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Biopolymers obtained from renewable resources are an interesting alternative to conventional polymers obtained from
fossil resources, as they are sustainable and environmentally friendly. Poly(lactic acid) (PLA) is a biodegradable aliphatic
polyester produced from 100% renewable plant resources and plays a key role in the biopolymer market, and is
experiencing ever-increasing use worldwide.
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| 1. Introduction

The exponential growth in global plastic manufacturing in recent years is a result of the rising world population, and is
having a detrimental effect on the natural world and biodiversity [LI. As of 2020, there were 370 million tons of plastic items
produced, up from a total of 1.5 million tons in 1950, and predictions show that by 2050, this percentage will have
quadrupled (&1,

Moreover, during the last 150 years, the industrial system has been based on a linear economic model involving the
production of manufactured goods from fossil-based raw materials, their commercialization, utilization, and finally disposal
as waste through incineration or landfill. As a result of the reduction in natural resources and the arising negative
environmental impacts, this model is considered no longer sustainable for the future.

Nowadays, the production of most consumable items occurs using non-biodegradable traditional oil-based polymers,
mainly polyolefins (polyethylene (PE), polypropylene (PP), polystyrene (PS)) and terephthalic-based polyesters
(polyethylene terephthalate (PET)), leading to their accumulation in landfills or the Earth’s environment 4],

Back in 1970, the concept of the circular economy (CE) was introduced for the first time, as a useful industrial and political
tool, for the reevaluation of global growth sustainability, changing the paradigm from a linear model, in which thinking is
“produce-use-dispose”, to a new circular logic of “produce-use-reuse-recycle-value-reintegrate” (I,

This CE model involved two different types of recycling: biological and technical. Regarding biological recycling, a material
of biological origin is used for anaerobic digestion, leading to benefits for the natural ecosystem. Hence, this organic
material is considered a renewable resource to support the economy because this type of recycling leads to the
regeneration of natural habitat characteristics of, for example, soil or marine environments. Instead, technical recycling
allows the recovery of the material or product by exploiting strategies of reuse or repair until recycling is achieved [, The
goal of this recycling type is to decrease the amount of plastic waste using destructive thermal treatment, such as
combustion or pyrolysis .

The increasing use of polymeric materials in a wide range of industries makes it reasonable to develop an assessment to
the life cycle of plastic products. Life cycle assessment (LCA) is one of the widely recognized and currently commercially
available tools for assessing environmental impacts associated with all the stages of the life cycle of a commercial product
[BIE], |t is based on a methodology governed by international standard 14040 and 14044 R and allows for quantifying
and qualifying the relevant environmental impacts associated with the life cycle of a manufactured product, starting from
preparing resources to obtain raw materials to the disposal of the manufactured product itself, through its processing,
transportation, manufacturing, and end use. This review 2 reports on the large body of work analyzed to demonstrate
that LCA is an important tool for evaluating how a preventive activity can reduce the environmental impact of such
materials, and looks at the multiple perspectives that LCA can offer to different sectors (food packaging, agriculture,
construction sector, and the automotive sector).



Also, from the perspective of sustainability, it is essential to conduct a life cycle cost analysis (LCC) with a life cycle impact
assessment (LCIA). This is essential for building a techno-eco-efficient framework for comparing technical properties,
environmental impacts and costs and making sure to maximize the utility and value of waste plastics in industrial
applications. In the work of Jayawardane et al. 23], an LCIA and LCC evaluation was performed by comparing an artifact
made by 3D printing from a PLA filament from virgin raw material and a filament derived from 100% recycled PLA. It was
seen that the mechanical properties, density and hardness decreased dramatically with the content of fully recycled
material compared to the virgin material. However, the manufactured product obtained from the fully recycled PLA was
more eco-efficient. The evaluation of techno-eco-efficiency was limited to the PLA biopolymer, but this evaluation can be
performed on all polymers and blend in future research and applications.

In this context, bioplastic materials have gained great interest in the plastic industry, with the resulting increment in the use
of bioplastics derived from renewable sources leading to the reduction in plastic wasted in landfills, and promoting the use

of renewable resources derived from agri-food scraps, which contributes to reducing the depletion of fossil resources to
obtain plastic materials [L4I23I16]17]

To clarify the meaning of biopolymer, the European Bioplastic Associations definition considers 8 as biopolymers both
macromolecules synthesized starting from at least one monomer originating from sustainable resources and polymers
that are biodegradable regardless of the origin of its raw materials 12,

In recent decades, biodegradable polymers, which can be based on either petroleum or renewable resources, are gaining
attention as interesting alternatives, since through microbial degradation it is possible to reduce them into simple
molecules, such as carbon dioxide (CO,), methane (CH,4), water (H,0), biomass, and minerals 2. The implementation of
these new materials means that the CE model, if carefully applied, can be efficient at increasing resource efficiency,
decreasing depletable or fossil raw materials, and minimizing the release of harmful substances into the environment 21,

Based on socio-economic pathways, it is necessary to formulate reduction strategies and implement policies to raise
global awareness of greenhouse gas (GHG) emissions, as they are detrimental to air quality and ozone layer depletion.
The Intergovernmental Panel on Climate Change in 2018 published a report proposing to limit global warming to 1.5 °C in
order to avoid a range of global climate change impacts 22, Unfortunately, GHG emissions occur at every stage of the life
of plastics, including the extraction and transport of raw materials, plastic production, waste treatment and release into the
environment 23], Currently, recycling, incineration and landfill are used to manage most fossil-derived plastic waste. Data
shown by Plastic Europe [24] state that the largest emissions from the incineration of plastic packaging waste were
estimated at 16 million tons in 2015 and that this continued production of plastics will lead to an increase of 84 and 309
million tons by 2030 and 2050, respectively. According to the Intergovernmental Panel on Climate Change (IPCC)
Working Group | (23] concentrations of CO,, CH4 and N,O have increased by 41%, 160% and 20%, respectively, since
the Great Industrial Revolution, causing serious environmental imbalance problems. The GHGs released can have a
negative impact on “carbon fixation” as they adversely affect the photosynthesis process carried out by “phytoplankton”,
adversely affecting the natural habitat (28], For this reason, the introduction of biobased and bio-degradable polymers,
mostly of natural origin (deriving from agri-food or bacterial production waste) is essential, as they can reduce the impact
of the global carbon footprint, reduce the transport of raw materials, and cancel the extraction process, as well as having a
much shorter biodegradation time than conventional polymers and therefore lower GHG emissions. Indeed, if we think of
the agricultural field, mulch films are frequently used for cultivation in the soil. According to a review by Somanathan et al.
(271 several studies have shown that use of biodegradable polymers to make mulch films lead to rapid decomposition of
the film, protection of the agricultural soil from both biotic and abiotic factors, increased yields, increased nutritional values
to the soil, and maintenance of the bacterial population in the soil without polluting it.

Regarding biodegradable polymers, one of the most studied classes is aliphatic polyesters, due to their wide variety of
properties and synthetic versatility. In this class, poly(lactic acid) (PLA), poly(butylene-succinate) (PBS), poly(butylene-
succinate-co-adipate) (PBSA), and poly(butylene adipate-co-terephthalate) (PBAT) are included (Figure 1). Lately, an
emerging class of biopolymers of great interest is bacterial-origin polymers such as the poly(hydroxy alkanoates) (PHAS)
(Figure 2).
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Figure 1. Biodegradable aliphatic polyesters structures.
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Figure 2. Different PHA structures.

In this case, the polymers are prepared directly from biomass exploitation, for example, genetically modified
microorganisms. PHAs are produced directly through fermentation of the carbon-containing substrate within the
microorganism cells. The type of biomass used as an energy source depends on the microorganisms employed. For
instance, it is well established in the literature that for E. coli, lipids and polysaccharides are generally used, while for R.
eutropha, glucose is used as a carbon source 28, PHA accumulates in granule form within the cell cytoplasm, acting as
an energy reserve for the cell.

The issue with these biopolymers is that, when used alone as structural materials, they fail to meet the requirements of
traditional polymers such as PP, PE, or PET.

Polymer blends are widely used in industry since they allow combining the properties of its components into a new
material, without the need to design and develop a new polymer, which would be much more expensive and time

consuming. Thus, by modifying the composition of blends, materials with properties suitable for various applications can
be obtained 2219,

| 2. Packaging Application of PLA and Its Blends

Most of the plastic packaging and containers are made with polyethylene (PE), polypropylene (PP), polyethylene
terephthalate (PET), polystyrene (PS), polyamides (PA) and polyvinyl chloride (PVC), derived from non-renewable and
non-biodegradable petrochemical sources. In recent years, global plastic production has reached about 400 million tons
per year and this represents an important source of waste 1. More than 50% of this plastic packaging is used only one
time before disposal 22, Moreover, many traditional polymers are used to make multilayer, laminated, and mixed
packaging in which aluminum foil or silica is inserted in the middle layer to improve barrier properties. At their end of life,
only a small fraction of this waste is recycled as the multilayer separation process is expensive and a large part of plastic
waste, especially from the food packaging sector, is disposed of in landfills. Furthermore, foodstuffs often contaminate the
plastic containers, making their reuse or recycling process even less economically convenient and creating large
quantities of waste at the end of its life, without energy and material recovery [331[341(35],

Currently, many biobased but non-biodegradable polymers are used in flexible and rigid packaging (e.g., bags and
bottles) and are synthesized from renewable resources, such as Bio-PE, biopropylene (Bio-PP) or biopolyethylene
terephthalate (Bio-PET) [S8I3738] They have a greater application in the food industry than biodegradable and



compostable biopolymers as they have the same properties and processing methods as conventional polymers and are
therefore well known to the industry B2 The problem with these bioplastics is that, even if they are derived from
renewable resources, they are not biodegradable and therefore do not best meet the requirements of a sustainable
circular economy. When considering the applications of short-life packaging (fruit, vegetables, and salad containers),
disposable packaging for fresh food and ready meals and hygiene products, which do not require high barriers, these
biobased but non-biodegradable bioplastics (Bio-PE, Bio-PP and Bio-PET) pose a major problem of management and
disposal as they are used in large quantities in everyday life. One solution regarding the production of single-use and
short-life packaging that is also eco-friendly are biodegradable and compostable bioplastics, which can play a crucial role
in and have great potential for production from flexible films to rigid plastics, as they combine a renewable origin and the
prerequisite of biodegradable end-of-life due to their susceptibility to microbial attack 2% |n food and non-food
packaging applications, the most widely used biopolymers are PLA, PBS, PBSA, and PBAT, as well as the newly
emerging class of PHAs.

The function of food packaging is not only to contain the food but also to protect it throughout its supply chain (from the
place of production to the table) from external abiotic and biotic agents by preventing chemical or microbiological
contamination that can cause adulteration, as well as to increase shelf life 42431441 This has generated the need in the
food industry to develop new packaging systems to maintain both the safety and quality of packaged food 431,

The essential prerogatives that packaging needs vary according to different applications and uses. Among the most
common properties are barriers to gases (CO,, N,, O,, or volatile compounds) and moisture, useful mechanical properties
(flexible or rigid), sealing and thermo-perforation, processability and heat stability, transparency or opacity depending on
the application, anti-fog, printability, and resistance to light, acids and grease, and, as the last but not the least important
factor, the cost 4811471,

As is well known, PLA has several benefits for these applications, as it is easy to process, transparent, has a high
disintegration rate in compost, is nontoxic, and inexpensive, and has therefore been approved as a direct food contact
material, and is currently being used to produce packaging for short-term applications. In addition, this biopolymer is in
demand for a wide range of industries such as agricultural, medical, and pharmaceutical (e.g., drug delivery).

Studies have reported that currently PLA and the rest of the biopolymers are used more for packaging short-life products
that do not require a high barrier to gases and water vapor. PLA has a low heat deflection temperature, which is an
excellent prerequisite for making food packages stored in freezers under refrigerated conditions 8. Due to this property
of PLA, there is no deformation of the packaging, which is why currently PLA is also used to produce thermoformed trays
and to transport fruits and organic products in a refrigerated condition.

However, this represents a limitation if one wants to broaden the range of applications in food packaging because, as
explained, PLA has several problems compared to conventional polymers derived from oil resources that make it non-
performing in several applications. As previously described, this biopolymer is characterized by low thermal, mechanical
and gas barrier properties that are essential for food packaging to ensure its safety and preservation 2,

Therefore, an efficient and cost-effective solution to achieve desirable properties for films and packaging materials is
blending with other biodegradable polymers, as it represents a valid strategy to increase and modulate their desired
properties. More complex multilayer systems are still used on the market today, but they are largely made of conventional
polymers, which pose a recycling and disposal problem B, The realization of a multilayer material consisting of only
biodegradable or compostable biopolymers by means of an eco-friendly processing technology can lead to significant
improvements not only in the final properties but also of the disposal benefits if the domestic compostability prerequisite is
achieved, contributing to solve the problem of waste accumulation in landfills &1,

When considering barrier properties, an essential prerequisite for a food packaging material, it is known that most
biodegradable biopolymers have lower moisture barrier properties than conventional plastics due to their chemical
structure, but unlike them they exhibit similar oxygen barrier properties 22, Therefore, the first applications to which this
class of biopolymers is referred are food and short-life products. PLA exhibits low crystallinity and thus poor gas barrier
properties 23] except for a lower oxygen transmission rate (OTR) than PET and PS 241, If we think of moisture-sensitive
products such as biscuits and bakery products, it is impossible to apply PLA-only packaging in this case 52, Various
methods are exploited in industry to improve the barrier properties of PLA, such as lamination with barrier materials, such
as PP, PE and EVOH 51381, or coating with silica dioxide (SiO) and aluminum dioxide (AlO,) B8IE7,

NatureWorks in collaboration with Metalvuoto have produced the first flexible, high-barrier PLA-based material that can be
used for long-life foodstuffs. As a result, much academic and industrial effort has been put into increasing the crystallinity



of PLA and making the material as eco-friendly as possible. Among the PHAs, PHB and PHBV have high crystallinity and
thus good barrier properties towards O,, CO, and moisture, similar to PE or PP (581591601 Therefore, fusion with the PLA
matrix can provide good gas barrier performance as well as adjusting its physical properties BUB2I63164] ' F\rthermore, the
production of PHAs is very expensive due to the fermentation and purification processes, so blending them with PLA can
also lead to cost benefits 2561, From the point of view of barrier properties, Luzi et al. €2 formulated different mixtures of
PLA/PBS (10, 20 and 30 wt%) to which cellulose nanocrystals (CNC) were added. The combination of both with PLA
resulted in improved oxygen barrier properties, and the formulation with 77PLA/20PBS/3CNC was the best formulation, as
it exhibited a 47% decrease in oxygen permeability. Furthermore, the migration levels of all composites produced were
below European legislative limits and, therefore, they are useful as food packaging materials.

still in the area of food packaging for active packaging in direct contact with food, Songtipya et al. 8 studied different
PLA/PBAT formulations for packaging and containers in direct contact with ground coffee and tea leaves. The study
showed that the total migration values were below the maximum migration limit (10 mg/dm?) imposed by European Union
(EV) regulations. Therefore, these PLA- and PBAT-based materials may have a positive effect on food safety.

Hongsriphan and Sanga €9, after producing a PLA/PBS blend (90/10 wt%), developed an antibacterial food packaging
towards E. coli and S. aureus by coating the PLA/PBS film with chitosan. It was observed that as the concentration of
chitosan on the surface increased, from 0.25 to 2% w/v, bacterial growth decreased. The chitosan coating also decreased
water vapor transmission rates compared to normal mixtures. This favorable phenomenon is due to the formation of
intermolecular interactions between the chitosan and the polymer matrix.

The literature shows that biopolymers belonging to the PHA family were initially used for applications in cosmetics and
articles for everyday use (such as vials, bottles, and containers) LAl Today, they are also proposed for applications in
short-term food packaging BZ2IZ3N74] medical devices and tissue regeneration, household goods, hygiene products and
compostable bags due to their mechanical properties, biocompatibility, and biodegradability [Z2IZ8IZ7],

Food manufacturers such as Nestlé (Vevey, Switzerland) and PepsiCo (New York, NY, USA), in collaboration with
Danimer Scientific (Bainbridge, NY, USA) and Kaneca (Tokyo, Japan) (leading manufacturers of biodegradable plastics),
have developed PHA-based water bottles and flexible packaging for their snacks 873 Concerning PepsiCo, the goal
was to make the final artefact home-compostable by adding PHA to PLA and to improve certain properties, such as the
sound of a bag of chips when opened. The Taghleef Industries company (Dubai, United Arab Emirates) is involved in the
production of PLA-based films: for example the NATIVIA portfolio of PLA films is in the market for different packaging
applications, like bread bags, coffee capsules, frozen food, labels, fashion and luxury products, and so on. But in recent
years it has been collaborating with leading biopolymer manufacturers to make PLA-based films mixed with different
biopolymers, and thus make the film home compostable rather than industrially compostable BY, Also, in 2019 Danimer
Scientific collaborated with UrthPact (Leominster, MA, USA) to produce edible straws using the biopolymer Nodax™. In
addition, PHAs are also used to produce waste bags in which PHA film is laminated with paper and other polymers such
as PvC [,

The company Rivoira (a fruit producer and distributor, Verzuolo, Italy) in cooperation with Bio-On (Bologna, Italy) have
created the company Zeropack (Bologna, Italy) to produce 100% natural and biodegradable PHA-based films, containers,
and holders for fruit and labels 81,

As reported by the authors of 2182 mixing PLA with PHB at 25 wt% resulted in an improvement in the oxygen and water
barrier properties of a film, while at the same time reducing the transparency of the final film (an intrinsic property of PLA).

The appearance and quality of the final packaging is a second essential prerequisite that can influence the buyer of a
product during purchase, as it is essential to see through the packaging 2429, Since PLA is transparent, it is used as a
single-layer packaging film, as biaxially oriented PLA (BOPLA) or in laminated films (barrier films) 2!,

Another essential prerequisite is the cost of the final product. Regarding rigid packaging, PLA and PHA are stiffer than PS
and therefore less plastic material would be required to produce the final manufactured product with the same stiffness,
thus resulting in a lower final price [83],

In the agricultural sector, mulching is a widely used practice worldwide to maximize plant growth, allow water retention,
regulate soil temperature, and protect agricultural soil from weeds. Normally, mulching films are made of PE and this has
caused serious environmental problems as they are difficult to recycle and dispose of. This is why farmers prefer to leave
the films in the fields and then burn them 4. This procedure leads to negative effects that affect both crop growth, the
environment and soil, as the accumulation of these films leads to a reduction in soil porosity as well as groundwater



pollution B2, Since biopolymers are non-toxic, biodegradable, and compostable, they are promising materials for mulching
films as they can be degraded B8I87 and catabolized by the soil microbiota at their end of life (B8, Therefore, mulching
films based on PHBH (Nodax™) and PHB (Mirel™) have been produced [B28Y, |n the work of Gao et al. [, they
produced mulching films based on PLA mixed with PBAT and directly field-tested these films on potato growth over a two-
year period. They evaluated the effects on soil temperature dynamics and water retention and saw that crop yields did not
change compared to the use of a PE-based film. They also evaluated the effects of the films during degradation in
agricultural soils and the authors are very confident on the application of these films because in addition to improved crop

yields, porosity and soil health also improved. BASF is promoting a PLA/PBAT blend, called Ecovio, for agricultural films
(48],

In the work of Jandas et al. 22, they obtained mulching films by blending PLA with PHB and using maleic anhydride as a
compatibilizer to improve polymer interaction. The addition of PHB to PLA not only improved the flexibility and impact
strength of PLA, but also decreased the degradation time of PLA. Therefore, applied tests suggested that this type of film
can be applied for short-term harvests (100-150 days).

Furthermore, PHA is biodegradable in water, which is why Havens et al. [23] patented a fishing gear made partly of PHA
that can biodegrade in a marine environment.

In the biomedical field, these biopolymers and their blends have been extensively studied in various applications such as
bone scaffolds and implants 24, sutures, drug delivery systems [2[981197]198] a4 in tissue engineering [RAROVI0L Thjs s
due to their excellent properties such as biocompatibility, bioresorbability, biodegradability and non-toxicity. For example,
polymer scaffolds provide sites for regeneration and functional restoration of tissues and for drug delivery. They require
specific characteristics depending on the application and the tissue of interest. The key point of these biopolymer scaffolds
is that once they have performed their restorative or structural function they biodegrade, eliminating the need for patient
surgery 202, By means of FDM printing and electrospinning, it is possible to produce different types of porous scaffolds
useful for tissue regeneration due to the presence of pores that allow the transport of nutrients, oxygen and growth factors
[103][104][105][106] p| A has been blended with PHB to enhance its bioactivity and cell proliferation for medical use such as
artificial muscles, wound dressings or drug delivery systems.

An important field of application for PLA-based blends is that of intelligent materials capable of responding to different
stimuli. With PLA/PHB blends, a system called ‘non-woven fabric’, that showed a controllable, thermally induced shape
memory effect, is realized 1971 He et al. 298] formulated various PLA/PHBH and PLA/PHBYV blends for the fabrication of
medical sutures. Their results showed that these blends can be used as medical sutures as they had high tensile strength,
good elasticity, and biocompatibility.
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