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Flexible Food Packaging Using Polymers
from Biomass

Maria-Beatrice Coltelli, Vito Gigante, Patrizia Cinelli and Andrea Lazzeri

Abstract: The use of polymers from biomass in the production of flexible packaging
is an important challenge to give an answer to both the reduction of oil-derived
materials and the increase of waste production. Oil-derived materials are now
employed in recyclable packaging, but, although the management of waste recycling
is improving, it cannot allow the complete mechanical recycling of the plastic
fraction. It would be important to optimize the system by replacing packaging
difficult to be recyclable, such as multi-layer flexible packaging mainly based on
the use of polyolefines, with alternative packaging consisting of biodegradable
materials, thus managing its disposal by considering composting. In the present
paper, a classification of polymeric materials available from biomass for flexible
packaging is reported. Moreover, the biodegradable and renewable materials
investigated or yet employed in this sector are described. In addition, some
insights on the actual production of flexible packaging is given, to describe also
what technical specification the polymers from biomass should have to replace
commodities. Finally, the perspectives in the field of flexible packaging for polymers
from biomass are discussed.

1. Polymeric Materials from Biomass

As material scientists, we often need to study and select the best material
for a specific application. In many cases, especially for applications requiring the
combination of lightness and resistance, polymeric materials are quite interesting,
as well as blends or composites obtained by using them blended with other polymers
or with inorganic or organic fillers.

In fact, polymers, with respect to other materials, show a higher versatility due
to the possibility of modulating their macromolecular structure by controlling the
industrial synthesis in order to achieve specific final properties.

The structural materials selected by nature in plants and animals are based
on polymers too. The main structural polymer for plants is cellulose, a polyether,
which is the polymer of D-glucose having each repeating unit linked to the following
one by a 3(1-4)-linkage. The main structural polymers for animals are proteins,
characterized by a polyamide structure.

In general, polymers can be natural, artificial or synthetic (Table 1). An example
of a natural polymer is cellulose, contained in paper or cotton fabric; among
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natural polymers are also the polymers produced by microorganisms, such as
poly(hydroxyalcanoates) (PHAs). An example of an artificial polymer, obtained
by chemical modification of natural polymers, is cellulose acetate, a plastic material,
or cellulose xanthate, a fiber for textile applications, or nitro-cellulose, which can
be an explosive, but with a low degree of nitration is employed in varnishes and
enamels in the cosmetic sector [1].

The natural and artificial polymers show the advantage of being renewable; that
is, they are obtained not from petrochemical resources but from natural sources.

Examples of synthetic polymers are given, in the packaging sector, by
the so-called commodities, consisting in polyethylene (PE), polypropylene (PP),
poly(ethylene terephthalate) (PET) or polystyrene (PS).

Currently biosynthetic polymers are distinguished from synthetic polymers
because they were industrially produced by traditional polymerization methods,
but starting from monomers available from natural sources [2]. Hence they are
renewable. Poly(lactic acid) (PLA) is an example of biosynthetic polymer. The
advantage of biosynthetic polymers with respect to natural and artificial polymers is
the possibility of controlling the primary structure of the polymer and consequently
its processability and its properties.

Table 1. Classification of polymers with respect to renewability and biodegradability.

Class Renewability = Biodegradability
natural YES YES @
artificial YES b POSSIBLE
synthetic NO NO ¢
bio-synthetic YES YES/NO

2 although some evaluations about it were made [3], natural rubber cannot be considered
biodegradable; b the renewability of the chemicals used for modification should be considered
as well; © some petrochemical-based polymer are biodegradable.

From the point of view of biodegradability [4,5] usually natural polymers are
biodegradable where biodegradability is the capability of resulting in the complete
oxidation in the environment giving CHy, CO; and other simple compounds. This is
typical of all polymers, but for synthetic polymers very long times—centuries—are
required (Figure 1). Artificial polymers can be biodegradable, but usually it depends
much on the degree of chemical modification reached. For instance, cellulose acetate,
that can have an acetylation degree between 0 and 3, is reported to be biodegradable
with an acetylation degree below 2.5 [6]. Biosynthetic polymers are usually both
bio-based and biodegradable, such as PLA, but also polymers defined as synthetic,
such as PE, traditionally obtained by petrochemicals, can now be produced from
natural sources. These polymers are not biodegradable.
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Figure 1. Scheme related to bioplastics with examples of specific polymers.

In addition, in bioplastics also the polymers currently not yet synthesized by
biotechnology but from not biobased monomers, such as poly(butylene succinate)
(PBS), polycaprolactone (PCL) and poly(butylene adipate-co-terephthalate) (PBAT)
et cetera, are included, because they are biodegradable. The bioplastics family thus
regroups polymers coming from renewable and/or biodegradable sources [7].

In the field of packaging, the most interesting options for polymers in
applications depend much on the end-life option [8,9]. While in durable applications
biodegradability is not an interesting property, in the food-packaging sector it could
be so, especially if the perspective of composting is selected for the waste packaging.

More important than biodegradability is compostability. The latter is related to
the capability of a material to effectively be disintegrated because of microorganism
activity in the environment in standard conditions. Biodegradable and compostable
products should be certified according to EN 13432 /14995 standards [10,11], defining
procedures for testing the effective compostability, granting the correct behavior of
the material in the composting plants.

The other possible option for packaging management is recycling, which
requires the possibility of separating the different polymers, avoiding contamination
as well as good durability of the plastic material, especially in re-processing
conditions. Thus, it is an option suitable for mono-material packages.

2. Commercially Available Polymeric Materials from Biomass

In considering bioplastics that can be employed in flexible packaging
preparation, polymers produced on an industrial scale and yet available in the
market and validated in processes commonly used in plastic industry have to be
taken mainly into account.
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Two different types of basic formulations were developed on a mature
technological level: starch-based materials and poly(lactic acid) (PLA)-based materials.

Starch is a natural polymer, consisting of amylose and amylopectin, with
the former being linear and water soluble, and the latter branched and water
insoluble. The processing of starch was possible some decades ago by controlling
the plasticizing effect of water [12], culminating in the thermoplastic processing of
starch at approximately its natural water content (about 15%) at a temperature of
about 100 °C. Amorphous thermoplastic starch (TPS)-based polymers were thus
obtained. An important characteristic of thermoplastic starch formation is the
thermal and mechanical (shear-based) destructuring of the starch granules to form
a homogeneous melt, the formation being accompanied by swelling. In particular,
the gelatinization of starch occurs [13] thanks to the processing, in which the starch
granules become swollen and destructured and lose amylose by diffusion. This
process, having a typical temperature dependent on the water content, results in
the destruction of amylopectin crystallites and molecular order in the granules. The
gelatinization represents an undesired state. Hence the range of temperature for
processing is superiorly limited by the gelatization point. From a rheological point of
view TPSs show the possibility of being processed only in a restricted screw speed
range, but in that range the behavior is shear thinning, similar to the one of low
density polyethylene, with apparent viscosity decreasing with the increase of screw
speed [14]. Destructured starch behaves as a thermoplastic polymer and can be
processed as a traditional plastic; when alone, however, its sensitivity to humidity
makes it unsuitable for most of the applications. The main use of destructured starch
alone is in soluble compostable foams such as loose-fillers, and other expanded items
as a replacement for polystyrene.

The attaining of processable starch-based formulations suitable for flexible film
production was possible by blending starch with thermoplastic hydrophilic synthetic
polymers such as poly(caprolactone) [15] and poly(ethylene-vinyl alcohol) [16].
Usually plasticizers such as glycerol [17] or polyethylene glycols [12] are used for
optimizing TPS processing. Cassava, also known as manioc or yucca, is a plant
producing tuberous roots, typical of South America. Ezehoa et al. [18] reported
the preparation of cassava starch-based formulations employed for preparing
films by blown film extrusion. The films were obtained by adding poly(vinyl
alcohol) (PVA), which is the matrix in the system. Ali et al. [19] also reported the
preparation of films for packaging containing starch, but these films consisted mainly
of polyethylene. However, in general it is not possible to employ starch for packaging
films without blending it with plasticizers and polymers. The granules available
on the market and widely employed for soft packaging, especially for pouches,
were developed by considering this approach. NOVAMONT, which is the main
producer of MATER-BI material, also follows this approach, but using renewable
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and biodegradable self-produced additives. These intermediates are produced by
vegetable oils and are defined polymeric complexing agents [20]. In fact, they interact
with the starch, incorporating it. Hence the processing and mechanical properties
were easily modulated and the starch is protected by environmental humidity by the
barrier properties of the host polymers/additives.

Another promising material for packaging application, because of its cost,
which is now not much higher than the one of PS (at about 2 €/kg in Europe [21]),
is poly(lactic acid) (PLA), which is renewable and biodegradable. Because of
its rigidity it is not suitable alone for flexible packaging applications. However,
commercial granules suitable for flexible packaging applications are available.
In fact, in the last decade, many studies were carried out about PLA blends
with other biodegradable polyesters or plasticizers. Plasticized and nano-filled
films were prepared by flat die extrusion by Scatto et al. [22]. The rheological
measurements carried out by capillary viscometer suggested that the processability
of plasticized and nano-filled PLA is suitable for the industrial production of
cast films. Plasticization reduces the glass transition temperature of the plastic
material, making it ductile at room temperature. A good miscibility of the plasticizer
is important, to avoid demixing and loss in transparency of films. Moreover,
the plasticizer should not migrate out of the film. The production of film based
on PLA, biodegradable plasticizers and nano clays was investigated in the running
EC project DIBBIOPACK “Development of injection and extrusion blow molded
biodegradable and multifunctional packages by nanotechnologies” [23].

Blending with other commercial polymers is also another possibility for
increasing PLA flexibility. Blends of PLA and poly(butylene adipate-co-terephthalate)
(PBAT) show a good flexibility and ductility in a proper composition range [24,25].
The addition of a plasticizer to PLA/PBAT blends can also provide a further
alternative for properties modulation [26].

The use of chain extenders [27] or peroxides [28] can be also important for
modulating rheological properties introducing an increase in melt viscosity, some
branching and hence a shear thinning behavior.

Blends of PLA and PBS were also studied [29,30] for application in flexible film
preparation, thanks to the good compatibility between these polyesters.

Many companies are developing new PLA-based formulations of granules
suitable for flexible packaging applications and many different granules can be
found in the market. The formulations are often very complex, as they contain fillers,
such as calcium carbonate or talc, or nucleating agents, to control crystallization
of PLA during processing by increasing resistance without compromising the
transparency of films. Our research unit has recently developed novel copolymers
consisting of PLA, organic plasticizers with epoxy functions and biodegradable
elastomeric polyesters, which allows the production of transparent PLA-based
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films, maintaining compostability [24,31] and activities for exploiting this know-how
producing commercial granules are ongoing.

3. Production of Flexible Packaging by Using Biobased Polymers

The production of flexible packaging is based on the preparation of films.
Plastic films and multilayer systems can be manufactured using different converting
processes such as blown film extrusion, flat die extrusion, extrusion coating,
extrusion laminating and co-extrusion. These processes have advantages and
disadvantages depending on the material type in use, the width and thickness
of film and the required film properties. The use of starch or biopolyester in such
processes introduced some modification with respect to the use of polyolefins (high
density poly(ethylene)—HDPE and low density poly(ethylene)—LDPE) and PET.
Biopolyesters showed a processability similar to traditional plastics. The control of
humidity of biopolyesters is significant for limiting the increase of melt fluidity due to
chain scission, hence industrial plants must be equipped with proper drying sections.
In this equipment usually biopolyester pellets are heated in presence of a dried
air flow, with a low dew point, maintaining them stirred [32] to avoid undesired
agglomeration, before extrusion.

One of the most commonly employed methods for preparing plastic film is
blown film extrusion [30,33]. The produced film is tubular, hence this process is
usually employed for the production of pouches, industrial bags or packaging films
for shrink wrapping. The necessary industrial equipment consists of an extruder
equipped with an annular die. The blown film process involves the biaxial stretching
of annular extrudate to make a suitable bubble according to the product requirements.
During this film-blowing process, the molten polymer from the annular die is pulling
upward applying the take-up force; air is introduced at the bottom of the die to
inflate the bubble and an air ring is used to cool the extrudate. The nip rolls are
used to provide the axial tension needed to pull and flatten the film into the winder
(Figure 2). The speed of the nip rolls and the air pressure inside the bubble are
adjusted to maintain the process and product requirements. At a certain height from
the die exit, molten polymer is solidified due to the effect of cooling followed by
crystallization, and a freeze line height (FLH) can be observed. Above this point the
bubble diameter is assumed to be constant.

Bubble size is maintained by controlling the air through a hole in the die face.
Addition of air inside the bubble will expand it to a larger diameter and vice versa.
This inflation process will stretch the bubble in the circumferential direction (CD). The
ratio of this expanded bubble diameter and the die diameter is defined as blow-up
ratio (BUR). To pull the extrudate in the upward direction, an axial force is applied
by means of nip rollers and hence another stretching in the axial or machine direction
(MD) occurs. Draw-down ratio (DDR), which is another important process variable
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is defined as the ratio of the linear speed of the film at the nip rolls and the average
melt velocity at the die exit. Melt rheological properties are important in the blown
film extrusion to determine the processability, shape and stability of the film bubble
and the onset of surface roughness.

NIP ROLLS
IDLER ROLL
Na /

BUBBLE
ROLL OF FILM

PELLETS
| AIR RING
5i G
HOPPER

f

EXTRUDER IDLER ROLL

Figure 2. Schematic diagram of the blown film process.

Usually the polymer employed in this process for film production is low-density
polyethylene (LDPE) or linear low-density polyethylene (LLDPE). The degree of
branching and the length of the branching are particularly important for the success
of the process. Generally, a high short chain branching of LDPE influences much
the capability of crystallizing of the polymer, much influencing the mechanical
and optical properties of the film. A polymer having a more irregular structure is
thus more transparent. Long chain branching (LCB) is usually necessary because,
considering the rheological behavior, it is correlated to shear thinning (viscosity
decreasing by increasing shear rate in a stationary flow) and tension thickening
(viscosity increasing by increasing the extensional flow) [34].

PLA-based materials show generally a melt fluidity too high to be processed
in these plants. Usually chain extenders are used to improve the viscosity of the
melt and the melt strength to allow the production of films, and commercial ones
are available on the market [35]. Lazzeri et al. developed a patent to produce
transparent PLA-based blends containing an epoxidized molecule acting both as
plasticizer, compatibilizer and fluidity regulator [24], thus allowing a good control of
processability and final properties. With respect to traditional polyolefins, the tearing
strength of these blends should be improved. Recently it was evidenced that by using
the epoxidized molecule in combination with a nucleating agent it was possible to
improve the tearing strength of the blends [36] reaching values comparable to those
of PP.
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Flat die extrusion consists of an extrusion through a linear die of adjustable
thickness (die gap) usually between 3 and 1.4 mm. This technology allows the
production of polymeric sheets and films (with thicknesses ranging from 50 microns
to a millimeter) and consists of the extrusion of the molten polymer through a die
of rectangular geometry. The geometry generally used for the flat die distribution
channel is the coat hanger die. The material comes out from the die in the form of
a molten plate that is immediately in contact with a thermostatic roller to allow
cooling and solidification. Due to the motion of the roller, the film undergoes
elongation with a consequent reduction in thickness. The film then passes through
a second roller and to a measuring, cutting and winding station.

The operating parameters to be controlled during flat die extrusion are the
extrusion and windup rolls temperatures, distance between die and the first roll and
the draw ratio (ratio between windup roll speed and polymer speed at the die exit).

All of these parameters have a big influence on the final product characteristics
(morphologically and mechanically). (Figure 3).

windup rolls
EXTRUDER

Figure 3. Schematic diagram of the flat die extrusion.

In flat die extrusion, as well as in blown extrusion, the necessity of increasing
the melt viscosity of PLA-based blends is often an issue, but usually melt fluidity
values higher than those adopted in the blown extrusion are suitable for this
processing technique.

Films produced through this technique (Figure 3) can be used in flexible
packaging and they can be used also in multilayer systems. Diaper top-sheets are
generally made by using polyolefins with a specific patterning of holes on the surface
allowing the controlled passage of liquids through the film. Currently the ongoing
POLYBIOSKIN European project [37] is active in developing a diaper top-sheet based
on biobased formulations to replace traditional ones. The final objective is developing
diapers completely compostable and with improved compatibility with skin. Hence
PLA-based granules are selected and processed by flat die extrusion to obtain flexible
films (Figures 3 and 4).
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Figure 4. Flat die extrusion of PLA (left) and flat die extruded films based on
PLA /PBAT blends (right).

Extrusion coating consists of the extrusion of a film of plastic onto a preformed
film made of plastic, cellulose or aluminum, hence it is a technique suitable for
multilayer packages. The current process of extrusion coating involves extruding
resin from a slot at temperatures up to 300 °C directly onto the moving substrate. The
control of velocity at which the substrate runs allows to control the coating thickness.
High extensional flows are encountered at non-isothermal conditions, especially in
industrial conditions requiring higher and higher output speeds. Currently it is very
difficult for biopolyester-based materials to have the suitable processing properties
in terms of fluidity and melts strength typical of polyolefins to perform extrusion
coating in industrial plant currently used for producing PE/aluminum bilayer typical
of the most employed multilayer packages such as TETRAPACK [38].

Coating of plastic films with water-based solution containing whey was studied
in the framework of the WHEYLAYER European project [39]. The project results
showed that the layer made of whey, coming from the waste cheese industry, a protein
in between other polymeric films (for instance PET and PE films), allowed separation
of different materials in a water bath containing enzymatic detergents [40]. Hence
a multilayer package allowing the full recovery and recycling of all the polymeric
components was developed in the framework of this project. Moreover, the whey
layer shows interesting barrier properties towards oxygen.

Another technique for producing multilayer packaging is extrusion laminating.
It is similar to the extrusion coating process except that the extruded melt polymer
acts as the adhesive to a second film of material (Figure 5). Specific scientific papers
about this technique could not be found. In any case, in this sector, the development
of biodegradable glues is an interesting topic of current research [41].
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Figure 5. Schematic diagram of extrusion laminating.

Co-extrusion is a similar process to extrusion coating but with two or more
extruders coupled to a single die head in which the individually extruded melts are
brought together and finally extruded as a multi-layer film. In this case, the viscosity
differences between the different layers are of critical importance to avoid distortions
of the produced multilayer system. Regarding this process applied to bioplastics,
only a patent reported the co-extrusion of PLA with poly(ethylene-co-vinyl acetate)
(EVA), a not biodegradable polymer, to obtain multilayer films [42]. Certainly the
study of processes allowing to obtain completely biodegradable systems would
be useful.

In general, for the processing of biobased polymers, structural and rheological
properties of extruded polymers are fundamental for optimizing industrial processes.
In general, as stated above, usually for extrusion coating, less viscous polymer melts
are required than for blown film extrusion, but a polymer having proper shear
thinning and tension thickening behavior must be selected to avoid instabilities and
defects thus avoiding the breakage of the film, leading to the undesired interruption
of the industrial production [43].

Regarding the processing of starch-based materials, the method based on blown
film extrusion is quite common. In fact, the commercial starch-based materials are
used for producing pouches and shopping bags. The use of these bags to replace
polyolefin ones is supported by EU regulation [44]. Regarding the processing of PLA,
films are produced by flat die extrusion [37] or blown film extrusion [36].

4. Innovative Plastic Formulations for Flexible Packaging

Innovative biopolymer-based materials are developed by academies and
companies all over the world. Many studies are focused on improving the
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properties of starch or PLA-based formulations, but also in fostering the use of
other biopolymers by making easier their preparation and finding new applications
or also by trying to develop new materials employing natural abundant polymers
such as polysaccharides (cellulose or chitin) or proteins. In both cases the studies are
focused onto waste coming from agricultural or food industries as starting materials.

Innovative materials based on starch are currently developed by preparing
blends with other biodegradable polymers to improve processability and mechanical
properties. Recently Hwang et al. [45] prepared PLA /starch blends by melt blending
by using maleic anhydride in the presence of a peroxide in order to obtain in one
processing step both functionalization of PLA and reactive compatibilization between
starch and PLA. Although some improvements in compatibility were observed,
the tensile properties were very similar to the one of pure PLA. Reasonably, the
combination of increased compatibility with biopolyesters and a better knowledge
about the effect of plasticizers coming from renewable sources, as more and more of
them will be obtained by new biorefineries [46], will lead towards the formulation of
materials with improved properties.

PLA-based materials for flexible packaging applications will be improved by
deepening the knowledge about nano-composite preparation and properties and
selecting suitable and performing plasticizers. PLA nano-composites are promising
because the presence of nano-fillers can improve some functional properties (barrier
properties, thermo-mechanical properties, anti-microbial properties, etc.) without
affecting the density of material, because generally only a few percent of nano-fillers
is needed to improve physical-chemical and mechanical properties. These properties
are in fact very important for flexible packaging applications. The addition to PLA
of layered nano-filler was widely studied [47] as these kinds of fillers affect barrier
properties and so are very interesting in the attempt to develop packaging films. The
barrier properties of PLA to O,, CO, and water vapor are reported by Auras et al. [48]
and summarized on Table 2. It can be noticed that in general the permeability
properties are slightly lower than the ones of PET, with the exception of water vapor
permeability, where the PLA is slightly better.

Table 2. Barrier properties of PET and PLA on the basis of Auras paper [48].

CO, Permeability Oxygen Permeability Water Vapor Permeability Coefficient

(WVPQ)
A 199 a277% x 107 gm/(m2-s-Pajat  1.392-121° x 10715 gm/(m?s-Pa)at  1.612-1.65° x 107! g-m/(m?s-Pa) at
0% RH from 25 °C 25°C and 70% RH 30 °C in the 40% to 90% RH range
pET 173X 10-% g'm/(m?-s-Pa) at 0% RH  1.88 x 1071 g-m/(m?-s-Pa) measured at 1.1 x 10~'% g:m/(m?-s-Pa) at 25 °C in the
from 25 °C 25 °C and 70% RH 40% to 90% RH range

2 PLA 4040-D commercial product; b PLA 4030-D commercial product.
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On the basis of these data, PET and PLA are both hydrophobic films that absorb
very low amounts of water and show similar barrier property behavior. Hence the
replacement of PET in flexible packaging applications would be possible.

As stated above, many researchers tried to improve the barrier properties
of PLA by preparing nano-composites. The dispersion of phyllosilicates into
polymers or blends at the nanometer scale [49] allowed improvement of the
properties of the polymer matrix such as thermal stability. PLA nano-composites that
contain phyllosilicates are considered superior for providing improved gas barrier
properties, due mainly to the strong effect of confinement as the result of a high
surface:volume ratio (i.e., reducing chain mobility and permeability [49]), as well
as to the enhancement of tortuosity [50] of the path required for small molecules to
permeate through a polymer film due to the presence of silicate lamellae.

New synthetic and processing routes were investigated by Castiello et al. for
the production of PLA-based nano-composites containing a modified clay [51]. The
direct synthesis of PLA by ring opening polymerization in the clays was compared
in terms of structure and property features of nano-composites with a method based
on melt processing in a laboratory batch mixer adding clay or modified clay to PLA.
Although the in situ polymerization could be promising, the latter method showed
evident advantages in terms of time and cost. Successively, the processing was
successfully scaled up in a semi-industrial extruder in order to prepare extruded
films for flexible packaging [22,23]. However, since the addition of plasticizer was
necessary for attaining the suitable flexibility, the barrier property improvements
due to the clay addition was counterbalanced by its reduction due to plasticization,
making the material in the amorphous state at room temperature and so more suitable
for gases and vapors diffusion.

Nano-cellulose, which represents the crystalline part of cellulose fibers, is also
very interesting as a filler to be dispersed in PLA in an attempt to improve the barrier
properties of PLA to oxygen, as evidenced by several authors [52,53].

Chitin is another interesting source, as it is very abundant because it represents
a waste of the food industry being present in the exoskeletons of crabs, krills, lobsters
and shrimps [54]. From chitin it is possible to obtain on an industrial scale chitin
nano-fibrils [55] up to now employed in the sector of cosmesis and biotextiles [56].
The addition of chitin nano-fibrils to PLA is very innovative and plasticized, and
nano-filled PLA showed composition-dependent tensile properties [57] suitable for
flexible packaging. As an antimicrobial and antifungal behavior was reported for
chitin [58] and chitin nano-fibrils [59], the possibility of exploiting this approach for
producing nano-reinforced antimicrobial films is quite interesting. This represented
one of the objectives of the European project N-CHITOPACK [60]. One of the
aims of the project was to develop a biodegradable nanostructured film containing
chitin nano-fibrils. The observed transparency of the films was in agreement with
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a nano-scaled dispersion of chitin nano-fibrils inside the material (Figure 6). This
result was achieved by studying a suitable method for adding chitin nano-fibrils to
polymers during extrusion avoiding nano-fibril agglomeration. These films were
biodegradable, as evidenced by Cinelli et al. [61].

Figure 6. Commercial compostable biobased films (left) based on BioComp®
BF 3051; films (Right) obtained with the same material but with addition of
chitin nano-fibrils.

In the field of polyesters, polyhydroxyalcanoates (PHAs) should also be
considered [62], as they are produced by microorganisms. Since the biotechnology for
obtaining them is not yet at a mature level, the price of these polymers is quite high
(4-5 €/kg [63]). Several researchers are targeting optimization of production and
extraction process and the use of waste material-based substrates for the growth of
microorganism producing PHAs, as developed in the EC project Oli-PHA “A novel
and efficient method for the production of PHA polymer-based packaging from
olive oil waste water” under the scientific coordination of our research unit [64].
Their processability changes as a function of the molecular weight and also primary
structure of the PHAs. However, in general these materials are brittle and very
viscous when melted. Hence the use of a proper plasticizer is fundamental for
processing. The necessity of controlling the migration of plasticizer from PHAs to
avoid stickiness of the material and loss of ductility was evidenced by Farris et al. [65].

The other important class of biomaterials is represented by proteins, widely
available as by-products or waste of the agricultural and horticultural industries and
the industry of food or leather.

Hence different kinds of proteins are also studied as potential plastic materials
for producing films. As a result, proteins from plants (wheat gluten, soy, sunflower,
and corn) and animals (gelatin, keratin, casein, and whey) were employed in plastic
formulation [66-68].

However many studies have been carried out using casting and compression
molding techniques. In fact, the processing of proteins is still difficult to control with
a conventional extrusion machine, as evidenced by Verbeek et al. [69].
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In particular the employment of flat die extrusion and calendering is quite
difficult. In this case, a successful production of protein-based laminates was reported
by blending with non-biodegradable polymers such as poly(ethylene-co-vinyl
acetate) (EVA) [70]. Moreover, new fully biodegradable composites based on
whey/PBS blends were developed in the framework of the BIOBOARD European
project [38,70] but it was possible to prepare films with a higher thickness than
conventional films used in packaging. On the other hand, to exploit the barrier
properties of whey, the application of layer coating made of protein onto a polymeric
seemed easier, as evidenced by Cinelli et al. [36]. If techniques based on casting from
water solutions are considered, also chitosan, the polymer obtained industrially by
the deacetilation of chitin, can be a very interesting material for the production of
coatings [71,72].

Chitosan is a biodegradable polymer that may be used to elaborate edible
films or coatings to enhance shelf life of foods. Its water vapor permeability is
about 20 times higher with respect to PS, so it is too high with respect to conventional
packaging. However, it was demonstrated to have an anti-microbial activity that
can be interesting for the production of biopolymer-based biodegradable packaging
materials with additional bioactive functions [60].

The necessity of improving the chitosan barrier properties was evidenced by
Morreno-Osorio et al. [73], who added to chitosan a natural compound acting as
cross-linker, thus improving both mechanical and barrier properties. More frequently
nano-fillers were used to improve chitosan barrier properties. Azeredo et al. [74]
demonstrated that cellulose nano-fibers (CNF) can improve the mechanical and
water vapor barrier properties of chitosan films. A nano-composite film with 15%
CNF and plasticized with 18% glycerol was comparable to some synthetic polymers
in terms of strength and stiffness, but with poorer elongation and water vapor barrier,
indicating that they can be used for applications that do not require high flexibility
and/or water vapor barrier. The more important advantage of such films when
compared to synthetic polymer films is their environmentally friendly properties.

However up to now, despite of the production of cast films based on chitosan
being successfully set-up [75], there are not yet suitable continuous machines for
preparing chitosan-based films. In addition, the packaging of wet food cannot
be done, as the material can dissolve in water and has a too much high water
permeability. However anti-microbial properties are reported for chitosan films and
biotextiles [76]. Hence the preparation of multilayer systems including one layer of
chitosan should be very interesting.
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5. Multi-Layer Systems: The Most Environmental Friendly Application in
Food Packaging

The production of multilayer packaging films is very important in the field of
packaging because it offers the opportunity of protecting the content of packaging
from the interaction with different gases. As an example, the case of traditional
multilayer sheets based on poly(ethylene terephthalate) (PET) and poly(ethylene)
(PE) can be reported.

The recycling of these multilayer packages is not easy because the different
polymeric, cellulosic or metal-based materials must be separated. Natural polymers
are much used in flexible packaging, since cellulose is employed in paper-based
packaging. Usually this kind of packaging consists of two layers for dried food, as the
paper does not have the suitable barrier properties to water (but it has good barrier
properties towards oxygen). Hence, the paper is present in a multilayer system
in which also a polyethylene layer, granting the suitable water barrier properties,
is present. For non-dried food, creams or liquids, also an aluminum foil layer is
present to grant a total barrier effect for the packaging. For cellulose-based materials
the option of recycling is possible also by considering multilayer systems. The
recycling of cellulose is actually carried out in paper plants, by repulping the
grinded recovered packaging material. A residual fraction (about the 30% by
weight of the material) consists of aluminum and polyethylene, which can be
employed in the injection-molding sector. The recycling process should be optimized,
for example by separating the aluminum from the PE or replacing the PE with
a biodegradable polymer and recovering Al after composting. These possible
options for multilayer paper-based packaging are the object of the BIOBOARD
European project [38] research activities. In the perspective of having a composting
option for future packaging, the possible future scenario can be the one described
in Figure 7. The monolayer plastic-based, the multilayer plastic-based and the
multilayer paper-based flexible packaging systems need to be modified by replacing
the layer with compostable ones. Overall, the packaging must grant the same
properties in terms of content protection as the synthetic polymer-based options.

Extensive research has been devoted to the set-up of new synthetic routes for
compostable polymer synthesis [77,78], and to the recovery process of materials
from biomass in order to make them available for employment in materials
production [79-81]. Many papers have been devoted to the blending of currently
available polymers with processing aids in order to allow them to have the same
properties of commodities [82,83] and others (less numerous) have been trying to
find out new industrial technologies suitable for biomass derived materials [84].
All this research work can contribute to the aim of replacing flexible packaging
with compostable and renewable ones in the future, but it should be stressed that
the last point is fundamental. In fact, often the new materials cannot be processed
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exactly as commodities. Given that the plastic industrial sector mainly consists of
numerous and small enterprises, plastics converters requiring new biobased plastics
that have the same characteristics and processability of conventional plastic-based
counterparts, as the conversion of industrial lines to new ones, could require huge
investments for them.

CURRENT SCENARIO
FLEXIBLE PACKAGING
/
PAPER-BASED POLYMER-BASED
MULTILAYER MONOLAYER
PAPER + PE or PAPER + PE + Al PET + PE(or PP) or PET + PE +Al

PE, PP or PET

FUTURE SCENARIO
(composting option)

FLEXIBLE PACKAGING

/
PAPER-BASED POLYMER-BASED
MULTILAYER MONOLAYER
PAPER + PAPER + COMPOSTABLE
e oEiime  oeomer SNEUN

Figure 7. Polymeric materials currently employed in packaging and future
perspectives in the hypothesis of composting option for flexible packaging.

The preparation of nano-composites can be effective in reducing gas
permeability, hence a system in which the different layers are nanostructured can
allow an optimized set of properties for a specific packaging.

Multilayer systems should be prepared preferentially by co-extrusion or
lamination. Hence the material employed for making the different layers must
be processable by these techniques. It is fundamental for controlling the structure of
the polymers and especially their rheological behavior. However recently some
researchers published a work about a new technique for preparing a peculiar
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multilayer system by using a wet method [85]. A PLA film was immersed in
a aqueous solution (Figure 8) of chitosan and successively in a aqueous suspension
of sodium montmorillonite (MMT).

—_— v —_——

MMT/chitongfIayers
on PLA film

Rinse and dry
Lbl coating

Rinse with Nanoclay
deionized particles
Chitosan solution waler MMT supension

Figure 8. Illustration about LBL technique for depositing a chitosan/montmorillonite
nano-structured coating on the surface of a PLA film. Reprinted with permission
from [80], Copyright 2012, American Chemical Society.

By making 40 successive immersion steps, 40 alternate layers of chitosan
(having a positive charge) and MMT platelets (having a negative charge) were
deposited on the PLA films, thus producing a nanostructured coating. The
peculiar technique was called LBL (layer by layer). Successively Laufer et al. [86]
employed again the technique for preparing multilayer nano-coatings made with
three food contact-approved components (chitosan (CH), poly(acrylic acid) (PAA),
and montmorillonite (MMT) clay). They deposited the layers onto PET and polylactic
acid (PLA) substrates. At 38 °C and 90% relative humidity (RH), the oxygen
transmission rate (OTR) of 500 um PLA was reduced from 50 to 4.6 cc/(m? day
atm), which is lower than 179 um PET film under the same conditions. This good gas
barrier is believed to be due to the nano-brick wall structure present in this thin film,
where clay platelets act as bricks held together by polymeric mortar. These assembled
thin films are also very transparent, which combined with ambient processing and
the use of renewable and food contact approved ingredients, makes this a promising
foil replacement technology. This technology is quite interesting even if it is not easy
to apply it on an industrial scale.

The coating of polymeric films made with biodegradable polymers with a film
made with chitosan or another hydro-suspendable biopolymer-based formulation
can be obtained by continuously spraying a film at the end of a flat die extrusion
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plant. In this way a bilayer system can be obtained continuously without introducing
enormous changes in the plant.

These papers evidence that the preparation of a multilayer containing
biopolyesters and chitosan, also with the presence of nano-filler, is a quite interesting
scientific and technological challenge.

The preparation of multilayer packaging containing paper layers and biobased
polymers can be very interesting for producing fully biodegradable soft packaging
with optimal barrier properties. Coltelli et al. reviewed the use of proteins from many
natural sources in paper and paperboard coatings, making an extensive comparison
in mechanical and barrier properties between proteins from several sources and
having different primary structures [87].

In multilayer systems the formulation of biodegradable glues for lamination
or biodegradable hot melt for extrusion coating is an interesting topic for current
research [41]. For binding, protein or starch-based adhesives can be used, whereas
for hot melt glues, PLA or PCL can be used. Sodergard et al. [88,89] studied blends
of lactic acid-based hot melt adhesives with oxidized potato starch and poly(ethylene
glycol). Thanks to this approach the authors increased the disintegration rate of the
glue, making it suitable for the production of compostable multilayer packaging.

6. Challenges and Perspectives

The use of biobased plastics in flexible packaging is possible by employing
different products. The main commercial products are based on starch or PLA.
In both cases biopolymers, plasticizers, chain extenders and fillers are added to the
material to modulate their properties. Some commercial products are available on
the market, but research is in progress to better understand the correlation between
formulation (new biobased additives are continuously introduced in the market
especially thanks to the ongoing developments of biorefineries [46]), processability
and final properties of such bioplastic materials.

In the field of starch-based materials, systematic research aimed at developing
a knowledge about the integrated effect of biopolyesters, plasticizers and fillers in
the starch-based material could be useful. PLA-based nanostructured composites,
containing nano-fillers (such as phillosilicates or cellulose or chitin nano-fibrils)
can be promising to improve the barrier properties of biodegradable films without
modifying their optical properties (transparency).

A bioplastic material for flexible packaging applications should have rheological
and mechanical behavior similar to polyolefins. In particular, these conditions are
difficult to respect for materials based on natural polymers, such as polysaccharides
or proteins. In this case, the application to flexible packaging requires further efforts.
In the case of PLA the melt viscosity is low, and usually for developing the blown film
extrusion or flat die extrusion a chain extension approach, also leading to branching,
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can be followed. On the other hand, in the case of proteins, their tendency to give
extensive crosslinking by heating during processing can be counterbalanced by
the addition of plasticizers or reactive molecules, which results in the decrease in
melt viscosity.

In addition, the preparation of multilayer systems by employing biopolymer
sheets can be a promising technique for flexible packaging. The replacement of
current multilayers packaging with fully biodegradable ones, by keeping into account
the scheme of Figure 7, will require a good adhesion between the different polymers
and paper sheets. In the case of starch-based materials the good adhesion is granted
by the high chemical affinity between starch and cellulose. In some cases the
necessity of improving the adhesion by the use of proper biodegradable glues,
by the application of surficial treatments (mechanical, plasma or corona) or by
peculiar thermal and mechanical treatments to films could be useful to better design
multilayer packages taking into account their end-life management.
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