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The huge negative impact that the disposal of so-called “single-use plastics” has on the environment is propelling the market
to search for new solutions, and requires initiatives to drive faster responses from the scientific community, the industry, and
governmental bodies for the adoption and implementation of new materials. Bioplastics are an alternative group of materials
that are partly or entirely produced from renewable sources. Some bioplastics are biodegradable or even compostable under

the right conditions.

food packaging bioplastics environmentally-friendly

| 1. Introduction

Packaging is an integral part and enabler of modern food systems. As a result, there is hardly any food item today that is not
packaged at least once on its way from farm to fork W& The background to this is the underlying and essential service
functions that it performs. Even the most trivial function, namely containment, is what makes liquid foodstuffs, for example,
manageable and transportable in the first place—a key function for the modern economy. Moreover, and most importantly, it
provides protection to the food, thus, enabling high levels of food quality, safety, and security to be achieved. This is rounded

off by the functions of communication (e.g., information about the product) and convenience (e.g., easy-to-open) B,

The needs of a food product are strongly dependent on the type of packaging (e.g., design, type of construction) and
packaging material chosen (e.g., paper, glass, metal, and corrugated or non-corrugated cardboard, plastic, and composite
materials with more than one material, such as plastic-coated cardboard). Hence, careful consideration of the material's
properties is a key step in designing packaging that is fit for its purpose and, thus, effective. Properties include features, such
as a barrier against gasses (e.g., oxygen, carbon dioxide, water vapor), physical and mechanical strength, aroma, fat,
lightness, and migration, as well as hygiene and, as a result, are strongly dependent on the nature of the material itself BI4I3!,

Taking a closer look at plastic materials, it quickly becomes clear this material group comprises a wide range of different
materials, including polyolefins, such as polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET), each
with very different properties. Accordingly, they also offer a wide range of advantages and disadvantages. In terms of
suitability for packaging applications, it can be said that plastics are often preferred because of their lightness, formability, low
cost, versatile and controllable properties (e.g., mechanical, physical, and chemical properties, barrier, color, temperature
stability, and sealability), convenience (e.g., transportability and resistance to breakage) and usability in the preparation of
multilayer materials BI4I5]. Despite the, per se, very good suitability, it is above all the environmental aspect and the careless
handling of raw materials and packaging waste, such as (marine) litter, microplastics, limited recyclability and
(bio)degradability, and the use of fossil resources, that pose a major disadvantage and have been the focus of public and
political debate in recent decades B89,

Among different sectors, the packaging sector is the main user of plastics (around 40%). For example, plastic packaging in
the European Union (EU) makes up around 60% of post-consumer plastic waste 9. Most of the packaging is used only once,

and the lack of reuse associated with failures in the recycling systems contribute to generating huge amounts of solid wastes
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that are discarded, contributing to a negative impact on land and marine environments 1. On average, the amount of plastic
packaging waste generated per capita increased from 27 kg to 35 kg between 2009 and 2019 22!,

The EU is trying to solve these problems with approaches, such as circular economy and bioeconomy, to promote innovation
and research for guaranteeing resource utilization efficiency. The circular economy highlights the 4R concept (reduce, reuse,
recycle, and recover), and stresses that sustainable production and consumption of resources should be developed and used
where the evidence clearly shows that they are more sustainable compared to conventional petrochemical plastic production.
The bio-economy is related to the renewable part of managing agricultural waste (B3] Furthermore, the United Nations 2030
Agenda for Sustainable Development aims, among other goals, to substantially reduce waste generation through prevention,
reduction, recycling, and reuse (Goal 12.5) and to prevent and significantly reduce marine pollution of all kinds, in particular
from land-based activities, including marine debris and nutrient pollution (Goal 14.1) [24!,

Thus, one of the challenges to our society is to decrease the amount of durable and non-biodegradable packaging materials,
such as glass, metal, and mainly plastic, and to find new solutions. The search for viable alternatives with suitable packaging
properties is continuously under study, and the reduction in these wastes can be achieved with the development of new
environmentally friendly packaging systems (1],

New packaging systems with bioplastics have been developed in the last two decades. This packaging includes materials
derived from renewable resources and/or biodegradable polymers, and ranges from flexible films to rigid materials that have a
high potential to produce sustainable packaging. These bio-materials are usually blended to control and achieve desirable

mechanical, physical, and barrier properties [£21,

| 2. Definitions and Regulations

According to the European Bioplastics Organization (EBO), the term ‘bioplastics’ refers to both the bio-based origin of plastic
and/or its biodegradable character (Figure 1) 28], Those derived from plant-based materials (also known as biomass) are bio-
based plastics according to the European Standard EN 16575 from 2014 (27181 However, it is not only bio-based plastics that
are biodegradable, and not all types of bio-based plastics are biodegradable 17,

bio-based biodegradable

Figure 1. Bioplastics are bio-based, biodegradable, or both (adapted from European Bioplastics 1€)).
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Hence, researchers should appropriately define the vocabulary surrounding bio-plastics. From a chemical point of view, and in
contrast to the most frequently used types of plastics worldwide (polyolefins are by far the most abundant 9, the vast
majority of substances among biopolymers are linked via heteroatom bonds. This is due to the fact that selective linkage of
C—C bonds is chemically very challenging, and regioselective cleavage of non-polarized bonds even more so 2221, |n nature,
reversibility and energetically favorable activatability are essential in the enzymatically catalyzed biosynthesis of structural and
storage polymers (in fact the utilization of artificial enzymes for chemical synthesis is an increasingly studied field, with the
potential to shift synthetic chemistry toward more environmentally friendly and less energy-intense methods) 22, This is
usually based on nucleophilic substitution of carbon centers (mostly carbonyl or acetals/ketals) positively polarized by doubly-
or singly-bound oxygen, with the linkage of C—O or C-N hetero bonds. In addition, the monomer building blocks must be
capable of aqueous solvation to enable polymerization and are activated with suitable leaving groups to provide the energy
needed for biosynthesis (typically nucleotide activation of building blocks, such as carbohydrates or amino acids). The
substitution reactions are catalyzed by selective enzymes, such as peptidyl transferases 23] glycosyl transferases 24, or
polyester synthases 23, while enzymatic polymerization, as well as artificial enzymes, are also important objects of research
[26127] | ess polar monomers, such as lignin precursor molecules, are typically conjugated with polar compounds, such as
carbohydrates, to enable transport in the cytosol, which is mandatory for the further biosynthesis of wood 28, This results in
the classes of substances available as biopolymers, most of which are derived from functionalized carbonyl groups. These
include carboxylic acid derivatives, such as proteins or polyesters, and acetals/ketals, such as carbohydrates. Due to the
aforementioned requirements for monomers and enzymatic reactions, namely water solubility and the possibility of forming
hetero-bonds, an increased functionalization with polar groups, such as alcohols, amines, or carboxylic acids, is found and,
thus, a tendency towards the polar character is identified. This results in significant physicochemical properties of the material
due to the increased intra- and intermolecular interactions, which influence processability, barrier properties, and several other
factors. These properties include higher crystallinity and melting or glass transition temperatures, whereby the intermolecular
interactions outweigh the intramolecular interactions due to strong hydrogen bonds (strong interactions lead to higher heat
resistance but also a higher tendency of water absorption) in the extreme case of carbohydrates. This results in
decomposition instead of melting, and the number of hydrogen bonds must, therefore, be reduced either by additives, e.g.,
when obtaining thermoplastic starch (TPS), or by chemical modifications to enable thermoplastic processability 29, An
important exception to this is lignin, which contains a mixture of phenolic ethers and radically linked carbons, i.e., it is
comparable to phenolic resins, such as Bakelite, can be used as a basis for similar materials, and, thus, has a much more
apolar character, as well as poor water solubility B2B1I32] The typical thermoset networks are, therefore, particularly stable
and also require organisms capable of degrading lignin to expend more energy than other biopolymers. This, and the
inhomogeneity of the material, also depending on the starting material, have led to the fact that lignin has hardly been used
for packaging so far, despite its abundance and inexpensive availability. Nevertheless, it has a lot of potentials to be utilized

for water vapor barrier functionality 231,

In relation to the bio-based origin, there is no general agreement on a specific reference limit; however, threshold values of
renewable content that mark the bio-based nature of a material can be found in national regulations B4, For example, the
United States Department of Agriculture (USDA) BioPreferred Program depended on product category factors to determine a
wide range of minimum acceptable bio-based content of between 7-95% [33l. However, certifiers, such as the certification
organization of TUV Rheinland, the German Technical Inspection Association, and DIN, the German Institute for
Standardization (DIN CERTCO), and the Technical Inspection Association (TUV) AUSTRIA Belgium, provide standardized
labels that indicate the biomass content of bio-based materials 241261,

According to the European Commission (EC) policy recommendation, waste-to-energy (WtE) processes respect the waste
hierarchy, making co-combustion processes energy-efficient techniques. This leads to the maximization of the circular

economy’s contribution to decarbonization B2,
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The EU has addressed the problem of plastic food packaging in its plastic strategy and Circular Economy Action Plan 28, The
transition towards a circular economy is offered as a comprehensive solution for the plastic crisis. This requires various
collaborations and the engagement of different societal actors, such as citizens and consumers, authorities, policymakers,
and non-governmental organizations (NGOs), whose aim is the creation of novel producing methodologies for packaging
materials and the manufacturing of sustainable foods.

The negative environmental impacts have raised increasing concerns, both in public media forums and in the cabinets of
policymakers . Several policies and regulation measures include the reduction or ban of single-use plastics 9. Voluntary
measures, such as collaborative commitments 2% and pacts ¥4 to foster the circular economy of plastics, have been

proposed by public and private bodies to address the problems caused by plastic food packaging.

Since the establishment of the United Nations’ 17 sustainable development goals (SDGs) 2 many companies have
advocated sustainable practices. These goals aim to make use of renewable sources without causing impacts on human
health (SDG3), climate change (SDG13), to preserve life below water in oceans, seas, and marine resources for sustainable
development (SDG14), and to protect life on land (SDG15). Circularity is one of these goals which aims to tackle SDG11
(sustainable cities and communities) and SDG12 (responsible production and consumption). However, the transition toward
environmentally-friendly plastics following the adoption of the SDGs is still slow and requires country-specific policies.

This is due to the many choices and approaches followed by producers, consumers, and policy-makers. A shift towards the

circularity and sustainability of plastics is required.

Policy measures are essential for the management of plastic waste and mitigation of its generation. They should be enforced
at all stages of collection, storage, transportation, and final disposal or recycling. Of course, these policies should be
financially sustainable, and technically sustainable, and should incorporate social, legal, and environmental aspects 431,

These measures will include prevention strategies for the reduction in waste and control of types of waste and materials
through bans, restrictions, and control strategies by the adoption of standards and protocols, and practices on the ground.
Allocation of different roles and responsibilities for each party among stakeholders is also essential [44(43][46]

The Chinese waste import ban of 2017 showed the highest impact on the reduction in plastic waste. This pushed several
countries to find other solutions for their plastic waste.

Table 1 shows the percentage of imports and exports of plastic waste referring to some European and non-European
countries, while Table 2 shows the countries with regulations about types of banned plastic materials.

Table 1. Percentage of imports and exports of plastic waste (adapted from Plastic Atlas [47; Filiciotto and Rothenberg &),

Malaysia Thailand Vietnam USA Japan Germany
Imports 11% 6% 5%

Exports 16% 15% 13%

The EU-28 represents the largest exporter of plastic waste, accounting for around one-third of all exports of plastic waste from

1988 to 2016 49, Most of this waste has now been halved and re-routed to Vietnam, Thailand, and Malaysia (591,

Table 2. Countries with regulations about types of banned plastic materials.
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Countries Level Types of Banned Plastic Materials References
Canada, Costa Rica, Taiwan, Belize, India, and the National Single-use plastics (SUPs), including
USA (California and Florida) bans plastic bags, straws, and cutlery
[51]
The Netherlands, Tanzania, Australia, Italy, South National
Korea, New Zealand, the UK, the USA, and Microbead plastics
bans
Canada
25 African countries National Plastic bags
bans
. National . . . [52]
Australia Lightweight plastic bags
bans
Papua New Guinea Nzg(r)]r;al Nonbiodegradable plastic bags

nce, many
supermarkets have voluntarily abolished the provision of (free) plastic bags (such as in Austria and Lithuania) and others have
introduced a value of around EUR 0.05-0.10 per single-use plastic bag (Belgium, Estonia, France, Germany, Hungary, Latvia,
the Netherlands, Portugal, Sweden, Slovakia, and the UK) or have substituted them with biodegradable plastic bags (Austria,
France, and Sweden) or used alternative bags made of cotton, hessian, or linen. Plastic pollution of the environment can be
reduced by interventions, such as ‘Operation Clean Sweep’, organized by non-governmental organizations (NGOSs) to clean
beaches and drains 53 Reusable bags are produced by NGOs who sell them to finance their activities in part. Raising
awareness through media campaigns or billboards to remind customers to reuse their bags is another strategy adopted by the
UK. Finally, paying customers a small amount of money (around EUR 0.10) if they do not take any plastic bags is supported in
the UK 3],

Extended producer responsibility (EPR) is another policy mechanism that aims to mitigate the risks associated with waste
management. With EPR, the mitigation of the environmental impacts of products throughout their lifecycle stages is
accomplished by producers who are legally and financially responsible. Indeed, EPR can help in plastic pollution prevention
and mitigation by limiting the health, safety, environmental, and social impacts of plastic products 24, However, difficulties with
enforcement have been reported.

Hence, the implementation of recycling processes and the development of biodegradable plastics are some of these
strategies. Europe halved its monthly plastic waste export with these restrictions (from 300 to 150 kton) 48! and, in 2019, the
Basel Convention called for more domestic solutions in dealing with (hazardous) waste 52, This is signed by 187 countries
worldwide (excluding the US, among others).

At the European level, the new EU Green Deal 2020 is targeting (illegal) waste exports to third countries. At the same time, a
regulatory framework for biodegradable and bio-based plastics is set to be implemented aiming at the local improvement of
waste management techniques and leading to the push of recycling processes forward, hence, reducing the need for
biodegradable plastics. The development of both circular and bio-economies will be implemented by the amelioration of rural
areas with a new financial plan 58,

Financially speaking, setting clear criteria for the assessment of green investment funds is one of the goals of the 2018 EU
regulation facilitating sustainable investment in this direction BZ58 Europe imposes fees to discourage plastic production
under the extended producer responsibility (EPR) concept B2. Moreover, the European Chemical Agency (ECHA) has
recently discussed intentionally-added microplastics (e.g., microbeads in cosmetics) by the provision of a socio-economic
assessment (69,

Substances of very high concern (SVHCs, i.e., carcinogenic, mutagenic, or toxic for reproduction, or CMR, and persistent

and/or bio-accumulative substances) are being banned by the REACH regulation at the EU level 8282 due to the cumulative
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and detrimental effects of (micro) plastics. In the future, the EU Green Deal (&, as well as the REACH registration of polymers,
might aid in the classification and management of hazardous substances in (new) waste streams.

Currently, California law wants to phase out plastics that cannot be compostable or recyclable, but even this legislation faces
bureaucratic resistance (3], Other countries, such as China, support research on biodegradable plastics via funding, but also
have limited policies [64],

California developed policy concepts in 2013 to make the producers of selected products responsible not only for recycling
but also for litter prevention and mitigation. This new policy required a reduction in their products’ total volume in the
environment by 95% in 11 years 4. Bureaucracy might be a major obstacle in achieving these goals. Moreover, it might work
well for some products but not for others. Difficulties with enforcement might also occur, and the problem of data scarcity has
been reported in developing countries 63,

Finally, political will might be lacking due to countries having other priorities. Some ways to promote the political will are to
make this the priority of the country analyzing the impact of environmental changes on health and society. Governments
should employ tools that allow all consumers to enhance their awareness of the management of plastic and plastic waste.
Consumers should change habits and lifestyles that require plastic usage, e.g., by means of a reduction in the reliance on
single-use plastics or through source preparation and social awareness, and public education programs should also be
included (421,
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