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Naturally-Made Hard Containers for Food
Packaging: Actual and Future Perspectives

Patrizia Cinelli, Maria-Beatrice Coltelli and Andrea Lazzeri

Abstract: The huge amount of plastic used in packaging application and the
related problems of disposal of the packaging after its use have gained research
and industrial interest in both bio-based polymers that are not biodegradable
but produced by renewable resources and bio-based compostable polymers,
to be used for production of packaging. The production of bio-polymers is
more costly than that of conventional fossil fuel-based polymers. Moreover,
the range of applications of polymers derived from natural sources was
limited due to difficulties in processing natural materials, moisture sensitivity,
incompatibility at the interface between natural fillers and polymeric matrices,
possible toxicity related to natural material degradation, poor mechanical properties,
etc. Mass transfer properties are very important for packaging application, and
at present, bio-based packaging generally lacks in maintaining barrier properties
compared to traditional petro-derived polymers. The combination of traditional
polymers and biodegradable ones in multilayer systems allowed obtaining a good
balance of mass transfer properties, but the presence of the non-biodegradable
layer negatively affects, and in some cases compromises, the composting of
the final packaging. Recent advances in technology are reducing the cost of
manufacturing bio-based plastics and are producing materials with an expanded
range of properties that has made them suitable for low cost and high demanding
applications such as packaging. Chemical modifications of the bio-based polymers,
as well as blending with biodegradable additives or polymers are the preferred
solutions to improve and control the properties of these materials. In this work,
several materials derived from biomasses such as polyesters (poly lactic acid,
poly hydroxyl alkanoates), polysaccharides (starch), vegetal and animal proteins,
etc., which can be used in hard packaging applications are reviewed. Modification
and processing of bio-based products with additives, polymers and natural fibers
(cellulose, wood fibers, etc.) are discussed as well. The suitability of these materials
for the industrial processing required for the production of hard food packaging is
reported critically in order to evidence the challenges and perspectives for polymers
derived from renewable resources to be applied in this sector.
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1. Introduction

Plastic materials applied in packaging can match almost all requirements,
perfectly meeting customers’ demands, offering important advantages such as low
weight, protection of the packaged good (and consequent reduction of food waste),
suitable mass transfer properties and low cost. Hard packaging comprises containers,
bottles, canisters, jars, cups, buckets, trays, clamshells, blisters and the like.

In 2012 in the European Union, the post-consumer plastic waste ending up in
the waste upstream was 25.2 million tons; 62% of this waste was recovered through
energy recovery and recycling processes, while 38% still was sent to landfill [1].

The recent European Commission (EC) regulation promotes the bio-recycling of
plastic waste through composting or anaerobic digestion, as well as the utilization of
renewable resources for the production of plastics. Most recently, the development
of environmental-friendly bio-based and or biodegradable polymeric materials
from renewable sources has attracted extensive interest. This is due to the waste
accumulation, but also to the limitation of crude oil or gas supply. Crude oil is
the starting point of any conventional plastic, and it will only last for a few more
decades, since it is used mainly to serve the energy demand of the population on a
worldwide scale. An early conversion to renewable sources is thus important for the
plastics industry.

Although only 4% of the global oil consumption is used to produce plastics
(and a further 4% is used to produce the energy for the production of plastics),
the new technologies required to process renewable sources thus preparing for the
“post-oil era” require a sufficient time to be developed. About 46 million tons of
plastics were used in the European Union in 2012 [1], about 40% for packaging
production, and ca. 12 million tons of this plastic were used for rigid packaging.

In a recent fact sheet [2], European Bioplastic reports that the bioplastic
producers are engaged to life cycle thinking and further improving their products,
increasing the yield of their processes, thus producing more with less and ensuring
sustainable resource supply to decrease the impact on the environment. Various life
cycle analyses are in agreement with the better performance of bio-based rigid
packaging, in particular in the impact categories of global warming potential
(often referred to as a carbon footprint) and in the category of the consumption
of fossil resources.

Some bio-based plastics are commercialized or are announced to be ready for
the market such as polylactic acid (PLA), polybutylene succinate (PBS), polyhydroxy
alkanoates (PHA), polyethylene furanoate (PEF) and also bio-based commodity
plastics such as polyethylene (PE), polyethylene terephthalate (PET) or, in the very
near future, polypropylene (PP). These polymers can be used for the production of
rigid packaging.
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The traditional market of rigid containers for food and beverages consists
essentially of two different categories: the first one, usually defined as mono-material
packaging, is based on unique plastic materials; the second is based on two or more
materials (multi-material).

In the first category, the most used polymers are poly(ethylene terephthalate)
(PET), high density poly(ethylene) (HDPE), poly(propylene) (PP) and polystyrene
(PS). PET and HDPE are employed for the production of bottles, as they can be
processed by blow molding, whereas PP and PS are much employed in the production
of rigid food trays or jar as they can be extruded in sheets and thermoformed.
At room temperature, all plastic materials are rigid, but HDPE and PP are above
their glass transition temperature. Hence, the rigidity is provided by the presence of
the crystalline phase domains, embedded in the main amorphous matrix. As many
molecular motions are possible above the glass transition, this peculiar morphology
can explain the performance impact properties of these polymers.

Multilayer rigid packaging can consist of thermoplastic polymers or of different
materials, such as a multilayer system consisting of plastic, board and aluminum,
with board representing the most abundant material. The former is processed usually
by thermoforming starting from extruded sheets, whereas the latter is processed by
properly creasing and sealing the board-based multilayer sheet.

On the market, rigid packaging based on bio-based and biodegradable polymers
is already present, and some examples are reported in Figure 1.
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Figure 1. Examples of rigid packaging produced with bio-based polymers. 

The applications of these packaging have still a huge potential to increase, and at present, most 
of the rigid packaging from renewable resources is represented by cardboard and its laminates. 
This is due to difficulties in processing of bio-based biodegradable polymers for the production of 
hard packaging and the cost being higher than that of petro-derived polymers.  

Thus, an overview of processing technologies for the production of hard packaging is reported 
below with particular focus on issues related to processing of bio-based-biodegradable polymers. 

2. Processing for Production of Hard Packaging 

2.1. Injection Molding 

The production of plastic rigid containers is carried out by different processes. Among those, 
injection molding is a processing method applied for polymeric thermoplastic materials. In this 
process, the polymer is melted in a heated barrel and injected in a mold to produce pieces with a 
defined shape. The automation of the process allows for series production. This method can be 
employed for example for producing caps, thick jars for cosmetics, cutlery and coffee capsules. The 
process consists of three main phases: the injection, in which the partial filling of the mold with the 
molten polymer is achieved; the holding pressure and plastification, in which the mold is 
completely filled by the molten polymer and kept in the mold at a defined pressure and 
temperature; and the ejection, in which the solid piece is extracted from the mold (Figure 2). 

The selection and control of the temperature is fundamental in the first step of the process, 
since, when processing polymers with this technique, a very low viscosity at a high shear rate is 
required in order to grant a rapid and perfect filling of the mold. The knowledge and control of the 
rheological behavior of the molten polymer is thus very important to allow a good processing. In 
particular, melt flow index (MFI) determination at the same temperature of injection molding can 
be useful, and generally, thermoplastic polymers having MFI above about 10 g/min are suitable for 
injection molding. In some cases, the dimensions of the filling channel in the mold should be well 
dimensioned as a function of the melt rheology of the thermoplastic material employed.  

Figure 1. Examples of rigid packaging produced with bio-based polymers.
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In all cases, as the market of products is huge, the containers, which are
designed purposely for preserving the specific properties of food or beverages,
can consist of many different polymeric materials. The polymers cited above
are the most employed, because of their wide-scale production and low price.
However, many other polymers with specific properties can be addressed to allow the
achievement of the desired requirement, and some examples are reported in Table 1.

Table 1. Main application of bio-based polymers in hard packaging.

Hard Packaging
Materials

PLA PHA Starch PBS BioPET BioPE

Bottles x - - - x x
Trays x - x - x x

Containers x x x x x x
Caps x x x x - x

Blisters x - x x x -
Foamed

packaging x - x x - -

Cutlery x - x x - x

PLA = poly lactic acid, PHA = poly hydroxyl alkanoate, PE = poly ethylene, PET = poly
ethylene terephthalate. x = used and present on the market, - = not commonly used.

The applications of these packaging have still a huge potential to increase, and at
present, most of the rigid packaging from renewable resources is represented by
cardboard and its laminates. This is due to difficulties in processing of bio-based
biodegradable polymers for the production of hard packaging and the cost being
higher than that of petro-derived polymers.

Thus, an overview of processing technologies for the production of hard
packaging is reported below with particular focus on issues related to processing of
bio-based-biodegradable polymers.

2. Processing for Production of Hard Packaging

2.1. Injection Molding

The production of plastic rigid containers is carried out by different processes.
Among those, injection molding is a processing method applied for polymeric
thermoplastic materials. In this process, the polymer is melted in a heated barrel and
injected in a mold to produce pieces with a defined shape. The automation of the
process allows for series production. This method can be employed for example for
producing caps, thick jars for cosmetics, cutlery and coffee capsules. The process
consists of three main phases: the injection, in which the partial filling of the mold
with the molten polymer is achieved; the holding pressure and plastification, in which
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the mold is completely filled by the molten polymer and kept in the mold at a defined
pressure and temperature; and the ejection, in which the solid piece is extracted from
the mold (Figure 2).
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Figure 2. Three main steps of the injection molding process. 

In the second step, the temperature of the mold, the holding pressure and the holding time are 
the parameters that are important to be controlled. Some polymers can crystallize during the 
holding step; hence, the temperature of the mold and the holding time are quite important to allow 
the material to reach the desired crystalline morphology, as the amount and distribution of crystals 
in the material influence its final properties. This is particularly the case for bio-polyesters such as 
PLA and PHAs.  
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step should be done when the piece is solid and resistant enough, in order to avoid the breakage of 
the piece inside the open mold. The thermal properties such as the glass transition temperature of 
the material and/or its crystallization kinetics can greatly influence this step. Hence, the 
determination of the heat deflection temperature (HDT) usually allows one to know the maximum 
temperature of the mold suitable to allow the ejection without deformation of the prepared item. 
This point is critical as the deformation or breakage of the item would require interrupting the 
processing cycle, thus wasting time, material and energy, but at the same time, in the least time 
possible, to avoid the waste of time and energy as well.  
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The injection stretch blow molding process, which is the most advanced method for producing 
bottles, consists of the preliminary injection molding of a pre-form, having the shape of a test tube 
with a threaded neck. Then, this piece is transferred to a mold where it is blown with an air jet in 
order to obtain a container having the shape of the mold. The container wall is thus bi-oriented, that 
is stretched both in the direction of air-flow and in the radial direction. By using this method, 
bottles of many different shapes and dimensions can be obtained. Transparent bottles available for 
water or fizzy beverages are made of PET, whereas the opaque ones, used for milk or liquid 
detergents, are made of HDPE. PLA is also suitable for this process, and most recently, bottles 
produced from PLA have been proposed; one example on the market is reported in Figure 3 [3–5]. 

 
Figure 3. Plastic bottle based on PLA. 

Figure 2. Three main steps of the injection molding process.

The selection and control of the temperature is fundamental in the first step
of the process, since, when processing polymers with this technique, a very low
viscosity at a high shear rate is required in order to grant a rapid and perfect filling
of the mold. The knowledge and control of the rheological behavior of the molten
polymer is thus very important to allow a good processing. In particular, melt flow
index (MFI) determination at the same temperature of injection molding can be
useful, and generally, thermoplastic polymers having MFI above about 10 g/min are
suitable for injection molding. In some cases, the dimensions of the filling channel
in the mold should be well dimensioned as a function of the melt rheology of the
thermoplastic material employed.

In the second step, the temperature of the mold, the holding pressure and the
holding time are the parameters that are important to be controlled. Some polymers
can crystallize during the holding step; hence, the temperature of the mold and the
holding time are quite important to allow the material to reach the desired crystalline
morphology, as the amount and distribution of crystals in the material influence
its final properties. This is particularly the case for bio-polyesters such as PLA
and PHAs.

A specific selection of parameters is necessary also for the further steps. In fact,
the ejection step should be done when the piece is solid and resistant enough, in order
to avoid the breakage of the piece inside the open mold. The thermal properties such
as the glass transition temperature of the material and/or its crystallization kinetics
can greatly influence this step. Hence, the determination of the heat deflection
temperature (HDT) usually allows one to know the maximum temperature of
the mold suitable to allow the ejection without deformation of the prepared item.

301



This point is critical as the deformation or breakage of the item would require
interrupting the processing cycle, thus wasting time, material and energy, but at the
same time, in the least time possible, to avoid the waste of time and energy as well.

2.2. Injection Stretch Blow Molding Process

The injection stretch blow molding process, which is the most advanced method
for producing bottles, consists of the preliminary injection molding of a pre-form,
having the shape of a test tube with a threaded neck. Then, this piece is transferred
to a mold where it is blown with an air jet in order to obtain a container having the
shape of the mold. The container wall is thus bi-oriented, that is stretched both in
the direction of air-flow and in the radial direction. By using this method, bottles of
many different shapes and dimensions can be obtained. Transparent bottles available
for water or fizzy beverages are made of PET, whereas the opaque ones, used for
milk or liquid detergents, are made of HDPE. PLA is also suitable for this process,
and most recently, bottles produced from PLA have been proposed; one example on
the market is reported in Figure 3 [3–5].
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2.3. Thermoforming

Arrays, plastic cups, blisters and jars are produced by another important
processing method, thermoforming. Whereas in the injection molding or injection
stretch blow molding, granules are fed into the equipment, in this case, the polymeric
material must be fed in sheets having a thickness in the range of 50–300 microns
for packaging production. The process can be applied also to thicker sheets, but in
this case, the applications are in the automotive or electric and electronic fields,
for the production of bodies or shells. Hence, a preliminary flat die extrusion step
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is necessary for producing suitable sheets for thermoforming. In the packaging
field, PS or PP is usually employed, but positive results and interesting products
were produced also with PLA and PLA filled with natural fibers. In Figure 4
are reported examples of rigid packaging trays and egg containers produced by
thermoforming of sheets based on PLA and wood fibers, produced by the authors in
the activity of the EC project FORBIOPLAST “Forest Resource Sustainability through
Bio-Based-Composite Development”. GA 212239 [6].
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inserted (or a vacuum is applied), which gives the softened sheet the desired shape (Figure 5). 

 
Figure 5. Thermoforming process. 
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thus thermoformed to obtain arrays or blisters, especially employed to pack fresh foods in 
supermarkets because of their structural, barrier and optical properties (high transparency).  

The production of rigid packaging for liquids can be made also by using board-based 
materials. The usual rigid multilayer system consists of different layers (Figure 6) of different 
thicknesses, with a layer of PE in contact with the food. In dependence of the perishability of the 
liquid, a total barrier layer of aluminum may be necessary. This is the case of rigid containers for 

Figure 4. Trays and egg containers based on PLA and wood fibers.

The method consists of heating the material above its glass transition
temperature, but below its melting point, thus obtaining a softened sheet usually by
using infrared heaters. Then, a mold is inserted (or a vacuum is applied), which gives
the softened sheet the desired shape (Figure 5).
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2.4. Multi-Material Packaging

The methods listed up to now are suitable for packages consisting of one single
material. However, usually, fresh food requires packaging with enhanced barrier
properties, and for these reasons, packaging consisting of two or more layers is
necessary. An interesting example is the packaging consisting of one layer of PET and
one layer of poly(ethylene) (PE). These bi-layer sheets can be obtained by lamination
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of PE and PET or also by co-extrusion, usually employing compatibilizers consisting
of ethylene copolymers, such as poly(ethylene-co-vinyl acetate) (EVA) in between
the two layers to enhance adhesion and barrier properties. The multi-layer sheets
can be thus thermoformed to obtain arrays or blisters, especially employed to pack
fresh foods in supermarkets because of their structural, barrier and optical properties
(high transparency).

The production of rigid packaging for liquids can be made also by using
board-based materials. The usual rigid multilayer system consists of different layers
(Figure 6) of different thicknesses, with a layer of PE in contact with the food.
In dependence of the perishability of the liquid, a total barrier layer of aluminum
may be necessary. This is the case of rigid containers for milk. However, also in the
most complex multilayer sheet, the content of cellulose is at least 70% by weight,
as the board is the main structural material of the packaging.
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3. Adapting Biobased Polymers to Process for Rigid Packaging  

3.1. Poly Lactic Acid  

PLA is an aliphatic, thermoplastic polyester derived from renewable resources such as starch 
and appears as one of the best sustainable alternatives to petrochemical-derived products for 
applications in packaging [8].  

PLA has been found to have good stiffness and strength, and it can be processed with 
conventional plastic processing machinery (extrusion, extrusion blow molding, injection molding, 
vacuum forming) and is being used in several applications for hard packaging such as boxes, jars, 
trays, water and milk bottles. 

Figure 6. Structure of typical board-based multilayer packaging.

The sheets can be obtained by extrusion coating of PE on Al foil and co-extrusion
of PE and board. To obtain the final packaging, the sheets must be properly creased
and folded (Figure 7) [7].

Usually, the multilayer sheet is produced by worldwide producers, then adapted
to the final users by the conversion plant, where also the printing is realized,
whereas the folding is usually carried out in the packaging plant.
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Figure 7. Scheme of paperboard-based packaging conversion.

In Table 2, a summary of the different processes used for the different types of
rigid packaging is reported.

Table 2. Examples of processes used for the production of rigid packaging.

Rigid Packages or Products Process Polymers

Caps, coffee capsules, jars, etc. Injection molding HDPE, PP, PLA; PHA
Bottles Injection stretch blow molding PET, HDPE, PLA
Arrays, cups, jar, trays, blisters, etc. Thermoforming PS, PP, PET, PET/PE, PLA
Bricks for beverages or cups, etc. Extrusion coating/laminating, creasing, folding Cellulose/PE(/Al)

3. Adapting Biobased Polymers to Process for Rigid Packaging

3.1. Poly Lactic Acid

PLA is an aliphatic, thermoplastic polyester derived from renewable resources
such as starch and appears as one of the best sustainable alternatives to
petrochemical-derived products for applications in packaging [8].

PLA has been found to have good stiffness and strength, and it can be processed
with conventional plastic processing machinery (extrusion, extrusion blow molding,
injection molding, vacuum forming) and is being used in several applications for
hard packaging such as boxes, jars, trays, water and milk bottles.

Products made from PLA degrade in the environment, fragmenting into small
molecules, and can be compostable, as, depending on their thickness, they can fully
disappear in less than 30 days in ideal conditions [9,10].

Lim et al. [11] explained that the processing of PLA requires a preliminary drying
step in order to reduce the detrimental effect of water on the PLA properties [12].
Thus, during the processing in the melt, water can result in the chain scission of PLA
macromolecules because of hydrolysis. The hydrolysis is due to the nucleophilic
attack of the water molecules on the carbonyl ester groups of PLA. All the authors that
processed PLA for producing blends [13,14] adopted this strategy or took into account
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the effect of hydrolysis on the final properties of their material. Lim [11] evidenced
that commercial-grade PLA pellets are usually crystallized. This permits drying at
higher temperatures to reduce the required drying time. In fact, if amorphous pellets
are available, they must be dried below the Tg (~60 ◦C) to avoid pellets sticking
together. In this case, drying under vacuum is suggested.

Industrial desiccators are available to control the water content before processing.
Drying of PLA is usually attained using a closed-loop dual-bed regenerative
desiccant-type dryer, where the dew point of the drying air should be at least −40 ◦C
or lower.

The extrusion of PLA is the processing step allowing granules to be obtained.
To ensure the melting of all the crystalline phases and to achieve an optimized
melt viscosity for processing, the heater set point is usually set at 200–210 ◦C.
Commercial-grade PLA can be processed in a conventional extruder equipped with
a general purpose screw of an l/d ratio in the range of 24–30. Screws for extruding
PET, which are low-shear to grant mild mixing (to minimize chain scission and
acetaldehyde generation), are also suitable for processing PLA [10]. The compression
ratio (the ratio of the flight depth in the feed section to the flight depth in the metering
section) for PLA extrusion is in the range of 2–3 [15].

In injection molding, the cycle time is an important parameter, which is often
minimized to maximize the production throughput. The filling, holding and cooling
events that occur during injection molding have an important implication on the
shrinkage of the injection molded articles, which must be controlled to avoid
undesired piece deformation. In general, injection molded PLA pieces are relatively
brittle, and this brittleness is attributed to the rapid physical aging of the polymer,
as the ambient temperature is only about 25 ◦C below the glass transition temperature.
Cai et al. [16] showed that endothermic enthalpy relaxation measured in the glass
transition region by DSC increased with increasing aging time. Moreover, it was
observed that when molded specimens were aged at room temperature for 3–8 h,
they became very brittle [17]. This occurrence was attributed to the reduction
of the free volume of the polymer due to rapid relaxation to the equilibrium
amorphous state.

Increasing the crystallinity of the polymer can reduce the aging effect [18].
Several authors investigated and are still investigating the effect of nucleating agents
on PLA [19–21] in order to make compatible effective crystallization, mechanical
stability during time and short injection molding cycles enabling series production.
In fact, the formed crystallites act like physical crosslinks to retard the polymer chain
mobility. In the framework of the DIBBIOPACK European project “Development
of Injection and Extrusion Blow Moulded Biodegradable and Multifunctional Packages
by Nanotechnologies” GA 280676 [22], some nucleating agents were studied in
combination with a plasticizer, to control the evolution of crystallinity in injection
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molded specimens [23]. To reduce the brittleness, the plasticization [24–26] and the
blending with biodegradable elastomeric polymers [27,28] was also investigated
and successfully applied, in some cases following reactive blending [29] or reactive
extrusion [30,31] approaches.

Interestingly, by considering the injection stretch blow molding process, it was
observed that the molecular orientation induced by this process limits the effect
of aging by stabilizing the polymer free volume [17]. Aging is also reduced by
the crystallites produced during strain-induced crystallization acting as physical
crosslinks to stabilize the amorphous fraction, thus reducing the brittleness. Similarly
to PET, PLA exhibits strain-hardening when stretched to high strain. This is
desirable for blow molding of pre-forms to minimize wall thickness variation.
As strain-hardening occurs only when the PLA is highly stretched, the pre-form must
be designed as a function of mold dimension such that optimal stretch ratios are
achieved during blow molding. It was noticed that the crystallinity after stretching
decreases by decreasing the stereo isomeric fraction of the polymer [22]. Thus,
the optimal stretch ratios depend on the grade of employed PLA.

The thermoforming of PLA can be generally made with aluminum molds in
the range of 80–110 ◦C. Molds, trim tools and ovens designed for thermoforming
PET and PS can be used for forming PLA containers. On the other hand, molds for
thermoforming of PP cannot be used likewise for PLA, since PP shrinks significantly
more than PLA during cooling [11].

Many processing methods are thus available to obtain rigid packages from
PLA, especially if its properties are modulated by using proper additives, such as
other polymers, fillers or low molecular weight additives such as stabilizers and
chain extenders.

3.2. Poly Hydroxy Alkanoate

PHAs are gaining attention among biodegradable polymers to be used
for packaging production due to their characteristic properties (such as high
biodegradability in different environments such as soil and marine water, not just
in composting plants) coupled with high barrier properties to oxygen and moisture
and relatively high thermal stability [32–35]. These properties differentiate PHAs
from PLA and are particularly interesting because of addressing the issue of plastic
waste accumulation in the oceans.

The brittleness of polyhydroxy Butyrate (PHB) and polyhydroxy
butyrate-co-valerate (PHB/V) is due to the secondary crystallization of the
amorphous phase that occurs during storage at room temperature; in fact, the glass
transition temperature (Tg) of PHB is close to room temperature. The crystallization
kinetics of PHB usually starts from homogeneous nuclei, unless specific nucleating
agents are added, since this polymer is free of heterogeneities. In fact, PHB does
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not contain catalyst residues or other impurities that can act as heterogeneous
nuclei [36–40]. To achieve high elongation at break and a higher flexibility for
modified/formulated PHB, the glass transition temperature must reach a lower
value than the testing temperature. By adding plasticizers, the molecular mobility is
improved and the glass transition temperature is lowered, as well as the melting
temperature. For processing, it must be considered also that PHB thermally
decomposes at temperatures just above its melting point. Short exposure of PHB
to temperatures near 180 ◦C could induce severe degradation. The main reaction
consists of a random chain scission that involves a cis-elimination reaction of β-CH
and a six-member ring transition, which results in a rapid decrease in molecular
weight accompanied by production of the degraded products of olefinic and
carboxylic acid compounds, such as crotonic acid and various oligomers [41–44].

Several blends among PHB and other biodegradable polymers and several
types of plasticizers have been investigated [45,46]. Materials of relatively low
cost, biodegradable and possibly produced by renewable resources are preferred
as plasticizers. Examples are: oxypropylated glycerin (or laprol), glycerol, glycerol
triacetate, 4-nonylphenol, 4,40-dihydroxydiphenylmethane, acetyl tributyl citrate,
salicylic ester, acetylsalicylic acid ester, soybean oil, epoxidized soybean oil,
dibutyl phthalate, triethyl citrate, dioctyl phthalate, dioctyl sebacate, acetyl tributyl
citrate, di-2-ethylhexylphthalate, tri(ethylene glycol)-bis(2-ethylhexanoate), triacetin,
fatty alcohols with or without glycerol fatty esters, polyethylene glycol (PEG), as well
as low molecular weight polyhydroxybutyrate since PHAs with a medium chain
length are elastomers with a low melting point and a relatively lower degree
of crystallinity [47,48]. In our research unit, we have recently investigated the
performances of different degrees of polyethylene glycol (PEG) as plasticizers for
PHB-based blends compared to tributyl citrate and the effect of the kinetic of
crystallization by the use of these plasticizers [49]. PEG400 and tributyl citrate
are very efficient plasticizers for PHB, and PEG400 resulted in being an efficient
lubricating agent for the production of composite based on PHB and wood fibers,
allowing better processing of the viscous melt containing up to 30% by weight of
wood fibers [50]. Blends based on either PHB or PHA and PEG400 have been used
for the production of hard packaging jars intended for cosmetic applications, in the
research activity of the EC project Oli-PHA [51], as reported in Figure 8.

Although plasticization was the object of many studies, it must be noticed
that the improvement in mechanical properties is often limited. For instance, for
PHBV, Martino et al. [52], in the framework of the ECOBIOCAP project “Ecoefficient
Biodegradable Composite Advanced Packaging” GA No. 265669 [53], obtained an
improvement of the elongation at break of 6% starting from 2% from the pure PHBV.
Hence, the improvement in properties of PHA polymers is still an open issue in
current bioplastics research.
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3.3. Starch

Polysaccharides such as starch are considered for the production of rigid
packaging due to relatively low cost and high degradability, in compost, soil and
marine water. Thus, as previously addressed, the long-term impact of plastic waste
in the marine environment is a primary issue since birds, mammals and fish may
become entangled in plastic films or ingest plastic particles [54].

Non-durable plastic hard packaging includes plates, bowls and cups, as well as
peanuts used for packaging fragile materials. Polystyrene (PS) is the plastic mostly
used in plastic food service items (79%), and a low recycling rate is reported for the
packaging waste made of PS also due to difficulties in collection and cleaning of the
packaging after use [55]. Polymers such as PS are especially persistent and difficult
to degrade in the environment, and for foamed items, their light weight promotes
the dispersion in the environment by wind or storm drains [56]. Native starch is
not a thermoplastic material, and it thermally degrades before its glass transition
temperature (Tg) when its melting temperature (230–240 ◦C) is reached [57,58].

However, as evidenced in the previous section, when starch is heated in the
presence of plasticizers such as water or polyols, the semi-crystalline structure of
the starch granule is disrupted. Then, the glass transition temperature decreases
below the thermal degradation temperature, and the starch actually behaves as a
thermoplastic, it is then denominated thermoplastic starch (TPS) [56]. In extrusion
processing, the TPS melts at much lower moisture content (10–20%) than that used
for conventional cooking methods [59,60].

Several companies have introduced starch-based products on the market,
Novamont (Novara, Italy), Cereplast (Seymour, IN, USA), BASF (Suffolk, VA, USA),
Biotec GmbH (Gütersloh, Germany), Plantic (Altona, VIC, Australia) and Biolice
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(Ennezat, France), among others. Some images of starch-based hard packaging
(peanuts and clams shell) are reported in Figure 9.
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An alternative procedure to produce foamed starch-based packaging is based
on a baking technology that was firstly developed for the food industry and was
successively adapted for making starch-based foam food service products with a
process similar to that used to produce waffles [61–64]. A starch dough is first
prepared containing gelatinized or pre-gelatinized starch, native starch, water, fiber,
fillers and other additives and then mixed for about 10 min. A predetermined
amount of aqueous starch dough is placed into a preheated (150–200 ◦C) mold cavity.
The dough rapidly heats, and the starch component is gelatinized, forming a melt
that fills the mold cavity. A skin forms on the upper and lower surfaces where the
dough contacts the mold surfaces. The steam formed during the process acts as a
blowing agent and allows the formation of a foam structure in the core region of the
product. Steam is then allowed to vent from the mold, and within about 45–60 s, the
product dries and solidifies into the desired shape. The starch-based products are
very similar to PS foam and are marketed by Biopack (Graz, Austria), Apack-IBEK
Verpackungshandel GmbH (Markt Erlbach, Germany), Earthshell (Santa Barbara,
CA, USA) and Biosphere Industries (Carpinteria, CA, USA).

Packages based on starch are sensitive to water; hence, some researchers studied
the possible cross-linking of starch to decrease its solubility in water [65,66] with the
aim of using starch for application as paper coating.

3.4. Proteins

Proteins (casein, collagen, gelatine, corn, soy, wheat, etc.), can be obtained from
a variety of agricultural commodities and/or wastes and food products. Proteins can
be processed by casting or by melt extrusion in the presence of plasticizers
or other polymers [67–79]. The mechanical and barrier properties offered by
protein-based films are generally superior to those offered by polysaccharide-based
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films due to, and contrary to polysaccharides, which are mainly homopolymers,
the specific structure (based on 20 different monomers), which confers functional
properties and high intermolecular binding. High molecular weight proteins are
insoluble, or only partially soluble, in water and, thus, present themselves as
very interesting film-forming molecules for the formation of water-resistant films,
particularly after crosslinking [80]. As proteins are hydrophilic, they adhere very
well to polar surfaces such as paper, thus acting as barriers to oxygen and carbon
dioxide. Materials with protein coatings are expected to show good barrier properties
offering an alternative to nonrenewable polymers such as ethylene vinyl alcohol
(EVOH) or silica-based coating. Achievements in this application were gained by the
EC project WHEYLAYER “Whey Protein-Coated Plastic Films to Replace Expensive
Polymers and Increase Recyclability” and the following demo action WHEYLAYER2
“Barrier Properties for Sustainable Packaging” [81]. An image of the WHEYLAYER
approach and of the products are reported in Figure 10.
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Figure 10. (a) WHEYLAYER approach and products; (b) EVOH, ethylene
vinyl alcohol.

In the WHEYLAYER-based packaging, a whey-based coating is applied on a
plastic film substrate, such as PET, and the coated film is used for the production of
multi-layer packaging.

It is possible to achieve a separation of the different layers of the packaging
by removing the whey protein layer by washing with water containing a protease
enzymatic detergent [82,83]. This procedure promotes the recyclability of the material
that constitutes the packaging. When WHEYLAYER is applied on a compostable
substrate such as PLA, it is possible to produce a completely biodegradable
multi-layer material with improved barrier properties [84].

Furthermore, in rigid paperboard packages, the main innovation can be the
introduction of a new bio-based layer that can replace, at least partially, polyethylene,
thus increasing the bio-content of the packaging and allowing a better management
of the package end life.

More research activity is running on this very promising approach of the
application of protein in packaging. The most recent project BIOBOARD [85] aims
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at developing a food waste-based protein-based film by flat die extrusion. In this
project, both whey protein from the dairy industry and potato pulp from the starch
industry are used [86,87].

The project LEGUVAL“Valorisation of Legumes Co-Products and by-Products
for Package Application and Energy Production from Biomass” GA No. 15241 [88]
aims at the use and valorization of co-products and by-products of processed grain
legumes thanks to the extraction of their proteinaceous fraction, which can be used
as a raw material in packaging.

4. Conclusions

This overview of processing technologies for the production of hard packaging
from bio-based polymers and the strategies for maximum valorization of bio-based
polymer in this application outlines the potentiality and the growing attention not
just of researcher, but also of producers and consumers towards bio-based materials.
The renewable origin, as well as the biodegradability and compostibility of several
products based on bio-based and biodegradable polymers represent a benefit for the
environment and human life.

The research will continue to improve the properties of packaging based on
these materials, as well as optimize their processing, with also the aim to lower
the cost of bio-based products, which at present represents the main limit to the
wide spreading of their applications. With the growing awareness of the need for
environment and resource preservation, the market for bio-based products applied
in single use applications is forced to increase. Thus, we expect more and more
achievements and innovative bio-based products suitable for use in the production
of hard packaging.

Author Contributions: Conceptualization, P.C. and M.B.C.; Writing – Original Draft
Preparation, P.C. and M.B.C.; Writing – Review & Editing, P.C. and A.L.; Supervision, A.L.

Acknowledgments: The authors acknowledge the financial support from the European
Community’s Seventh Framework Programme under: Grant agreement (GA) No. 280604
Oli-PHA, GA No. 280676 DIBBIOPACK, GA No. 315313 BIOBOARD, N-Chitopack GA 315233,
WHEYLAYER GA No. 218340-2, LEGUVAL GA No. 315241.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Plastic Europe. Plastics—The Facts 2014–2015, An Analysis of European Plastics, Production,
Demand and Waste Data; Plastic Europe: Brussels, Belgium, 2015.

2. Benefits of Biobased Rigid Packaging. 2014. Available online: http://en.european-
bioplastics.org (accessed on 9 August 2018).

3. Sant’Anna. Available online: www.santanna.it (accessed on 9 August 2018).

312

http://en.european-bioplastics.org
http://en.european-bioplastics.org
www.santanna.it


4. Acqua e Bevande. Available online: www.sks-bottle.com/PLAValueAdded.html
(accessed on 9 August 2018).

5. Roos, G. 100% Bio-Plastic Water Bottles Trickle into Marketplace, 2010. Environmental
Leader. Available online: http://www.environmentalleader.com/2010/03/08/bio-
plastic-water-bottles-trickle-into-marketplace/ (accessed on 9 August 2018).

6. Lazzeri, A. FORBIOPLAST: Bio-Composites Based on Forest Derived Materials and
Biodegradable Polymers. Presented at the PLASTiCE Conference Europe for Sustainable
Plastics, Bologna, Italy, 24–25 October 2011; Available online: http://www.plastice.
org/fileadmin/files/FORBIOPLAST_Plastice2011.pdf; www.forbioplast.eu (accessed on
9 August 2018).

7. Cavlin, S.I. The Unique convertibility of paperboard. Packag. Technol. Sci. 1988, 1, 77–92.
[CrossRef]

8. Liu, H.; Zhang, J. Research progress in toughening modification of poly(lactic acid).
J. Polym. Sci. Part B Polym. Phys. 2011, 49, 1051–1083. [CrossRef]

9. Sarasa, J.; Jose, M.G.; Javierre, C. Study of the biodisintegration of a bioplastic material
waste. Bioresour. Technol. 2009, 100, 3764–3768. [CrossRef] [PubMed]

10. Rudeekit, Y.; Numnoi, J.; Tajan, M.; Chaiwutthinan, P.; Leejarkpai, T. Determining
Biodegradability of Polylactic Acid under Different Environments. J. Met. Mater. Miner.
2008, 18, 83–87.

11. Lim, L.T.; Auras, R.; Rubino, M. Processing technologies for poly(lactic acid).
Prog. Polym. Sci. 2008, 33, 820–852. [CrossRef]

12. Henton, D.E.; Gruber, P.; Lunt, J.; Randall, J. Polylactic acid technology. In Natural Fibers,
Biopolymers, and Biocomposites; Mohanty, A.K., Misra, M., Drzal, L.T., Eds.; Taylor &
Francis: Boca Raton, FL, USA, 2005; pp. 527–577.

13. Ke, T.; Sun, X. Effects of moisture content and heat treatment on the physical properties
of starch and poly(lactic acid) blends. J. Appl. Polym. Sci. 2001, 81, 3069–3082. [CrossRef]

14. Signori, F.; Coltelli, M.B.; Bronco, S. Thermal degradation of poly(lactic acid) (PLA) and
poly(butylene adipate-co-terephthalate) (PBAT) and their blends upon melt processing.
Polym. Degrad. Stab. 2009, 94, 74–82. [CrossRef]

15. Natureworks. Natureworks Polymer Technical Data Sheets—PLA Polymer 7032D; Natureworks
LLC: Minnetonka, MN, USA, 2005.

16. Cai, H.; Dave, V.; Gross, R.A.; McCarthy, P. Effects of physical aging, crystallinity,
and orientation on the enzymatic degradation of poly(lactic acid). J. Polym. Sci. 1996,
34, 2701–2708. [CrossRef]

17. Witzke, D.R. Introduction to Properties, Engineering, and Prospects of Polylactide
Polymers. Ph.D. Thesis, Michigan State University, East Lansing, MI, USA, 1997.

18. Saeidlou, S.; Huneault, M.A.; Li, H.; Park, C.B. Poly(lactic acid) crystallization.
Prog. Polym. Sci. 2012, 37, 1657–1677. [CrossRef]

19. Harris, A.M.; Lee, E.C. Improving Mechanical performance of injection molded PLA by
controlling Crystallinity. J. Appl. Polym. Sci. 2008, 107, 2246–2255. [CrossRef]

313

www.sks-bottle.com/PLAValueAdded.html
http://www.environmentalleader.com/2010/03/08/bio-plastic-water-bottles-trickle-into-marketplace/
http://www.environmentalleader.com/2010/03/08/bio-plastic-water-bottles-trickle-into-marketplace/
http://www.plastice.org/fileadmin/files/FORBIOPLAST_Plastice2011.pdf
http://www.plastice.org/fileadmin/files/FORBIOPLAST_Plastice2011.pdf
www.forbioplast.eu
http://dx.doi.org/10.1002/pts.2770010206
http://dx.doi.org/10.1002/polb.22283
http://dx.doi.org/10.1016/j.biortech.2008.11.049
http://www.ncbi.nlm.nih.gov/pubmed/19138515
http://dx.doi.org/10.1016/j.progpolymsci.2008.05.004
http://dx.doi.org/10.1002/app.1758
http://dx.doi.org/10.1016/j.polymdegradstab.2008.10.004
http://dx.doi.org/10.1002/(SICI)1099-0488(19961130)34:16&lt;2701::AID-POLB2&gt;3.0.CO;2-S
http://dx.doi.org/10.1016/j.progpolymsci.2012.07.005
http://dx.doi.org/10.1002/app.27261


20. Tábi, T.; Sajó, I.E.; Szabó, F.; Luyt, A.S.; Kovács, J.G. Crystalline structure of annealed
polylactic acid and its relation to processing. Express Polym. Lett. 2010, 4, 659–668.
[CrossRef]

21. Xuetao, S.; Zhang, G.; Phuong, T.V.; Lazzeri, A. Synergistic Effects of Nucleating Agents
and Plasticizers on the Crystallization Behavior of Poly(lactic acid). Molecules 2015,
20, 1579–1593.

22. Dibbiopack. Development of Injection and Extrusion Blow Moulded Biodegradable and
Multifunctional Packages by Nanotechnologies; FP7-NMP.2011.LARGE.5, GA 280676;
Dibbiopack: Zaragoza, Spain, 2011.

23. Kazem Fehri, M.; Cinelli, P.; Phuong, T.V.; Anguillesi, I.; Salvadori, S.; Montorsi, M.;
Mugoni, C.; Fiori, S.; Lazzeri, A. New heat-resistant PLA blends. Bioplast.
Mag. 2014, 8, 26–27.

24. Li, H.; Huneault, M.A. Effect of nucleation and plasticization on the crystallization of
poly(lactic acid). Polymer 2007, 48, 6855–6866. [CrossRef]

25. Kulinski, Z.; Piorkowska, E. Crystallization, structure and properties of plasticized
poly(L-lactide). Polymer 2005, 46, 10290–10300. [CrossRef]

26. Coltelli, M.B.; Della Maggiore, I.; Bertoldo, M.; Bronco, S.; Signori, F.; Ciardelli, F. Poly(lactic
acid) (PLA) properties as a consequence of poly(butylene adipate-co-terephtahlate) (PBAT)
blending and acetyl tributyl citrate (ATBC) plasticization. J. Appl. Polym. Sci. 2008,
110, 1250–1262. [CrossRef]

27. Farsetti, S.; Cioni, B.; Lazzeri, A. Physico-mechanical properties of biodegradable rubber
toughened polymers. Macromol. Symp. 2011, 301, 82–89. [CrossRef]

28. Lazzeri, A.; Phuong, T.V.; Cinelli, P. Copolymers Based on Reactive Polyesters
and Plasticisers for the Manufacture of Transparent, Biodegradable Packaging Film.
WO 2013/164743A1, 7 November 2013.

29. Coltelli, M.B.; Bronco, S.; Chinea, C. The effect of free radical reactions on structure and
properties of poly(lactic acid) (PLA) based blends. Polym. Degrad. Stab. 2010, 95, 332–341.
[CrossRef]

30. Penco, M.; Lazzeri, A.; Phuong, T.V.; Cinelli, P. Copolymers Based on Polyester and
Aromatic Polycarbonate. WO 2012/025907A1, 1 March 2012.

31. Drumright, R.E.; Gruber, P.R.; Henton, D.E. Polylactic acid technology. Adv. Mater. 2000,
12, 1841–1846. [CrossRef]

32. Tokiwa, Y.; Calabia, B.P.; Ugwu, C.U.; Aiba, S. Biodegradability of Plastics. Int. J. Mol. Sci.
2009, 10, 3722–3742. [CrossRef] [PubMed]

33. Boopathy, R. Factor limiting bioremediation technologies. Bioresour. Technol. 2000,
74, 63–67. [CrossRef]

34. Lee, S.Y. Bacterial polyhydroxyalkanoates. Biotechnol. Bioeng. 1996, 49, 1–14. [CrossRef]
35. Bugnicourt, E.; Cinelli, P.; Lazzeri, A.; Alvarez, V. Polyhydroxyalkanoate (PHA): Review

of synthesis, characteristics, processing and potential applications in packaging. Express
Polym. Lett. 2014, 8, 791–808.

314

http://dx.doi.org/10.3144/expresspolymlett.2010.80
http://dx.doi.org/10.1016/j.polymer.2007.09.020
http://dx.doi.org/10.1016/j.polymer.2005.07.101
http://dx.doi.org/10.1002/app.28512
http://dx.doi.org/10.1002/masy.201150311
http://dx.doi.org/10.1016/j.polymdegradstab.2009.11.015
http://dx.doi.org/10.1002/1521-4095(200012)12:23&lt;1841::AID-ADMA1841&gt;3.0.CO;2-E
http://dx.doi.org/10.3390/ijms10093722
http://www.ncbi.nlm.nih.gov/pubmed/19865515
http://dx.doi.org/10.1016/S0960-8524(99)00144-3
http://dx.doi.org/10.1002/(SICI)1097-0290(19960105)49:1&lt;1::AID-BIT1&gt;3.0.CO;2-P


36. El-Hadi, A.; Schnabel, R.; Straube, E.; Muller, G.; Henning, S. Correlation between
degree of crystallinity, morphology, glass temperature, mechanical properties and
biodegradation of poly (3-hydroxyalkanoate) PHAs and their blends. Polym. Test. 2002,
21, 665–674.

37. Holmes, P.A. Applications of PHB—A microbially produced biodegradable
thermoplastic. Phys. Technol. 1985, 16, 32–36. [CrossRef]

38. Di Lorenzo, M.L.; Raimo, M.; Cascone, E.; Martuscelli, E. Poly(3-hydroxybutyrate)-based
copolymers and blends: Influence of a second component on crystallization and thermal
behaviour. J. Macromol. Sci. Part B Phys. 2001, 40, 639–667. [CrossRef]

39. De Konig, G.J.M.; Lamstra, P.J. Crystallization phenomena in bacterial poly[(R)-3-
hydroxybutyrate]: 2. Embrittlement and rejuvenation. Polymer 1993, 34, 4089–4094.
[CrossRef]

40. Doi, Y.; Mukai, K.; Kasuya, K.; Yamada, K. Biodegradation of biosynthetic and
chemosynthetic polyhydroxyalkanoates. In Biodegradable Plastics and Polymers; Doi, Y.,
Fukuda, K., Eds.; Elsevier: Amsterdam, The Netherlands, 1994; pp. 39–51.

41. Grassie, N.; Marray, E.J.; Holmes, P.A. The thermal degradation of poly(-(D)-b-
hydroxybutyric acid): Part 1—Identification and quantitative analysis of products.
Polym. Degrad. Stab. 1984, 6, 47–61. [CrossRef]

42. Grassie, N.; Marray, E.J.; Holmes, P.A. The thermal degradation of poly(-(D)-b-
hydroxybutyric acid): Part 2—Changes in molecular weight. Polym. Degrad. Stab. 1984,
6, 95–103. [CrossRef]

43. Grassie, N.; Murray, E.J. The thermal degradation of poly(-(D)-bhydroxybutyric acid),
part 3—The reaction mechanism. Polym. Degrad. Stab. 1984, 6, 127–134. [CrossRef]

44. Mohanty, A.K.; Misra, M.; Drzal, L.T. Sustainable Bio-Composites from Renewable
Resources: Opportunities and Challenges in the Green Materials World. J. Polym. Environ.
2002, 10, 19–26. [CrossRef]

45. Innocenti-Mei, L.H.; Bartoli, J.; Baltieri, R.C. Mechanical and thermal properties of
poly(3-hydroxybutyrate) blends with starch and starch derivates. Macromol. Symp. 2003,
197, 77–87. [CrossRef]

46. Shen, L.; Haufe, J.; Patel, M. Product Overview and Market Projection of Emerging Bio-Based
Plastics; PRO-BIP: Utrecht, The Netherlands, 2009.

47. Shinn-Gwo, H.; Heng-Wei, H.; Min-Tzung, Y. Thermal properties and applications of low
molecular weight Polyhydroxybutyrate. J. Therm Anal. Calorim. 2013, 111, 1243–1250.

48. Parra, D.F.; Fusaro, J.; Gaboardi, F.; Rosa, D.S. Influence of poly (ethylene glycol) on the
thermal, mechanical, morphological, physical chemical and biodegradation properties of
poly (3-hydroxybutyrate). Polym. Degrad. Stab. 2006, 91, 1954–1959. [CrossRef]

49. Farris, G.; Cinelli, P.; Anguillesi, I.; Salvadori, S.; Coltelli, M.B.; Lazzeri, A. Effect of
agening time on mechanical properties of plasticized poly(hydroxybutyrate) (PHB).
AIP Conf. Proc. 2014. [CrossRef]

50. Seggiani, M.; Cinelli, P.; Verstichel, S.; Puccini, M.; Vitolo, S.; Anguillesi, I.; Lazzeri, A.
Development of fibres-reinforced biodegradable composites. Chem. Eng. Trans. 2015, in press.

315

http://dx.doi.org/10.1088/0305-4624/16/1/305
http://dx.doi.org/10.1081/MB-100107554
http://dx.doi.org/10.1016/0032-3861(93)90671-V
http://dx.doi.org/10.1016/0141-3910(84)90016-8
http://dx.doi.org/10.1016/0141-3910(84)90075-2
http://dx.doi.org/10.1016/0141-3910(84)90032-6
http://dx.doi.org/10.1023/A:1021013921916
http://dx.doi.org/10.1002/masy.200350708
http://dx.doi.org/10.1016/j.polymdegradstab.2006.02.008
http://dx.doi.org/10.1063/1.4876836


51. European Community’s Seventh Framework Programme (FP7/2007–2013) NMP Grant
Agreement No. 280604 Oli-PHA. A Novel and Efficient Method for the Production of
Polyhydroxyalkanoate (PHA) Polymer-Based Packaging from Olive Oil Waste Water.
Available online: http//www.olipha.eu/ (accessed on 9 August 2018).

52. Martino, L.; Berthet, M.A.; Angellier-Coussy, H.; Gontard, N. Understanding External
Plasticization of Melt Extruded PHBV—Wheat Straw Fibers Biodegradable Composites
for Food Packaging. J. Appl. Polym. Sci. 2015. [CrossRef]

53. European Commission. Ecoefficient Biodegradable Composite Advanced Packaging
(EcoBioCAP); Project Report on Grant Agreement No. 265669, European Community’s
7th Framework Programme (FP7/2007-2013): France, 2015. Available online: https:
//cordis.europa.eu/project/rcn/97870_de.html (accessed on 9 August 2018).

54. Boerger, C.M.; Lattin, G.L.; Moore, S.L.; Moore, C.J. Plastic ingestion by planktivorous
fishes in the North Pacific Central Gyre. Mar. Pollut. Bull. 2010, 60, 2275–2278. [CrossRef]
[PubMed]

55. Glenn, G.M.; Orts, W.; Imam, S.; Chiou, B.S.; Wood, D.F. Starch Plastic Packaging and
Agriculture Applications; Chapter 15, Paper 1459; USDA-ARS/UNL Faculty: Lincoln,
NE, USA, 2014.

56. Gorden, M. Ban on Expanded Polystyrene Foam Takeout Food Packaging; California Water
Action: Oakland, CA, USA, 2006; Available online: http://www.cleanwateraction.org/ca
(accessed on 9 August 2018).

57. Dufresne, A.; Dupeyre, D.; Vignon, M.R. Cellulose microfibrils from potato tuber
cells: Processing and characterization of starch–cellulose microfibril composites.
J. Appl. Polym. Sci. 2000, 76, 2080–2092. [CrossRef]

58. Shogren, R.L. Effect of moisture content on the melting and subsequent physical aging of
cornstarch. Carbohydr. Polym. 1992, 19, 83–90. [CrossRef]

59. Kokini, J.L. The effect of processing history on chemical changes in single- and twin-screw
extruders. Trends Food Sci. Technol. 1993, 4, 324–329. [CrossRef]

60. Wiedmann, W. Extrusion cooking of starches for semi-products. Starch-Starke 1987,
39, 352–357. [CrossRef]

61. Hass, F.; Hass, J.; Tiefenbacher, K. Process of Manufacturing Rottable Thin-Walled
Starch-Based Shaped Elements. U.S. Patent No. 5,576,049, 19 November 1996.

62. Tiefenbacher, K.F. Starch-based foamed materials-use and degradation properties.
J. Macromol. Sci. Part A Pure Appl. Chem. 1993, 30, 727–731. [CrossRef]

63. Cinelli, P.; Chiellini, E.; Lawton, J.; Imam, S.H. Foamed articles based on potato starch,
corn fibers and poly(vinyl alcohol). Polym. Degrad. Stab. 2006, 91, 1147–1155. [CrossRef]

64. Chiellini, E.; Cinelli, P.; Ilieva, V.I.; Imam, S.H.; Lawton, J.W. Environmentally
Compatibile Foamed Articles Based on Potato Starch, Corn Fiber, and Poly
(Vinyl Alcohol). J. Cell. Plast. 2009, 345, 17–32. [CrossRef]

65. Menzel, C. Starch Structures and Their Usefulness in the Production of Packaging Materials.
Ph.D. Thesis, Swedish University of Agricultural Sciences, Uppsala, Sweden, 2014.

316

http//www.olipha.eu/
http://dx.doi.org/10.1002/app.41611
https://cordis.europa.eu/project/rcn/97870_de.html
https://cordis.europa.eu/project/rcn/97870_de.html
http://dx.doi.org/10.1016/j.marpolbul.2010.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21067782
http://www.cleanwateraction.org/ca
http://dx.doi.org/10.1002/(SICI)1097-4628(20000628)76:14&lt;2080::AID-APP12&gt;3.0.CO;2-U
http://dx.doi.org/10.1016/0144-8617(92)90117-9
http://dx.doi.org/10.1016/0924-2244(93)90102-G
http://dx.doi.org/10.1002/star.19870391005
http://dx.doi.org/10.1080/10601329308021258
http://dx.doi.org/10.1016/j.polymdegradstab.2005.07.001
http://dx.doi.org/10.1177/0021955X08099932
http://dx.doi.org/10.1016/j.carbpol.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23544631


66. Olsson, E.; Hedenqvist, M.S.; Johansson, C.; Järnström, L. Influence of citric acid and
curing on moisture sorption, diffusion and permeability of starch films. Carbohydr. Polym.
2013, 94, 765–772. [CrossRef] [PubMed]

67. Tang, C.H.; Xiao, M.L.; Chen, Z.; Yang, X.Q.; Yin, S.W. Properties of cast films of
vicilin-rich protein isolates from Phaseolus legumes: Influence of heat curing. LWT Food
Sci. Technol. 2009, 42, 1659–1666. [CrossRef]

68. Tang, C.; Xiao, M.L.; Chen, Z.; Yang, X.Q. Influence of Succinylation on the Properties of
Cast Films from Red Bean Protein Isolate at Various Plasticizer Levels. J. Appl. Polym. Sci.
2011, 120, 1934–1941. [CrossRef]

69. Saremnezhad, S.; Azizi, M.H.; Barzegar, M.; Abbasi, S.; Ahmadi, E. Properties of a New
Edible Film Made of Faba Bean Protein Isolate. J. Agric. Sci. Technol. 2011, 13, 181–192.

70. Viroben, G.; Barbot, J.; Mouloungui, Z.; Gueguen, J. Preparation and characterization of
films from pea protein. J. Agric. Food Chem. 2000, 48, 1064–1069. [CrossRef] [PubMed]

71. Brandenburg, A.H.; Weller, C.L.; Testin, R.F. Edible Films and Coatings from Soy Protein.
J. Food Sci. 1993, 58, 1086–1089. [CrossRef]

72. Bamdad, F.; Goli, A.H.; Kadivar, M. Preparation and characterization of proteinous film
from lentil (Lens culinaris) Edible film from lentil (Lens culinaris). Food Res. Int. 2006,
39, 106–111. [CrossRef]

73. Farris, S.; Schaich, K.M.; Liu, L.S.; Piergiovanni, L.; Yam, K.L. Development of
polyion-complex hydrogels as an alternative approach for the production of bio-based
polymers for food packaging applications: A review. Trends Food Sci. Technol. 2009,
20, 316–332. [CrossRef]

74. Cuq, B.; Gontard, N.; Guilbert, S. Proteins as agricultural polymers for packaging
production. Cereal Chem. 1998, 75, 1–9. [CrossRef]

75. Chiellini, E.; Cinelli, P.; Grillo Fernandes, E.; Kenawy, E.R.; Lazzeri, A. Gelatin based
Blends and Composites. Morphological and Thermal Mechanical Characterization.
Biomacromolecules 2001, 2, 806–811. [CrossRef] [PubMed]

76. Gennadios, A.; Brandenburg, A.H.; Weller, C.L.; Testin, R.F. Effect of pH on properties
of wheat gluten and soy protein isolate films. J. Agric. Food Chem. 1993, 41, 1835–1839.
[CrossRef]

77. Kowalczyk, D.; Baraniak, B. Effects of plasticizers, pH and heating of film-forming
solution on the properties of pea protein isolate films. J. Food Eng. 2011, 105, 295–305.
[CrossRef]

78. Kenawy, E.R.; Cinelli, P.; Corti, A.; Miertus, S.; Chiellini, E. Biodegradable Composite
Films Based on Waste Gelatin. Macromol. Symp. 1999, 144, 351–364. [CrossRef]

79. Chiellini, E.; Cinelli, P.; Corti, A.; Kenawy, E.R. Composite Films Based on Waste Gelatin
Thermal-Mechanical Properties and Biodegradation Testing. Polym. Degrad. Stab. 2001,
73, 549–555. [CrossRef]

80. Cutter, C.N.; Sumner, S.S. Application of edible coatings on muscle foods. In Protein-Based
Films and Coatings; Gennadios, A., Ed.; CRC Press: Boca Raton, FL, USA, 2002;
pp. 467–484.

317

http://dx.doi.org/10.1016/j.lwt.2009.05.020
http://dx.doi.org/10.1002/app.33282
http://dx.doi.org/10.1021/jf9813891
http://www.ncbi.nlm.nih.gov/pubmed/10775350
http://dx.doi.org/10.1111/j.1365-2621.1993.tb06120.x
http://dx.doi.org/10.1016/j.foodres.2005.06.006
http://dx.doi.org/10.1016/j.tifs.2009.04.003
http://dx.doi.org/10.1094/CCHEM.1998.75.1.1
http://dx.doi.org/10.1021/bm015519h
http://www.ncbi.nlm.nih.gov/pubmed/11710035
http://dx.doi.org/10.1021/jf00035a006
http://dx.doi.org/10.1016/j.jfoodeng.2011.02.037
http://dx.doi.org/10.1002/masy.19991440132
http://dx.doi.org/10.1016/S0141-3910(01)00132-X


81. European Community’s Seventh Framework Programme (FP7/2007-2013) Grant
agreement No. 218340-2 WHEYLAYER “Whey Protein-Coated Plastic Films to Replace
Expensive Polymers and Increase Recyclability” and WHYELAYER 2 “Barrier Properties
for Sustainable Packaging” Seventh Framework Programme (FP7/2007-2013) Grant
Agreement No. 315743. Available online: http://www.wheylayer.eu/ (accessed on
9 August 2018).

82. Bugnicourt, E.; Schmid, M.; Mc Nerney, O.; Wildner, J.; Smykala, L.; Lazzeri, A.; Cinelli, P.
Processing and validation of whey protein coated films and laminates at semi-industrial
scale as novel recyclable food packaging materials with excellent barrier properties.
Adv. Mater. Sci. Eng. 2013, 2013, 496207. [CrossRef]

83. Schmid, M.; Müller, K.; Sängerlaub, S.; Stäbler, A.; Starck, V.; Ecker, F.; Noller, K.
Mechanical and barrier properties of thermoplastic whey protein isolate/ethylene vinyl
acetate blends. J. Appl. Polym. Sci. 2014, 131. [CrossRef]

84. Cinelli, P.; Schmid, M.; Bugnicourt, E.; Wildner, J.; Bazzichi, A.; Anguillesi, I.; Lazzeri, A.
Whey protein layer applied on biodegradable packaging film to improve barrier
properties while maintaining biodegradability. Polym. Degrad. Stab. 2014, 108, 151–157.
[CrossRef]

85. Bioboard.eu. Consortium of Bioboard Project: Seventh Framework Programme
(FP7/2007-2013) under Grant Agreement No. 315313 (Updated May 2014). Available
online: http://www.bioboard.eu/ (accessed on 9 August 2018).

86. Schmid, M.; Herbst, C.; Müller, K.; Stäbler, A.; Schlemmer, D.; Coltelli, M.B.; Lazzeri, A.
Effect of Potato Pulp Filler on the Mechanical Properties and Water Vapor Transmission
Rate of Thermoplastic WPI/PBS Blends. Polym.-Plast. Technol. Eng. 2016, 5, 510–517.
[CrossRef]

87. Coltelli, M.B.; Wild, F.; Bugnicourt, E.; Cinelli, P.; Lindner, M.; Schmid, M.; Weckel, V.;
Müller, K.; Rodriguez, P.; Staebler, A.; et al. State of the Art in the Development and
Properties of Protein-Based Films and Coatings and Their Applicability to Cellulose
Based Products: An Extensive Review. Coatings 2016, 6, 1. [CrossRef]

88. European Commission. LEGUVAL, Valorisation of Legumes Co-Products and
by-Products for Package Application and Energy Production from Biomass;
Project Report on Grant Agreement No. 15241, European Community’s 7th Framework
Programme (FP7/2007-2013): France, 2015. Available online: https://cordis.europa.eu/
project/rcn/111096_en.html (accessed on 9 August 2018).

318

http://www.wheylayer.eu/
http://dx.doi.org/10.1155/2013/496207
http://dx.doi.org/10.1002/app.41172
http://dx.doi.org/10.1016/j.polymdegradstab.2014.07.007
http://www.bioboard.eu/
http://dx.doi.org/10.1080/03602559.2015.1098690
http://dx.doi.org/10.3390/coatings6010001
https://cordis.europa.eu/project/rcn/111096_en.html
https://cordis.europa.eu/project/rcn/111096_en.html
http://creativecommons.org/



