regulations have increased the attention of food industries towards new products and
considering that this field is approximatively 10 years old, the innovation in active packaging becomes a
strategic mean to have competitive advantages. Moreover, despite a large number of patents in the last 10

years, only few active packaging were actually commercialized [6].

Although, it is clear that active packaging is a promising way to fix food packaging’s contaminants
issues, it appears that it is essential to find ways to analyse additives but also their degradation products. The
determination and characterisation of those additives is major in a broad range of fields from pharmaceutics
to photovoltaic modules [9]. Mass spectrometry (MS) techniques provide answers to the full range of
qguestions coming from stabilizers analysis in plastics. Different methods for mapping additives within
polymers have been described, often requiring extraction and fractionation of the initial products, followed
by chromatographic analysis coupled with mass spectrometry [2, 10-12]. Also, mass spectrometry has become
an increasingly valuable tool in the characterisation of synthetic polymers, providing information regarding
molecular weight, monomer sequence, and polymer chain terminal groups, among others. However, so far, the
analyses of contaminants were done after extraction of the analyte, but these processes gave time-consuming
incomplete extraction and can even downgrade the additive. A solution would be to find a way to analyse the

additive directly from pieces of polymers.

Also, plastic wastes has become a huge issue all over the world as it represents 15 to 20% solid waste
and in Europe 40% of the plastics are used for packaging [13]. Actually, more than one-third of the production

of plastics is for single-use items leading to such an amount of wastes. Most of the plastics are petroleum



based and represents 8% of the global oil consumption. Moreover, due to all the stabilizing additives that are
added to polymers during the manufacture process, their decomposition is very long. Hence, mixing natural
antioxidant would be another way to use natural additives in polymer matrices. In fact, partially biodegradable
plastics could be obtained by adding an organic material which is consumable by microorganisms in the plastic
matrix: adding some natural additives seems to initiate a biodegradation process [14]. Nowadays, waste
incineration is the only effective way to definitely get rid of nonbiodegradable plastics. 15% of the wastes are
treated this way, however, this process releases huge amount of carcinogenic species and persistent
organohalogens in the atmosphere. Recycling would seem to be a good alternative to incineration. However,
it remains challenging nowadays due to, on one hand, the complexity of the sorting of the wastes leading to
contamination jeopardizing the recycling process. On the other hand, the very complex and various
compositions of plastics and their sensitivity to being reprocessed several times (leading to poor mechanical
properties of recycled materials) make it, as well, very hard to reprocess as new materials. As a consequence,

nowadays only 9% of the wastes are recycled.

The European union starts to act in order to limit the plastic impact on the environment with laws such as the
prohibition project of disposable items (Q-tips, straws, plates...) which represents a huge part of marine
wastes. In France, since 2017 single-use plastics bags are prohibited and by 2025 plastic containers intended

to be used for cooking in public facilities (from day-care to universities) will also be banned.

As plastics are essential in our actual society, human health impact as well as the ecological issues
brought by this material lead to the necessity to develop smarter plastic materials. This PhD was created in
the frame of the FOODYPLAST project which is a cross-border European project in the POCTEFA program. The
project is conducted by six partners located around the Franco Spanish border: Leartiker (Bizkaia), University
of Zaragoza, University of Perpignan, IMT Mines Ales, University of Pau and Pyragena (Arzacq). The aim of the
project was to produce a material which is environmental and human friendly. Actually, the Aquitaine region
is one of the richest areas in terms of labelled products (AOC, IGP, Bio, Label Rouge...). However, those
products are protected by traditional food packaging which, as said before, doesn’t fit with the quality of the
products they protect. We thus want to create a fully innovative and recyclable food packaging stabilised by
natural and healthy additives. The migration of this healthy antioxidant will be fully controlled and analysed

thanks to the development of a mass spectrometry method.

This thesis manuscript is divided into four chapters. In the first part, a state-of-the-art was carried out
in order to better understand the current problems concerning food plastics packaging. In a second part, the

methods used and developed for this study will be detailed as well as the raw materials. In the third chapter,



the results obtained from the formulations of our materials will be detailed and the mechanisms occurring
within the materials will be discussed. Finally, in the last chapter, the phenomena of migration from packaging
to the food have been evaluated and will be detailed as well as the application of a new method of mass

spectrometry developed during this thesis.
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. FOOD PACKAGING

Food packaging includes a broad range of materials among which plastics prevail. The pre-eminence
of plastic in packaging compared to other materials comes from different aspects. First of all, it is very cheap
and very light making it the best candidate for industrial scale transportation. Then, plastic offers a unique
convenience as many of their intrinsic properties can be chemically or physically modified: from very flexible
to stiff, from transparent to cloudy, from very thin to thick ... However, those materials are petroleum-based
thus not biodegradable, hence leading to global wastes concerns and the associated environmental issues. In
the recent years, fully biodegradable plastics made their appearance [15-17]. Two types of biodegradability

have to be considered:

- In industrial conditions: polymers like Poly Lactic Acid (PLA) are considered biodegradable but only
under specific industrial conditions (temperature between 55 and 70°C and humidity higher than 50%
[18]). The problem of such a degradation system is that PLA is thrown in the “normal” plastic bin and
nowadays’ waste sorting system doesn’t allow to separate PLA and Polyethylene Terephthalate (PET).
As they are sorted out by gravimetry, plastics with close densities can’t be properly separated. As a
consequence, PLA (d=1.21-1.43 g.cm™) is a contamination of PET (d=1.37-1.45 g.cm™) in the recycling
process [19].

- Innatural conditions: all the polymers that can be biodegraded in a domestic composter (starch-based
polymers for example). In spite of their poor mechanical properties, those plastics seem to be a
promising alternative to the traditional plastics. However, as they degrade by microbial attack, they
can be contaminated by fungi, mould, or other microbes (which is not the case of PLA which degrades
by hydrolysis [20]). More research needs to be done in order to use them as packaging (mechanical
aspect) and safety assessments should be done to evaluate which molecules are created during

degradation (to avoid contamination in the case of food packaging).

Above their environmental value, bio-based polymers have bad dispersion stability and limited mechanical
properties [21]. Moreover, most of bio sourced polymers also need additives to be shaped and stable enough
[22] and their conversion rate is quite low compared to polymers, such as polyolefin, which involves remaining
monomers in the plastic film (i.e. more toxic molecules able to migrate to the food). The migration of
contaminants from the packaging to the foodstuff highly depends on the type of food, the type of polymers

and the type of additives used to stabilise it [23, 24].

|.1. Traditional plastic packaging

An international classification exists for packaging used in the food packaging. It uses numbers to

indicate to consumers, the type of plastic they are using. This classification is detailed in table I-1.
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Table I-1. Plastic classification and some of their applications.

Pictogram

Monomer structure

Polymer

Example of applications

Polyethylene
terephthalate (PET) -(d=1.4

g.cm?)

Water and soft drinks, salad containers,

biscuit trays ...

High Density Polyethylene

H H
——Cl—(lj (HDPE) - Milk bottles, freezer bags, shampoo,
|l| |1| detergent bottles ...
B n (d=0.96 g.cm™)
H CI
Cll C|) Polyvinyl Chloride (PVC) - | Cosmetics, cling films, vegetable oil bottle,
|l| |l| (d=1.49 g.cm>) plumbing, insulation of electrical wires...
n
"H H Low Density Polyethylene
——Cl—(lj—— (LDPE) - Rubbish bags, flexible wrap, squeezable
|1| |1| bottles...
B -n (d=0.92 g.cm™)
H H |
Ld Polypropylene (PP) - Microwave dishes, lunch boxes, bottle
[
H/(l:\HH (d=0.905 g.cm) caps, disposable syringe...
H -n
’ Polystyrene (PS) Water disposable cups, trays, packing
\ .
4 c—cl - 3 materials...
7§ (d=1.05 g.cm?)
H H
n
Expensed Polystyrene
']' (EPS) Foamed polystyrene, hot drinks cup, take
——C—C away clamshells...
VR (d=1.05 g.cm™)

Multi material packaging

Among those polymers, the most used are polyolefin (including HDPE, LDPE and PP) [25]. Figure I-1

shows the worldwide production of different polymers in 2015.
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PP 68m
LD and LDPE |&4m
PP&A fibers  |59m

HDPE 52m
PVC 38m
PET 33m
PUR 27m
PS 25m

Additives 25m
Other 16m

Figure I-1. Global production of different polymers in 2015 [26].

Several reasons can explain the dominancy of polyolefins. First of all, they are the lightest of all the synthetic
polymers depicted here (see densities in Table I-1). Then, polyolefins are hydrophobic macromolecules and
highly resistant to water, air, solvents... Things that they can meet during their processing and lifetime. Finally,
they are easy to shape and very resistant as packaging. Nevertheless, the recycling of those polymers is not
that straightforward as polyolefins are very sensitive to oxygen and heat and as they can be easily
contaminated by food for example. Also, due to their properties, polyolefins are often used with other

materials in multi-layers packaging which are impossible to recycle [27].

PVC and PET are as well produced a lot, even though PET is more used in the food packaging field. In
terms of migration, the polyethylene terephthalate is more and more controversial as it is often related to the
presence of phthalates coming from its polymerization process [28, 29]. Phthalates are usually used as
plasticizers (especially in PVC) but can also be chemical derivatives from esters (like PET). Some phthalates
have shown to be endocrine-disruptors and toxic for the male reproductive system in rodents [30]. Moreover,
PET is often used as bottle for drinking water, however it hydrolysis very easily leading to the easy migration
of contaminant in water [25]. In the case of plastic made of polystyrene, the frequent risk is the release styrene
oligomers or monomers that are known to be endocrine disruptors [31]. Like PET, PVC can be formulated with
phthalates which release is very dangerous and controlled by legislation [32]. In the case of polyolefins, the
main migrating species are additives: due to their very high conversion rate (conversion of monomers to
polymers during polymerization) almost no monomer residues can be found in the final polymer. Also, the
polymerization process is very well known (it was invented in the 1930’s) resulting in no catalysts traces
remaining in the polymer. For HDPE for example, the potential migrating species are antioxidants including
nonylphenol, an endocrine-disrupting compound used as a plasticizer [33]. However, migration phenomenon
from HDPE remains limited and are not really considered as a potential health risk. The same observation can

be done for LDPE and PP for which the migration rates are quite low as compared to the legislation.
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[.2. Wastes management

1.2.a. Landfill

During the last 60 years, landfill has been the traditional way to manage plastic wastes. However, being
non-degradable, the accumulation of millions of tons of plastics through the years made landfill saturated.
Landfill site, if well-managed, isn’t a harm on a short-time scale but for very long periods soils and water

contamination can occur .
1.2.b. Incineration

Incineration of plastic wastes remains the only way to completely get rid of them. However, hazardous
substances (furans, dioxins, hydrocarbons...) are released during the process which makes it riskier than landfill
deposition. Exceptions can be made for some countries which possess specific incinerators infrastructures
(Japan, Denmark or Sweden) [34]. Also, the energy released during incineration can be exploited and allow to

deal with very complex plastic formulations (which is a challenge with other methods).
1.2.c. Reusable plastics

With the increase of plastic production, single-use products have little by little replaced the re-usable
glass containers that were once common. In Germany, the deposit system is very wide-spread leading to a
lower amount of wastes per inhabitants (see data in fig I-2). As a consequence, legislation starts to be created
to avoid those disposable plastics and creating products with longer lifetimes would definitely be a suitable

way to manage wastes.
1.2.d. Recycling
Recycling is a very complex process that can be divided into 4 categories:

- Primary recycling which consists in reprocessing a material into an equivalent one with close
properties;

- Secondary recycling which means reprocessing a material into one with different properties (generally
less stringent);

- Tertiary recycling also called “depolymerisation” and which intend to recover chemical components;

- Quaternary recycling which is the energy recovery described above.

In theory, primary recycling could be possible for the polymers described in part 1.2.a. However, the fact that
they are blended with different materials (whether they are other polymers, same polymer but with different
grade, several additives, metals...) makes it very challenging and often downgraded to secondary recycling. To
successfully achieve a primary recycling, all sorts of contaminations should be avoided and the polymer being
re-processed should be efficiently stabilised to avoid degradations. Also, when products are called “recycled”

10
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(whatever the type of recycling) less than 10% average is actually from recycled source. The 90% rest are virgin
polymer. The EU stated that by 2025, at least 25% and 30% by 2030 of recycled materials should be found in
plastic bottles and 50% of domestic wastes should be managed [35]. Most of the Europeans countries are still

very far from this value as shown by the diagram from figure I-2.

Allemagne
Autriche
Slovénie
Belgique

Pays—Bas
Luxembourg
Suéde
Danemark
UE

Italie
Royaume-Uni
Pologne
Finlande
France
Espagne
Lituanie
Hongrie
République tchéque
Bulgarie
Lettonie
Estonie
Croatie
Chypre
Gréce
Slovaquie
Roumanie
Malte
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Figure I-2. Recycling rates of domestic wastes in 2015 (source: Eurostat).

Moreover, recycling is not just about the mechanical process, it also involves the whole systems of wastes
collection:itis called an open-loop recycling. Actually, when domestic wastes are properly sorted out, it allows
a relatively easy recycling whereas when plastic a badly sorted out, they act as contaminant disrupting the

whole process [36]. Figure I-3 shows the journey of our wastes from our homes to a new product.

11
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Wastes
collection
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Plastics are st
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orted i 4

out according

to their types.
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. The obtained granules
are reprocessed.

Sorted plastics are
baled and sent to
plastics processors.

Shredded plastics are
) melted, extruded at
! elevated temperatures
\

and pelletized.

Figure I-3. Plastics recycling process.

Once collected (step 1 and 2), wastes are taken to a facility where they will be sorted out according to their
type by flotation (see the polymers densities in Table I-1). The sorted plastics, now considered as a raw
material, are packed together and sent to plastics processors (step 3). There, plastics are pelletized and washed
to remove big residues remaining from their former lives (adhesives, food, ink...) (step 4). The shredded
polymers are then ready to be melted all together through the critical extrusion step (step 5). This step is the
challenging one because even though plastics were sorted out according to their structure, they were not
sorted out according to their formulation (i.e. their original function). For example, polypropylene coming from
electronic devices contain high amount of flame-retardant additives which usually contain brominated
species. Those species are prohibited in toys, medical devices or food packaging due to their toxicity. However,
those polypropylenes will be blended with polypropylene coming from food packaging, medical devices, cars...
and turned into a new product (step 6). First of all, those polypropylenes are very likely to be different grades
(from injection grades with high viscosities to extrusion grades with very low viscosities), different structures
(isotactic, atactic or syndiotactic, see part Il) and different composition (additives, solid fillers, multilayers...)
which makes their compatibility very uncertain. If the melted-state blend can be successfully achieved, other
issues appear. The newly extruded material will end up being contaminated by brominated flame retardants
and all the other components presents in all the polypropylenes [37]. The previous example is applicable to all
the polymers from Table I-1, even to a higher extent for some of them. Hence, with the increase of the use of

recycled materials, contamination can reach almost any domains [38, 39].

12
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[.3. Active packaging

One of the main functions of food packaging, whatever its type, is to protect the food it contains and
to extend its shelf life. Actually, food is made of very sensitive compounds that easily suffer from physical,
chemical and biological deterioration which will influence the quality of food. Food can be affected by almost
every variable in the environment: change in temperatures, light, oxygen, radicals, change in the humidity,
living organisms... [40]. The broad range of degradation pathways that the food can undergo is thus very wide.
Even though food degradation is a complex process involving lots of different reaction, oxidation remains the
main source of food deterioration. The most important oxidation concerns lipids which spontaneously react
with oxygen (auto-oxidation). To delay this auto-oxidation reaction, additives (antioxidants, conservatives...)
are often added directly to the food. However, the absence of preservatives is preferred to satisfy consumers
requests and to respect the traditional food formulation. To avoid the extensive use of food additives, novel

types of packaging appeared during the last few years [41].

To retard oxidation, for example, deoxygenation can be realised. However, the simple reduction of
oxygen content only has partial effect on the control of oxidation reactions. Almost total control of these
reactions can be achieved thanks to antioxidants. The so-called active packaging aim at stopping the passive
use of packaging by providing deliberate interactions between polymer and food in order to extend their shelf-
life [7]. In other words, it consists in incorporating an active agent into the packaging rather than in the
foodstuff. Several types of active packaging exist among which antimicrobial packaging, moisture absorbers

or antioxidant packaging.

Antimicrobial packaging was the first type of successful active packaging and aim at stopping the
growth of microorganisms [42]. The antimicrobial agent must be in direct contact with the food (vacuum
packaging for example but no headspace should be present) and is effective if the microorganisms are located
on the food surface [43]. Another type of antimicrobial package is carbon emitters-based systems [44].
Actually, CO; is known to reduce the microbial growth resulting in better conservation of foodstuff. This
technology enters in the family of the modified atmosphere systems (MAP) but remains quite complex, hence

targeting specific applications.

Then, we can also find moisture absorbers’ packaging. For food with elevated content of water,
bacterial and mould growth are eased leading to a reduced shelf life. To control the water content in food

packaging, moisture absorber systems involves absorbent polymers or porous systems for example [45].

Finally, antioxidant packaging acts by counteracting the oxidation of the food. The main pathways to
effectively avoid oxidation is the incorporation of antioxidant or free radical scavengers’ additives directly in

the packaging. Many successful examples have been reported even when the antioxidant is not in direct
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contact with the food [46]. This type of packaging can be applied to a broad range of food and application

compared to the previously described packaging types which all have specificities.

Nowadays produced antioxidant polymeric films are mainly based on the use of commercial polymers
such as polyolefins and/or polyester. The interactions between the polymer and antioxidants are a key point
to estimate their affinity and thus their stability but also the number of antioxidants released to the food
product. Some natural additives were incorporated by different ways in the plastic. Firstly, during the melting
process allowing having antioxidant in the material from the beginning of its lifetime. In fact, it appears that
the introduction of additives during the melt-process is the best way to disperse fillers in polymers. However,
it requires high-temperatures which can degrade both additives and polymers generally causing the loss of
huge amount of additives due to low heat resistance. Then, it can be incorporated as a coating at the package
surface or by the introduction of the additive in an internal layer. Such active packaging system allow to
concentrate their actions directly on the food surface and through the headspace around the food [47]. Finally,
natural additives can also be incorporated in the polymer in the form of capsules: the natural additive in

trapped into inorganic capsule which are the mixed with the polymer during its extrusion (melt state) [48].

Until now, we’ve spoken about the very beneficiary effect that natural additives could have on food.
However, this beneficiary effect is not limited to food conservation but also benefit the polymer. In fact,
polymers can’t be used without additives as 