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Abstract: The problems linked to plastic wastes have led to the development of biodegradable
plastics. More specifically, biodegradable bioplastics are the polymers that are mineralized into
carbon dioxide, methane, water, inorganic compounds, or biomass through the enzymatic action of
specific microorganisms. They could, therefore, be a suitable and environmentally friendly
substitute to conventional petrochemical plastics. The physico-chemical structure of the
biopolymers, the environmental conditions, as well as the microbial populations to which the
bioplastics are exposed to are the most influential factors to biodegradation. This process can occur
in both natural and industrial environments, in aerobic and anaerobic conditions, with the latter
being the least researched. The examined aerobic environments include compost, soil, and some
aquatic environments, whereas the anaerobic environments include anaerobic digestion plants and
a few aquatic habitats. This review investigates both the extent and the biodegradation rates under
different environments and explores the state-of-the-art knowledge of the environmental and
biological factors involved in biodegradation. Moreover, the review demonstrates the need for more
research on the long-term fate of bioplastics under natural and industrial (engineered)
environments. However, bioplastics cannot be considered a panacea when dealing with the
elimination of plastic pollution.
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1. Introduction

Plastics’” low cost and their versatility have paved the way for a wide range of applications [1-
6]. It is estimated that the annual production of conventional (petrochemical) plastic can exceed the
amount of 350 million tonnes [7]. However, their extensive utilization has led to serious
environmental pollution issues mainly due to the high amount of disposable plastic items, which is
about 50% of the total mass of plastics generated [8]. From 1950 to 2015, less than 10% of the overall
amount of plastic waste that was produced was actually recycled, while the remaining part was
landfilled or released to the environment [9].

Due to the plastics’ chemical and mechanical properties and particularly due to their durability,
these polymers are posing a threat to the environment [10-12]. In particular, the production of the
petroleum derived polymers increases the CO:z emissions in the atmosphere, thus contributing to the
increase of greenhouse gases (GHG) [6,13]. Moreover, the ever-growing plastic waste that is
accumulated into the landfills and in the marine environment [3,14,15] has a huge impact on the
living organisms of these ecosystems [16], in particular sea mammals and turtles that confuse plastic
waste for food often leading to their suffocation after swallowing it. Microplastics —plastic particles
characterized by a diameter less than 5 mm derived from macroplastics’ degradation [17] —have been
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identified not only in food, drinking water, soil, and the air but also in the least expected areas, such
as deep sediments around Antarctica and the ice of the Arctic [8]. Furthermore, microplastics,
accounting for about 13% of the plastic waste mass [18], and macroplastics may be mistaken for food
by living organisms, which would be lethal as they would cause injuries [11,19,20] or lead to
detrimental effects on human health as a consequence of being ingested [21]. Apart from that, it is
essential to reduce reliance on fossil fuels and to decrease the carbon footprint generated by the
petroleum-based plastics [4]. In this paper, the terms “polymers” and “plastics” will be used
interchangeably. It is clarified, however, that plastics are typically polymers in which plasticizers
have been added.

The long-term existence of plastics in the environment [2,5,11,16,20,22] as well as their resistance
to degradation led to the development of new materials, the biodegradable bioplastics [23,24]. These
materials may be decomposed by the same abiotic mechanisms that allow the disintegration of
conventional plastics, such as photodegradation, oxidation, and hydrolysis [25] as well as by
microbial degradation [8]. According to recent estimates [7], global bioplastics generation capacity
slightly exceeds 2.1 million tonnes, which is equivalent to 0.6% of the global plastic generation.

The main objectives of this paper are to analyze the biodegradation of bioplastics and to
investigate their ability to biodegrade under different conditions, namely under both aerobic and
anaerobic environments. The process of biodegradation occurs in a bio-active environment under
certain conditions such as in soil, marine and other aquatic environments, or during composting and
anaerobic digestion [26-29]. Because the term bioplastics is prone to misunderstanding, the scope of
this research focuses on the group of polymers that have the ability to biologically degrade; these are
the biodegradable plastics, that can be of both natural (biogenic or biobased) and of fossil origin. In
addition, since bioplastics are generally perceived as sustainable per definition, this review is
intended to highlight the application potential of these materials so that to avoid their inappropriate
and unsustainable use.

2. Bioplastics

Bioplastics were first manufactured back in the 1950s and re-emerged in the 1980s [29,30], but
only recently received the necessary attention [31,32]; in particular, it was during the 2000s that their
industrial-scale production began [33]. As per the survey carried out in this paper (Figure 1), we
found that there is an increasing interest on bioplastics in the scientific literature (Journals covered
by Scopus) with the rate of publications increasing dramatically in the last five years. The first
scientific publication that was ever found on this topic was published in 1952 and was related to a
medical application [34].

Bioplastics is a generic term that describes both bio-based plastics, namely the ones that are made
of biogenic materials, and those plastics (including petrochemical ones) that are biodegradable; in
fact, not all bio-based plastics are biodegradable. On the other hand, some biodegradable plastics
may be of petrochemical origin [35-37]. Therefore, a bioplastic is the plastic that is either bio-based,
biodegradable or both.

The bioplastics” annual production is relatively low, as it makes up less than one percent of the
almost 360 million tonnes of plastics produced per year [7]. In 2019, their production was 2.11 million
tonnes (of which 44.5% were bio-based/non-biodegradable bioplastics and 55.5% biodegradable
bioplastics) [7]. Moreover, in 2024, the bioplastics” production is expected to reach about 2.43 million
tonnes.

The growing interest on bioplastic research is shown in Figure 1. As evident, a lot of relevant
publication were published in the period 2015-2020.
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Figure 1. Documents registered in Scopus platform containing the specified terms in title, abstract, or
keywords.

Bioplastics seem to be the ideal replacement for conventional plastics [22,38,39], since they can
have similar applications. They are also a viable solution for environmental sustainability [6,22,40]
due to both their biodegradability [1,41-43] and the fact that biogenic raw materials are used to
manufacture them (Table 1). Both those aspects contribute to the goals of circular economy. For
instance, while bioplastics can be synthesized from chemicals produced by micro-organisms utilizing
various waste products [44], the production of conventional plastics uses irreversible processes as
they are fossil fuel based [45].

The possibility to produce bioplastics from waste is of extreme importance as replacing the
production of conventional plastics with bio-based polymers would require about 0.02% of the total
available Earth’s arable land used for agricultural products [7]. This percentage is destined to increase
by over 50% by 2050 for the estimated plastics’ growth demand, leading to a serious question of
whether land should be used for growing food crops, or as a tank for plastic, as had happened for
first-generation biofuels that required significant land-based crops [8]. The majority of bioplastics is
indeed still produced from agricultural crop-based feedstocks (carbohydrates and plant materials)
[46] that both lead to increased water usage and to the reduction of food production [47]. Under this
point of view, the adoption of new technologies to manufacture bioplastics will facilitate the
transition from a fossil-fuel-based society, and an inefficient waste management, to one based on
renewable resources, reduced fossil fuel consumption, and reuse-oriented waste management [48].
The latter situation agrees with the concept of circular economy.

2.1. Classification of Bioplastics

As already mentioned, the term bioplastics is used to describe plastics that can either be bio-
based, or biodegradable, or they can feature both properties. Specifically, bio-based plastics are
actually the polymers that have their carbon partially or wholly produced from renewable resources
such as proteins and lipids [6,33,49-52], whereas biodegradable plastics are the polymers that are
able to mineralize into carbon dioxide, methane, water, inorganic compounds, or biomass through
the enzymatic action of specific microorganisms (bacteria, algae, and fungi) under the appropriate
environmental conditions [24,30,33,39,53]. In addition, there are biodegradable plastics that are
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compostable only. Hence, these materials are capable of decomposition into carbon dioxide, water,
inorganic compounds, and biomass via biological activities that take place in a compost system. Their
decomposition rate is compared to other known compostable materials, such as cellulose, which is
normally used as a control [33].

The resources used to produce these polymers can be divided into two groups, the renewable
resources (such as organics’ waste biomass) and the fossil fuel resources. It is important to note that
bioplastics can be classified into three categories (Table 1). The first category includes those that are
bio-based and not biodegradable, the second those that are bio-based and biodegradable, and the
third category, which includes those that are synthesized by petrochemical feedstock but are still
biodegradable [29,33,54].

Table 1. Classification of plastics.

Type Biodegradability Source Example References
Conventional Fossil Fuel
. . Resources PE, PS, PVC,
(petroche:mlcal) Non-Biodegradable (petroleum, PP, PC, PU [2,10,28]
plastics
natural gas)
Renewable
Bio-PE, Bio-
Bio-based & Non- Resources (corn, 10 . 10
Biodeeradabl PET, Bio- [28,55]
odegradable sugar cane, PVC, Bio-PU
soybean)
Fossil Resources
Bioplasti PBS, PCL
loplastics Biodegradable (petroleum, S PCL, [28,43]
PBAT
natural gas)
Bio-based & " Re‘lewal(’lem PHA, PHB, (54561
Biodegradable eootrees (o, PLA ’

sugar cane)

This family of bioplastics is further subdivided into first-, second-, and third-generation
bioplastics. First-generation bioplastics derive directly from renewable feedstock, which includes
corn and sugar cane. Second-generation bioplastics come mainly from the monomers that are
extracted by the first-generation’s byproducts, such as peels and barks; the third-generation
bioplastics are still being researched and their sources involve microorganisms, such as algae and
modified microbial polymers [27,53,57,58]. The feasibility of PHA and PHB production by several
bacterial strains (e.g., Ralstonia, Pseudomonas, Bacillus, and Vibrio [59]) has been demonstrated;
engineered Escherichia coli produced PHB from starch [60], while the engineered Ralstonia eutropha
(Re2133/pCB81) allowed the production of PHA copolymer PHBV [61] and terpolymer P(3HB-co-
3HV-co-3HHX) [62].

Another subdivision of the bioplastic materials refers to the raw material they are made of (i.e.,
the type of polymers) and their ability to biodegrade. There exist bioplastics that are solely produced
from one kind of feedstock, such as cellulose, but there are also others that are made of two or even
three kinds of raw materials, the biocomposites. The bioplastics consisting of two raw materials are
called co-polymers, while those that are produced by three different origins are the ter-polymers.
Those blended-bioplastics maintain the features and abilities that each of their feedstocks provide
[2,29]. Nonetheless, the most utilized bioplastics, with a percentage of 47% and 41% of the total use,
are the PLA-based and the starch-based, respectively [27,63]. The most popular biopolymers in
today’s world are: PLA, PHA, TPS, Bio-PE, Bio-PET, cellulose polyesters, and starch-based bioplastics
[2,64].

Other common biodegradable polymers produced by plants, animals, micro-organisms, or
synthetically are PGA, PCL, PBS, PBAT, and PHB [25,45]. Among them, PLA is considered the most
promising, as lactic acid can be obtained from corn and other crops [8,25,65]. For instance,
fermentable sugars obtained from chemical treatment of food waste can be used as substrate by
microorganisms to produce plastics precursors [44]. A feeding simulating fermented olive mill
wastewater (OMWW) was used to extract PHA from mixed microbial cultures [66]. Other carbon
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sources used for synthesizing PHAs by microbes can include waste frying or cooking oil, coffee
waste, crude glycerol, molasses, and wastewater [67-70]. Industrial and municipal wastewater
sludge, agricultural, and food waste were used to produce PHB through SSF [71,72].

Another way to avoid the uncontrolled use of arable land for bioplastics would be the next-
generation microalgae-based bioplastic production as they can be placed on non-arable land [46].
Moreover, microalgae captures CO: by photosynthesis, reducing eutrophication of water bodies by
using nutrient-rich wastewater [46].

Bioplastics can be synthesized from both biogenic and petrochemical feedstock [29]. They are
produced by the fusion of biopolymers, plasticizers, fillers, and sometimes colorants [49]. Their
production can be the result of chemical polymerization but also of biological or natural fermentation
[29,38]. Chemical polymerization can occur regardless of the raw materials origin, as opposed to
natural fermentation that can only take place by the utilization of renewable feedstocks.

Therefore, the manufacture of bioplastics can be achieved through the following methods [4,29]:

e  Chemical synthesis of finite fossil resources (e.g., petroleum);

e  Chemical synthesis of biotechnologically manufactured polymer feedstocks;

e  Direct biosynthesis of biogenic raw materials including organic waste;

e  Production of blends and co-/terpolymers from the previously mentioned groups.

2.2. Bioplastics” Utilization and Economical Aspects

Even though the production of bioplastics is significantly lower than that of conventional
plastics, a bioplastic material represents, in most cases, a suitable replacement for conventional
plastics [23,33,52]. Therefore, the bioplastics have started to enter slowly into the market in a variety
of sectors; the predominant ones are presented in Table 2.

Table 2. Uses of bioplastics.

Source of Bioplastic Use Ref.
Packaging [5]
Cellulose-based Sponge cloths [73]
Electronics applications [5]
Films [74]
Rigid materials (such as plates and cutlery and foams) [74,75]
Packaging [30,75]
Starch-based Medical products [30,75]
Agriculture [30,39,76]
Carrier bags [16,77]
Packaging [30,38,74,78]
Disposable or durable goods [74]
Electronics applications [38]
Fibres [38]
PLA-based Medical products [30]
Building and construction [78]
Agricultural field [30,38]
Textiles and films [64]
Medical products [30,74,79-82]
PHA-based Agriculture [30,74]
Packaging [30,82]
Medical products [30]
Petroleum-based Packaging [30]
Agriculture [39]

As shown in Table 2, bioplastics are used in a wide range of applications. This is attributed to

the fact that several desired characteristics can be obtained (such as, flexibility, strength, shape
memory capability, or resistance to liquids) by easily changing the processing conditions during their
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production. In general, packaging for both food and non-food materials is the most common use of
bioplastics, independent of the type of their polymer-based source.

Cellulose-based biopolymers are mainly used to produce engineering plastics and sheets for
electronic applications as they can be used to obtain either shrink films and/or sheets or to drive shape
memory effects [5].

PLA-based biopolymers show the widest range of applicability. Their mechanical properties
depends on the crystalline structure of the PLA: Semicrystalline PLA is used in applications including
rigid plastics [64,78]; on the other hand, the amorphous structure leads to a more flexible material
(e.g., adhesives) [83].

PHA-based biopolymers are used in more niche applications, such as in medical and agricultural
sectors [74]. Because of their biodegradability and nontoxic properties, applications of PHAs in the
medical sector generally includes drug delivery systems, porous implants, support scaffolds for
tissue engineering, and anti-microbial agents [84]. Their ability to act as drug delivery agents is
affected by the different PHA monomer composition [80].

Starch-based biopolymers (especially thermoplastic starch) are mainly used for the production
of rigid materials (such as plates and cutlery) [74] with high heat resistance [75]. Another important
application includes the use of starch-based biopolymers as fungicides and/or insecticides in film-
coatings applied to agronomic seeds to support seed germination against many diseases and early-
season insect pests [76]. Also, PBS (a petroleum-based bioplastics) is a biopolymer often used as a
binder for vegetables and fruit in agricultural fields [39].

Single-use bioplastics items such as bags, dishes, coffee stirrers, glasses, horticulture pots,
mulching film, dust sheets, bottles, and packaging items are produced mainly by PLA, PHAs, starch,
and cellulose pulp [85]. Bioplastics made from starch can be used for packaging apples and tomato
slices with a high protective barrier [86]. PHAs are used in domestic, agricultural, industrial, and
medical fields [82] because of their properties of water insolubility, ultraviolet resistance, and good
barrier from oxygen penetration [87].

However, a variety of bioplastics is being nowadays industrially manufactured competing in
price and performance with the oil-based polymers [27,33,54]. The energy requirement is lower for
bioplastics (57 MJ kg™) compared to conventional plastics (77 M] kg™) [88], which impacts global
warming less [44]; however, bioplastics still have higher production costs than conventional plastics.
It is estimated that biopolymers’ price is 2 to 5 times higher compared to the conventional plastics
[27,89] and ranges between 2-6 € kg™ (depending on amount) as opposed to 1.2 € kg™ for the latter
ones [29,33,90]. However, there are kinds of biopolymers that are competitive with the fossil-derived
polymers in terms of cost, namely the PLA and the thermoplastic-starch-based bioplastics [57]. On
the other hand, most bioplastics are not yet cost-effective [27,85], due to the high cost of the
manufacturing processes [6,19,91]. Nevertheless, 40% of the net cost of a commodity is linked to the
carbon feedstock value [13]; therefore, the market potential for biopolymers heavily depends on the
crude oil price [57]. Another issue limiting the bioplastic market may be the matching of the specific
properties of a petroleum-derived plastic with those of the replacing ‘biological” alternative [8].

2.3. Properties of Bioplastics

The biopolymers’ capacity to make their way to the market is mainly due to their properties that
are not at all inferior to those of the conventional petrochemical polymers [6,53,54]. Bioplastics are
mostly known for their environmentally friendly nature due to their lower persistence when
abandoned in the environment [16]. Through the utilization of renewable resources such as organic
waste [63,91], there exist additional benefits by the valorization of solid waste [33,92] that would be
otherwise landfilled or used for energy recovery [4]. Another property of the bioplastics is that they
are non-toxic and compostable, which means that they are not harmful to living organisms [29,38,54].

A crucial point is that biopolymers should have similar mechanical [33,54,93], chemical, and
physical properties to conventional plastics [54,93]. These include tensile strength, tensile elongation,
elasticity, flexural strength, density, crystallinity, melting point, water vapor and oxygen
permeability, and also UV resistance [12,13,38,93,94].
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However, the often low mechanical strength of bioplastics is the property that mostly limits their
application [95,96] and requires the use of synthetic fibers, such as glass or carbon, to increase this
property [97]. This leads to environmental problems due to reduction of their biodegradability [97-
100]. As a replacement of synthetic fibers, environmentally friendly materials, such as lignocellulosic
fibers, fillers derived from cellulosic materials [101], starch [102], can be added to biopolymers to
reinforce the produced bioplastic [97,103]. Nanomaterials, such as nanoclay [104] or chitosan [102],
have been used to increase the thermal stability of bioplastics developed from starch [104], which are
known to have poor mechanical properties, due to their intra- and intermolecular bonds [105].
Moreover, in a study conducted by Masruri and co-workers [106], the addition of essential oil from
kaffir lime to starch from cassava peel waste to produce bioplastic was found to increase the stability
in tensile strength and the plastic was able to elongate by 65-85%. The simple addition of glycerol at
a concentration of 5% (w/w) produced a bioplastic with a higher tensile strength of 205.52 N mm-
and 42.69% of elongation [86].

The addition of PLA (10%) to starch-based bioplastics enhances the general properties of
bioplastic composites [107]. PHAs have mechanical properties similar to synthetic plastics, are
insoluble in water, and non-toxic, which makes them suitable for biomedical applications [69].

Another notable property of some bioplastics is the shape memory capability, which is a change
of the shape of a material upon application of an external incentive [5]. Plasticizers, such as glycerol
[86], glyoxal, or xanthan gum [108], are usually added to the starch-based bioplastics to improve their
strength, flexibility [109], and the ability to process it [101]. An optimum bioplastics composition was
found to be 12% (w/w) starch and 5% (w/w) glycerol [86].

However, when it comes to the disposal/waste management system, with very few exceptions
[33,64], biopolymers cannot be chemically or mechanically recycled along with petrochemical
plastics. For example, PLA can negatively impact the traditional recycling processes of PET [77,110].

2.4. Degradation of Bioplastics in the Environment

Just like the rest of the products, bioplastics have a life cycle [33]. However, due to the wide
variety of bioplastics, the life cycle of each material differs, depending on the type of bioplastic [19]
and on the end-of-life scenarios according to the available waste management systems in each
country [54]. The degradability of bio-polymers is affected by the chemical and physical structure of
the materials [4,29,111] and not by the origin of their resources or their production process [4,29]. As
mentioned in Endres [29] "degradability is a functional property or a disposal option at the end of
the material’s life cycle”. The degradation process depends on a combination of abiotic (UV,
temperature, moisture, pH) and biotic processes and parameters (microbial activity) [19,26,33,38,112].

It is worth mentioning that degradation differs from biodegradation. Degradation is a process
of decomposition that stops at the fragmentation of polymers through the effect of heat, moisture,
sunlight, and/or enzymes, which results in weakening the polymers’ chains and thus creating even
more persistent particles [26,28,33,113]; biodegradation is the complete mineralization of materials in
compounds such as carbon dioxide (COz), water (H20), ammonium (NH4*), nitrogen (N2), hydrogen
(H2) and biomass through the biological action of microorganisms such as bacteria, algae and fungi
[5,24,54]. Therefore, biodegradation is not detrimental for the natural environment since the
compounds produced are naturally occurring in the ecosystem [24].

The residues from the bioplastics’ biodegradation are not generally toxic [54] and can be
consumed by other living organisms [26]. However, some issues have been mentioned in recent
literature [77,114] linked to the presence of fossil resins in the bioplastic items composition. The
process of biodegradation depends on factors such as humidity, temperature, oxygen content, pH,
time [23,29,43], nutrient availability [19,23], UV radiation [28,94], and microorganisms’ presence
[23,29,115].

Another factor affecting the rate of biodegradation is the thickness of the biodegradable material:
The thicker the product, the longer its biodegradability [28].

A key factor for biodegradation is the environment in which it takes place [5], and also the
chemical composition, structure, and physical properties of the bioplastic material [27,28,116]. These
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are linked to the surface characteristics (hydrophobic or hydrophilic), the first-order structures
(molecular weight, molecular weight distribution, chemical structure), and the higher-order
structures (crystallinity, crystal structure, modulus of elasticity, glass transition temperature, melting
temperature) of the polymers [116].

Biodegradable plastics can be subject to different biodegradation pathways; some of them (e.g.,
PHAs ) can be directly biodegraded by microorganisms while the biodegradation of others is assisted
and augmented by natural factors (e.g., UV, oxygen, heat). Oxidative-degradable polymers accelerate
their decomposition under the effect of oxidation through heat and/or UV light [23,28]. UV radiation
can disrupt polymer chains, since the radiation can be absorbed by oxygen-containing components
to initiate a primary degradation; these polymers are known as photodegradable polymers. In other
words, sunlight combined with oxygen can lead to photo-oxidative degradation, whereas sunlight
combined with heat causes oxidative-degradation [29]. During photodegradation, both molar mass
and crystal structure are affected [94]. The plastics characterized as hydro-biodegradable are those
that have the capacity to biodegrade by hydrolytic mechanisms such as biopolymers made of
cellulose, starch, and polyesters such as PHA.

The process of biodegradation of the bioplastics can be divided in three stages.

1. Firstly, the stage of bio-deterioration [19,43,117,118], in which the polymers undergo chemical,
mechanical, and physical change, as a result of the microorganisms’ biological activity on the
surface of the material [19,43]. The porosity highly influences this step.

2. The second stage is that of bio-fragmentation [19,43,118], where the microbial activity causes the
breaking down of polymers into oligomers and monomers [19,43].

3. The third stage describes the assimilation [19,43,117,118] of bioplastics, in which the bio-
fragmented compounds are used by the microorganisms and are converted to biodegradation
end products, such as CO2, H2O and biomass [19,43].

The decrease of mechanical properties occurs immediately at the bio-deterioration stage, while
changes in surface features and mass loss occur together during bio-fragmentation and microbial
assimilation [19].

To evaluate biodegradability, one must consider whether the term corresponds to the complete
mineralization of a material by microbial metabolism or to a change in the chemical structure of the
materials through microorganisms. The knowledge acquired for the process of biodegradation when
referring to open and unmanageable ecosystems still has gaps, due to the wide range of physical and
chemical conditions [19].

2.5. Indices of Biodegradability

The issue of standardization of biodegradability evaluation arose in the 1980s [16,19,119].
Biodegradability can be evaluated via:

e Monitoring of the bioplastics” weight reduction [3,10-12,19,22-24,32,51,54,63,77,92,120-124];

. The evolution of CO:z and/or CH4 [3,19,26,42,77,117,119];

e BOD (biological oxygen demand) measurements [11,19,125] or the ratio BOD/ThOD (theoretical oxygen
demand) [111];

e Surface morphology and the molecular weight of each material [3,11,115,117,123,126].

However, it must be pointed out that the simple measurement of the weight loss of the tested
materials, as adopted commonly in the literature, does not necessarily imply that the selected
bioplastic has been mineralized. It is the measurement of CO./CHs/biogas production or of O
consumption that indicates a microbial mineralization activity and should be elected as the optimal
biodegradation indexes.

Another way to quantify the biodegradability of a product is the decrease of TC (total carbon)
[39]. There are also specific test methods that use the physical changes (e.g., discoloration,
fragmentation) that the polymers undergo as indicators of biodegradability [3,125]. In addition, the
biodegradability of oxo-degradable products (i.e. conventional plastics that practically fragment into
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micro-plastics but do not biodegrade at a molecular level) is assessed by ATP measurements [19].
Other biodegradability indicators make use of spectroscopy, to analyze the changes in the spectrum
of bioplastics during the process, and of visual analysis [127].

The means that the assessment of biodegradability can differ depending on the conditions of the
test system. For example, BOD:s is typically an indicator of aerobic biodegradation, while biogas
generation is used to evaluate the biodegradability in anaerobic environments. However,
biodegradation can be expressed under all circumstances (both aerobic and anaerobic conditions) by
mass loss, surface erosion, reduction of molecular weight, the evolution of CO2, and the loss of
mechanical properties [19,22,125,127].

The process of biodegradation is influenced, apart from the material’'s physico-chemical
structure, by the polymer’s chain configuration. The longer the polymer’s chain is, the more difficult
it is to degrade. However, the polymer’s crystallinity is also an important parameter of
biodegradation, as the amorphous parts of the polymer are easier to degrade compared to the
crystalline parts [111,126,128]. As stated in Massardier-Nageotte [111] “the more complex the
formula, the less degradable because several micro-organisms are required to attack the different
functions of the polymer”.

It should be noted that other parameters affecting the biodegradability of a material are the
conditions and properties of the test systems. These include volume and shape of the vessels, open
or closed bottles, mixing or shaking modes, oxygen supply, and test duration. Water-soluble
polymers are easier to degrade, as water is a key factor for the development of microorganisms [111].

2.5.1. Anaerobic Biodegradation Indices

When it comes to anaerobic conditions, according to Yagi et al. [122], the biodegradability is
calculated as:
Vs — XVp+ Vic

Biodegradability (%) = 7 =100 (1)
MAX

where:

Y. Vs is the total COz and CHs4 volume from the sample vessel under standard conditions in L;

Y.V is the total CO2 and CHzs volume from the blank vessel under standard conditions in L;

Vic is the COz volume dissolved in the sludge in excess of the blank value under standard conditions
inL;

Vmax is the maximum theoretical volume of the biogas (CO:2 + CH4) evolved after complete
biodegradation of the test material under standard conditions in L.

Another volumetric method is reported in the ASTM D5526-94D norm that measures the
percentage of conversion of organic carbon in the sample to carbon in gaseous form (CHs and CO)
[127]. Similarly, the evaluation of the specific methane yield of the test material by biochemical
methane potential (BMP) tests can be used as a method to evaluate the anaerobic biodegradability of
bioplastics [77,127].

In the following subsections, the main indices for the evaluation of aerobic and anaerobic
biodegradability are reported, while a summary of standardizations and certifications rules for the
definition of biodegradation in different environments is presented in Section 5.

2.5.2. Aerobic Biodegradation Indices

The rate of biodegradation under aerobic conditions is often measured in terms of the produced
CO2 (as mg CO2 d') or consumed Oz (as mg O2 d). Referring to aerobic conditions during the
composting process, the cumulative volume of CO2, compared with a blank and a positive material,
is used as an index of microbial assimilation and organic fraction mineralization [129,130].

The fundamental chemical reaction is presented below [131]:
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Bioplastic + 0, + Nutrients —
- C0, + H,0 + New Biomass + Stabilized organic matter (2)
+ NH; + sulfates + -+ Heat

Mass loss of samples extracted during the testing period is considered as an index of
biodegradation [127]. It is well known that biodegradation is initiated from the outside surface to the
inside of a material. For this reason, erosion and perforation increase the speed of degradation
because the holes formed accelerate the diffusion of oxygen and enzymes into the biopolymers [23].
Mass loss is strongly dependent on the temperature of the process as at mild temperature conditions
(35-37°C) the percentage of biodegradation is about 2-times lower than that at higher temperatures
(over 55°C) [77,111,132]. This effect is due to the efficient abiotic degradation at higher temperatures
[77].

The degree of disintegration is generally measured following the standards ISO 14806 and ISO
20200 considering the percentage of particles, which are retained on a 2 mm sieve, after 90 days in a
laboratory-scale test under aerobic conditions. The equation represents the loss of mass in the
conditions set by the test:

. , M; — Mg
Disintegration (%) = — 100 ©))
L

where M; corresponds to the initial dry mass of bioplastics and M; represents the dry mass of the
recovered bioplastic pieces after 2 mm sieving.

Visual or microscopic analysis is often used to confirm the results of other test methods [77,132]
and it is based on the signs of all visible degradation phenomena such as erosion or discoloration of
the material [127].

2.6. Bioplastic-Degrading Microorganisms

Even though microorganisms are a key factor for bioplastics disintegration, their role during the
biodegradation process is still poorly understood [38]. Biodegradation, through the microorganisms’
action, enables carbon to be mineralized at the end of the biodegradable polymers’ useful lives
following their disposal, without releasing harmful compounds into the environment [133].

Typically, biodegradable polymers are decomposed by microbial attack in a single step [38]. The
depolymerization releases monomers that are assimilated by the surrounding microorganisms [126].
Depolymerization occurs due to the functional process of intracellular and extracellular enzymes,
with the latter consisting of endo- and exo-enzymes. Endo-enzymes are responsible for the random
breaking of the internal bonds of the main polymer chain, whereas exo-enzymes break the polymer
chain sequentially [23,91].

Another basic mechanism in the biodegradation of biodegradable polymers via the action of
microorganisms is the hydrolysis by enzymes, which improves the hydrophilicity of the material,
resulting in lower molecular weight polymers, which facilitates microbial assimilation [118].

Differences in the biodegradation rates amongst biodegradable polymers are due to the
structural and physicochemical properties of their surfaces, allowing stronger or weaker attack of
microorganisms on the surface [116,134]. The process of biodegradation involves prokaryotic
(bacteria, archaea) and eukaryotic (fungi and protozoa) microorganisms, which have the ability to
degrade the polymeric matrix and/or utilize the energy-storing materials [28]. More than 90 types of
microorganisms are responsible for biodegradation in different environments [43,118]. Bacteria and
fungi are more commonly involved in bio-polymers’ biodegradation [38,115].

There are several bioplastics that present different biodegradation behaviors under aerobic and
anaerobic conditions. One major reason, highlighting the importance of the microbial communities
in biodegradation, is the influence of fungi. Fungi are only active in aerobic environment as well as
in compost and soil. In other words, some polymers are mainly (or even only) degraded by fungi and
not by bacteria, and will therefore biodegrade to a higher extent under aerobic conditions [28,52].
According to some studies, rates of biodegradation are slower under anaerobic conditions due to the
lack of oxygen and due to the limited microbial diversity enzyme availability [118].
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As already demonstrated, not every type of bioplastic can be degraded by every type of
microorganism and vice versa. On the contrary, it is essential to take into consideration the fact that
each material biodegrades better under specific conditions. For example, it has been reported that
PCL can be degraded by bacteria isolates that exist in deep sea sediments, but these isolates are
incapable of degrading other types of bioplastics, such as PLA, PHB, and PBS; however, there exist
composting bacteria capable of degrading the latter [43]. An interesting detail is the fact that PCL-
degrading microbes that have been located in deep seawater have not been found in coastal
environments [20]. Another example would be that of PBS that under aerobic conditions
(composting) presents an extent biodegradation of approximately 31% in 80 days, while PBS under
anaerobic conditions (landfill) biodegrades only by 2% in 100 days [1]. This leads us to think that
PBS’s biodegradation is linked to the action of fungi that are absent under anaerobic conditions.

As displayed in Table 3, PLA is well degraded by actinobacteria that belong to the family
Pseudonocardiaceae, and by other taxa that include members of the family Micromonosporaceae,
Streptomycetaceae, Streptosporangiaceae, and Thermomonosporaceae [135]. PHAs and its copolymers can
be degraded by several bacteria and fungi through production of intracellular and extracellular
depolymerases [136]. In particular, Enterobacter sp. (four strains), Bacillus sp., and Gracilibacillus sp.
were found to be the PHA-degrading strains in a tropical marine environment [134].

Table 3. Bioplastics-degrading microorganisms and conditions of degradation (adapted from Rujni¢-
Sokele and Pilipovic, [28]).

Microorganisms Anaerobic Bacteria and Archaea Aerobic Bacteria, Archaea and Fungi
Thermophilic Mesophilic Industrial Home
Process . . . . . .
Digestion Digestion Composting Composting
Temperature 50-60 °C <35°C 50-60 °C <35°C
Conditions
Bioplastics
Chemical pulp \ V \ \
Mechanical pulp X X J N
Starch \/ y \ \
Starch/PLA v X X X
Starch/PCL X V \ \
PLA v X v X
PHA v v v v
PBAT X X v v

N Biodegradable at the defined conditions; X not biodegradable at the defined conditions.

As a result, it is indicated that each biopolymer requires unique handling and disposal
management. There is a need for further investigation to understand the effects of microorganism
species, population, and enzyme specificity depending on the different microbial environments on
the biodegradation process [35].

3. Waste Management Options for Bioplastics

Bioplastics is a large family of polymers that include many different materials. Each should be
treated by a different waste management option according to its characteristics [52]. Fossil-based
polymers have been only minimally replaced by bioplastics and the impact of these new materials on
waste accumulation is still not completely evaluated [82]. Although petroleum- and bio-based
plastics may have similar mechanical properties, they are produced from different raw materials,
thus the introduction of bioplastics in treatment/recycling systems used for traditional plastics is not
feasible. In this sense, the redesign of current recycling systems is needed to further limit the potential
environmental impact of bioplastics [16,82] and to avoid an excessive resource use. On the other
hand, products like PLA can be processed by several waste recovery methods, such as mechanical
recycling and chemical recycling [36].
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The options for the management of bioplastics at the end of their life are mainly dependent on
the physico-chemical conditions of the treatment, and include: Biological waste treatment, recycling,
incineration, and landfilling [28,33,64]. The process of biodegradation occurs during the biological
waste treatment (e.g., composting, anaerobic digestion) and it can take place in a variety of
environments [33,121]. For instance, bioplastics can be degraded in aerobic environments such as in
soil, composting, and some aquatic environments, but also in anaerobic environments such as
anaerobic digestion plants, landfills, and a few aquatic environments [28].

3.1. Mechanical and Chemical Recycling

According to EPA, only 9% of the annually manufactured plastic enters the waste stream for
recycling [64]. However, bioplastics can be mechanically recycled.

Mechanical recycling of biopolymers was introduced in the 1970s and consists of the mechanical
processing of plastics” waste to obtain secondary raw material for the production of new objects with
similar properties. Mechanical recycling consists of the following phases [82,137,138]:

e  Removal of contaminants, such as food waste [36];
e  Grinding/shredding/crushing or milling, to obtain a material as much homogeneous as possible.
e  Further processing, such as extrusion, injection molding, or drawing.

The main disadvantage of this scenario is the fact that normally each polymer should be
separately treated to obtain a good secondary raw material and that every time a biopolymer is
reprocessed there is loss in the physical and mechanical properties of the material [139]. For instance,
even though very few studies on pure PHA recycling are available [82], PHA can be recycled but it
exhibits a loss in mechanical properties [140]. Similar findings are observed in terms of reduction of
tensile strength for PHB after multiple processing cycles, even though its chemical structure and
thermal stability remains unchanged [140]. Other biocomposites, such as PHBV (a copolymer of PHB
and PHV), have the ability to be recycled up to five times without experiencing any physico-
mechanical losses [30].

Apart from that, when a biopolymer enters into the recycling stream with the rest of the
conventional plastics, it might cause contamination to the waste as not all of the bioplastics are
compatible for recycling, resulting in the potential downgrade in the quality and physical integrity
of the producing mixed-plastic products [30,53,139]. To limit the contamination of waste and the
subsequent problems for recycling, the different plastics should be sorted out by consumers.
However, it can be difficult to distinguish between bioplastics and conventional plastics [36].
Nonetheless, mechanical recycling as recovery option is a costly and energy-intensive process [139],
mainly due to the cost needed for separation of collected bioplastics, such as those from municipal
solid waste [82].

In case of heterogeneous plastics” wastes, chemical treatment (depolymerization and refining)
can be a better recycling option [141] to recover alternative fuels and chemicals as replacements to
the fossil ones, thus reducing the need of virgin chemicals [30]. PET is suitable for both mechanical
and chemical recycling [36] as it can be efficiently depolymerized into its monomers.

Currently, chemical recycling and energy recovery via thermal treatment should be preferred
due to the difficulties of post collection sorting [36].

3.2. Biological Treatment

Biodegradability evaluation is crucial when bioplastics are biologically treated [26]. As
demonstrated by Scott [139] “polymers must remain stable during manufacture and use but should break
down rapidly after disposal with conversion to biomass and/or mineralization in an acceptable time”. This
summarizes the main idea that pushed to develop the bioplastics. Among the other treatment
methods for used bioplastics, microbial degrading activity is a useful way for increasing
environmental safety and economic value [135].

Biological treatment applies strictly on biodegradable bioplastics, due to the fact that this
disposal option utilizes the feature of biodegradability that these polymers provide. The benefit
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resulting from these treatments, apart from reducing the amount of waste that would otherwise be
dumped in the landfills, is energy recovery via anaerobic digestion and/or production of a soil
amendment via composting [33]. Since the aim of this study is to summarize and compare the
biodegradability of bioplastics by the action of microorganisms, biological treatments (such as
composting or anaerobic digestion) as well as biodegradation of bioplastics in other environments
(such as soil and aquatic environment) are further explained in Section 4 “Biodegradation under
different environments”.

3.3. Incineration

Incineration, which is a frequent waste management option, is the thermochemical
decomposition of a substance by heating, where the organic materials are burnt for energy recovery.
Its main benefit is that it can be applied to all types of polymers and the produced energy from
polymers’ incineration can be profitable if sold [139]. Another noteworthy ability, apart from the
same calorific value, that bio-based bioplastics have over the conventional plastics is that they are
COz-neutral. On the contrary, the fossil-derived biodegradable bioplastics, contribute to the rise of
GHG emissions as their feedstock is of fossil origin. The differentiation between biogenic and fossil
carbon lies in the fact that the latter was fixed by primary producers from the atmosphere millions of
years ago, and then sequestered, becoming unavailable to global bio-geo-chemical cycles. However,
its sudden and massive recent release into the atmosphere following combustion processes, in the
form of fossil-derived COx, is believed to cause global warming [54].

Moreover, although recycling and materials recovery should be preferred over other waste
disposal options, incineration represents a viable alternative to landfill disposal for many countries
[36] as it is a means to recover energy.

3.4. Landfilling

It is estimated that almost 40% of the annually produced plastics is discarded into sanitary
landfills [14,42]. Landfilling is still a popular waste management scenario, due to its low cost and
simplicity of operation, as previous sorting of waste, or any other pretreatment, is not required.
Nonetheless, disposal of bioplastic waste to a sanitary landfill remains the least preferable option (but
preferred over the uncontrolled dumping). That is mainly because under anaerobic conditions, such
as in landfill or dumps, anaerobic decomposition results in fugitive methane, which is a greenhouse
gas when escaping the recovery system [64]. In fact, these generated greenhouse gases include
methane (CHa), which is a gas with a warming potential 25-36 times that of CO2 [54]. However, the
landfill gas can be at least partially recovered and combusted for energy production [28,64].

4. Biodegradation under Different Environments

The ability to biodegrade under conditions existing in natural environments is a valuable
property of bioplastics [142]. One of the key aspects for their development is in the possibility of
avoiding plastic waste accumulation in the environment and, especially, in the oceans. As already
demonstrated, biodegradability depends on the chosen environment and it can differ from one
environment to another [38]. So, the environmental conditions affect the rate of decomposition
[29,112], as well as the test conditions used [111], and the type of the biodegradable polymer that is
being examined [112] should be chosen properly. Most commonly examined degradation
environments were aerobic, such as those of compost [127], which is a common waste treatment
option.

Other environments of interest are soil, fresh, or marine water [143]. However, the degradation
of bioplastics happens only under certain conditions and often, in ambient conditions, the process of
biodegradation is very slow [143]. For example, temperature is lower than the melting point and the
glass transition (55-62 °C) of thermoplastic polymers over which structural changes take place
facilitating microbial growth and enzymatic activity [143,144].
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4.1. Aerobic Biodegradation of Bioplastics

Under aerobic conditions, the process of biopolymers’ biodegradation is an environmentally
friendly approach accounting for an accelerated decomposition of heterogeneous organic waste via
the enzymatic action of a high in diversity microbial population in a moist and warm environment
under controlled conditions.

Soil and composting are common environments for the aerobic biodegradation of bioplastics. In
general, PLA and PCL better degrade in compost compared to soil and liquid environment as the
process conditions (pH, temperature, humidity) are optimal during controlled composting [145]. This
is also confirmed in a study conducted by Cho et al. [1] due to the fact that under aerobic conditions
(composting), the PCL-starch blend showed a rate of biodegradation of approximately 88% in 44
days, whereas under anaerobic conditions (buried in a landfill), the exact same material reached a
biodegradation rate of 83% in 139 days.

4.1.1. Biodegradation of Bioplastics in Soil

The rate of biodegradation is influenced by the type of the selected soil environment. Depending
on the microorganisms’ population as well as the pH of the investigated area, biodegradability can
differ [43,117,123]. Since several kinds of soil environments, with different characteristics, are present
in nature, microbial biodegradation process can change from place to place and season to season
[145]. For instance, degradability of PLA and PCL in alkaline conditions is higher than in neutral and
acidic conditions [146].

Even though material properties account for most of the differences in the biodegradation rates,
soil characteristics may also be the cause [117,120]. Biodegradation of bioplastics can be undertaken
by several bacteria found in the soil such as Pseudomonas sp., Streptococcus sp., Staphylococcus sp.,
Bacillus sp., and Moraxella sp. Since water is the medium of most microorganisms present in soil, the
absorption of water from the soil initiates the hydrolysis reaction [23]. A soil humidity of 50-60% is
optimal for aerobic biological processes [145,147].

When soil-biodegradation of bioplastic has passed, test methods are used to evaluate its impact
on the soil. These tests apply seed germination indexes where a value 295% indicates the absence of
a toxic effect to seeds [117].

It has been observed that the sudden addition of high amounts of biodegradable materials causes
a disturbance to the soil environment. If any fresh organic matter, regardless of whether it is bioplastic
or not, is added in high quantities in soil, it is expected to cause transient "toxic” effects. During the
biodegradation process of some natural substances (i.e., polysaccharides), phyto-toxicity may be
caused since the biodegradation phase can deplete soil oxygen and produce metabolic intermediates.
This may cause a short-term disturbance and unfavorable conditions to the soil-microorganisms and
plants [126]. This must be taken into account when biodegradable polymers are directly and
purposely added into the soil, such as the materials used in agriculture (as for example for mulch,
irrigation tubes, pots, etc.) [145] or throughout digestate or compost containing partially degraded
bioplastics [16]. In this case, the degradation time must be compatible with the crop or the application
cycle, otherwise a plastic littering problem may occur [145].

A summary of the main studies carried out on bioplastics’ biodegradation in soil environment
is included in Table 4. The table shows the degree of biodegradation for bio- and petroleum-based
bioplastics under the specified environmental conditions and the time required to achieve that
biodegradability.

In a biodegradation test carried out on starch-based bioplastics, an increase of degradation with
increasing starch dosage was observed and a degradation of about 95% was found [102]. The
biodegradation was accelerated by the presence of water that led to faster break down and allowed
further attack of microorganisms.

Starch-based plastic films, buried in field soil, were found to lose weight and degrade faster (one
week) compared to PLA, PBSA, and PHAs, while PLA maintained its weight for the longest period
(about 12 weeks) [36]. Another study, carried out under controlled condition on PLA/PHA nonwoven
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mulches, found that a mass loss of 90% was achieved after 180 days at temperatures >60 °C and
occasional UV irradiation and water spraying [148].

Cellulose-based bioplastics showed the highest biodegradability (from 80 to 100%) in a period
over 100 days [5,73,133].
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Table 4. Studies carried out on bioplastics” degradation in soil environment (adapted from Emadian et al. [43]).

. ) ) e Period of
S.O uree (Tf Name of Bioplastic T.y pe of Conditions Scale Blodeg.radatlon Blodegl;adablhty Biodegradability Ref.
Bioplastic Environment Indicator (%)
(Days)
Buried ata
309 depth of 12-15
PLA Soil o cm in boxes of Weight loss 10 98 [32]
moisture .
alluvial-type
soil
. 25 °C, 60% . .
PLA (powdered) Soil humidity 50 g-soil/pot Weight loss 13.8 28 [39]
Buried in the
PLA/NPK fertilizer 30°C, 8oy, ~ ‘opsoil located
PLA- Soil D outside Weight loss 374 56 [12]
(63.5/37.5%) humidity
based natural
environment
PLA/NPK Buried in the
. . 30 °C, 80% o .
fertilizer/EFB Soil humidit topsoil; likely Weight loss 43 56 [12]
_ (25/37.5/37.5%) Y in the lab
Bio-based :
Buried ata
. . depth of 12-15
O,
PLA/sisal fiber (SF) Soil 3_0 o cm in boxes of Weight loss >60 98 [32]
(60/40%) moisture .
alluvial-type
soil
PHB Soil - Lab-scale Weight loss 64.3 180 [91]
container
Microbial 3 L sealable,
PHB . Aerobic sterile Weight loss ~18 18 [128]
culture from soil .
PHA- container
based Buried at a
359, depth of 12-15
PHA Soil oP cm in boxes of Weight loss 35 60 [124]
moisture

alluvial-type
soil
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Soil/compost 25 °C, 65% Lab-scale
PHA Produced CO 40-5 15 117
(90/10%) humidity desiccator roduced Lz 0-50 [117]
20 °C, 60% 2L wid
PHA Soil 0°C, 60% wide Produced CO» 485 280 [54]
moisture mouth jar
3 L sealable
. ial 2
PHBV Microbial - sterile Weight loss -41 18 [128]
culture from soil .
container
Natural
il (Hoa L lose-meshed
PHB films Soil (Hoalac, —  jitions— ~ Close-meshe Weight loss 98 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Soil (Hoa Lac, Natural Close-meshed
PHBYV films . ! conditions — . Weight loss 61 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Soil (Hoa Lac Natural Close-meshed
PHB pellets . § conditions— . Weight loss 55 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Soil (Hoa Lac Natural Close-meshed
PHBYV pellets . / conditions— . Weight loss 35 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Soil (Dam Bai Natural Close-meshed
PHB films . ’ conditions— . Weight loss 47 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Soil (Dam Bai Natural Close-meshed
PHBYV films . ’ conditions— . Weight loss 14 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Natural
il (Dam Bai lose-mesh
PHB pellets Soil (Dam Bai, 4itions— ~ Close-meshed Weight loss 28 ~ 365 [123]
Vietman) gauze jackets
15 cm depth
Soil (Dam Bai, Natural Close-meshed
PHBV pellets ’ conditions— Weight loss 8 ~ 365 [123]

Vietman)

15 cm depth

gauze jackets
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Buried ata
. depth of 12-15
PHA/Rice Husk . 35% . .
(RH) (60/40%) Soil moisture cm in 'boxes of Weight loss >90 60 [124]
alluvial-type
soil
o O, 1
Starch-based Soil 20 _C' 60% 2L w1c'1e Produced CO2 14.2 110 [54]
moisture mouth jar
Lab-scale
Mater-Bi plasti
ater-bi plastic Soil 25°C cylinder (30— Weight loss 37 90 [22]
carrier bags
20 cm)
MaterTBl plastic Soil Uncontrolled Real filed =5 Weight loss 34 90 [22]
Starch- carrier bags cm depth
based Starch/chitosan Stockpiled
Soil sample on n.a Weight loss 80 14 [149]
(35/65)
the ground
Starch/chitosan Soil burial
il Lab-scal Weight 1 2 102
(35/65) Soi test method ab-scale eight loss 96 8 [102]
Cassava Soil Burial
starch/glycerol Compost soil Test., room Lab-scale Weight loss 30 10 [150]
(3/1) temperature
Rice straw Soil Undefined Lab-scale Weight loss ~100 103 5]
bioplastics
Laboratory-
Synthetic soil scale
loth A i
Cellulose- Sponge clo containing erobic, 58 controlled Weight loss >80 154 [73]
(cellulose-based) °C .
based compost composting
conditions
Nylon 4 25°C, pH= Buried in
(Polyamides, Bio- ~ Composted soil ~ 7.5-7.6, 80% containers Weight loss 100 120 [133]
based) humidity made of PP
2 O, O,
PBS (films) Soil > C’, 6,0 ’ 100 g-soil/pot Weight loss 1.2 28 [39]
Petroleum- PBS-based humidity
based 25° 9
ase PBS (powdered) Soil 5 °C, 60% 50 g-soil/pot Weight loss 16.8 28 [39]

humidity
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PBS/starch (films) . 25 °C, 60% . .
(50/50%) Soil humidity 100 g-soil/pot Weight loss 7.2 28 [39]
PBS/starch
2 O, O,
(powdered) Soil :uri;c?l(z o 50 g-soil/pot Weight loss 244 28 [39]
(50/50%) Y
0, 0,
PCL Soil 28 Cf 6,0 & Lab-scale Weight loss 90 60 [151]
humidity
0, 0,
PCL Soil and leachate 28 C’_ 6,0 ° Lab-scale Weight loss 22 60 [151]
humidity
Samples
Alluvial-tvpe buried at 15
PCL- PCL b a.l P cm depth, Lab-scale Weight loss <5 48 [152]
based SOt 60%
humidity
Samples
buried at 15
PCL/chit Alluvial-t
CL/chitosan uvia type cm depth, Lab-scale Weight loss 20 48 [152]
(80/20) soil
60%
humidity
20 °C, 409
PCL/starch (75/25) Soil 0°C, 40% Plastic bottles Weight loss 37 270 [153]

humidity
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From Table 4, it is observed that most studies to investigate bioplastics’ biodegradation are based
on weight loss. This can be a misleading indicator to assess biological mineralization, which is the
desired final process in a complete biodegradation process.

4.1.2. Biodegradation of Bioplastics in Compost

The vast majority of biodegradable polymers are compostable (e.g., PLA, TPS), which is one of
the reasons that the composting process is one of the most preferable options when it comes to the
bioplastics” disposal [3,28,43,112]. Composting is an effective means for the solid waste valorization
[1,92]; it has the ability to turn a heterogeneous fraction, such as organic waste combined with
biodegradable-compostable plastic waste, into a homogeneous useful material [33,38,51,154].
Moreover, the CO: produced does not contribute to the rise of GHGs in the atmosphere, as it is
already part of the elemental cycles, and specifically the biological carbon cycle [26,33,54,73].
Compost, the main product of composting, is an organic-rich, biological material dominated by the
so-called humic compounds, which is a rather stable form of organic matter. Specifically, compost is
of unique physical and nutritional structure, which explains its high microbial diversity [27,33,38],
and is a valuable product used in soil amendment [33,35,38,154].

The equation best describing composting is the following;:

CqH,O.Ng4 +e0, - nCyH,O N, +sC0, +1H,0 + (d —nz) - NH; 4)
where:

s=a—nw ©)

b—nx—3-(d—nz)
r =

5 (6)

ny+2s+r—c

e= —————— @)

Biological decomposition is faster in a composting plant with continuous aeration and moisture
control [38,155]. Industrial composting facilities provide the appropriate conditions for
microorganisms growth, such as control of moisture (between 50-60%), oxygen concentration (over
5%), C/N ratio (in the range 20:1-40:1) and temperature (up to 60 °C) [4,15,26,54,92].

The composting process of bioplastics can be realized at both the industrial scale and at a
domestic scale. Even though there are some differences, the procedure and the resulting products are
equivalent. In particular, the home composting temperatures are usually lower than those occurring
at industrial level. Moreover, complete biological biodegradability of a material does not necessarily
mean it is also compostable [29]. In addition, a compostable product is always biodegradable, but a
biodegradable product does not have to be compostable [43]. These differences are better explained
in the paragraph “4. Standardization and Certification of Bioplastics”.

According to the EN 13432 norm and the ASTM standards, among all the important
requirements for a bioplastic to be considered as compostable, the most relevant ones refer to index
of biodegradation [16,28,33,38]. In particular, at least 90% of the weight of the bioplastic should be
degraded within six months in a controlled composting environment. In addition, a disintegration of
at least 90% of the mass to fragments less than 2 mm should occur, when in contact with organic
materials for a period of three months. However, recent studies (Table 5) outlined how composting
of bioplastics can be problematic [16,156]. For instance, the existing plants processing bioplastics
materials (such as composting plants, plastic sorting and recycling facilities, incineration, mechanical-
biological treatment plants) may be not effective in the management of bioplastics since they were
not designed to process these materials [16]. As a consequence, improvements in existing plants to
process mixtures containing bioplastics and other organic materials should be identified and
implemented [16]. As shown in Table 5, petroleum-based bioplastics show high degradability (over
90% in less than three months [1,35]) in composting environments. Bio-based bioplastics also showed
a high degree of biodegradability. For instance, PHB showed up to 80% of biodegradation in less than
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four months [157,158], and cellulose-based bioplastics showed complete degradation after a period
of three to five months [51,133].
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Table 5. Studies carried out in simulated or field composting environments (adapted from Emadian et al. [43]).

23 of 49

. . . - Period of
S.O uree (Tf Name of Bioplastic T.y pe of Conditions Scale Blodegradatlon Blodegr: dabilit Biodegradability Ref.
Bioplastic Environment Indicator y (%)
(Days)
lab-scale compost
PLA Compost 58 °C reactor (bottle of 1 Produced CO2 13 60 [159]
L volume)
Wooden box (0.6
e MmO
PLA Compost 8.5, 63% ’ Produced CO: 84 58 [155]
humidit ground and 1 m
Y inside the
compost pile
°C, 709 L t 1
PLA Compost °5°C,70% - Laboratoryscale p, 4 04 cO, ~70 28 [158]
moisture composting setup
Aerobic, 58
PLA Compost °C, 60% Lab-scale Weight loss 60 30 [41]
) humidi
Bio-based PLA : umidity
based Synthetic Polypropylene
material Aerobic, 58 reactor (L =330 .
PLA containing oC mm, W = 180 mm, Weight loss 63.6 90 [15]
compost H =130 mm)
Synthetic
PLA material 58 °C Laboratory-scale Weight loss 100 28 [56]
containing plastic reactor
compost
Lab-scale compost
PLA/PFF h
/PFF/starc Compost 58 °C reactor (bottle of 1 Produced CO2 53 60 [159]
(80/5/15%)a
L volume)
Aerobic, 58
PLA/Soft d .
(;373 0;")0 © Compost °C, 60% - Weight loss 40 30 [41]

humidity
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Synthetic Polypropylene
material Aerobic, 58 reactor (L =330 .
PLA 109 ht 1 79.7 1
/corn (90/10%) containing oC mm, W =180 mm, Weight loss 9 90 [15]
compost H =130 mm)
PLA+Nano-SiOz Aerobic, 58 Reactor size of 37 Disintegration
film Composting °C, 55% cm x 17 cm x 25.5 with respect to 9.4 130 [129]
water cm PLA
Aerobic, 58 Reactor size of 37 Disintegration
PLA+Clay film Composting °C, 55% cm x 17 ecm x 25.5 with respect to 34 130 [129]
water cm. PLA
Aerobic, 58 Reactor size of 37 Disintegration
PLA+Nano-CaCO:
ano-avie Composting °C, 55% cm x 17 em x 25.5 with respect to 48 130 [129]
film
water cm. PLA
Synthetic
material Laboratory-scale .
PLA/PHB (75/25%) . 58 °C . Weight loss 100 35 [56]
containing plastic reactor
compost
Synthetic Polupropylene
o material Aerobic, 58 reactor (L =330 .
PLA/corn (90/10%) containing oC mm, W = 180 mm, Weight loss 79.7 90 [15]
compost H =130 mm)
PHA- Soil/compost 25 °C, 65% Lab-scale
based PHA (90/10%) humidity desiccator Produced CO2 40-50 15 [117]
PHB Compost 58 °C Static izgs‘flosnng Produced CO: 79.9 110 [157]
55 °C, 70% Laborat 1
PHB Compost = 70% - Laboratorysaale b5, ced €O ~80 28 [158]
moisture composting setup
Bioplastic (made . Laboratory-scale
from potato Compost AEI'OO]ZIZC, 58 test with PP Weight loss ~85 90 [4]
almidon) reactors
Starch- ADPVC rot
based Mater-Bi bioplastic Aerobic, 23 drum L = 90512]1 &
O, 0, o o, 4 - .
(60% star.ch +40% Compost C,. 55% Di= 55 cm with Weight loss 26.9 72 [26]
resin) moisture

200 L capacity
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Aerobic, 55
. 4L 1 made of
Plastarch Compost °C, 60% vesselmade ot produced CO: 50 85 [54]
. PVC pipe
moisture
Mater-Bi plastic o Lab-scale cylinder .
carrier bags Compost 25°C (30-20 cm) Weight loss 43 90 [22]
Cassava Soil Burial
starch/glycerol Compost soil Test., room Lab-scale Weight loss 30 10 [150]
(3/1) temperature
Bench-scale
Municipal solid
A duced imulated
¢ (p.ro tee waste mixture - simurate Weight loss 44 14 [63]
from fiber flax) composting, batch
(compost) .
reaction vessel
Bench-scale
Municipal solid .
cA (produ.ced waste mixture - 51mu.1ated Weight loss 35 14 [63]
from cotton linters) composting, batch
(compost) .
reaction vessel
1 h—
Sponge cloth from m dept
renewable 157°C
. Compost average Industrial scale Weight loss 20 84 [51]
Cellulose-  resources, organic .
outside
based cotton mesh
temperature
1 h—
Sponge cloth m dept
(Cellulose, Cotton 1577°C
mesh, Water, Salts, Compost average Industrial scale Weight loss 80 84 [51]
. outside
Pigments)
temperature
1 m depth—
Sponge cloth (70% 15.7 °C
Cellulose, 30% Compost average Industrial scale Weight loss =100 84 [51]
Cotton) outside

temperature
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1 m depth—
Sponge cloth (75% 15.7 °C
Cellulose, 25% Compost average Industrial scale Weight loss =100 84 [51]
Cotton) outside
temperature
Synthetic Laboratory-scale
Sponge cloth matc?n.al Aerobic, 58 Controllfzd Weight loss -80 154 73]
(cellulose-based) containing °C composting
compost conditions
Nylon 4 25°C, pH = Buried in
(Polyamides, Bio- ~ Composted soil ~ 7.5-7.6,80%  containers made Weight loss 100 120 [133]
based) humidity of PP
Aerobic, 58— Glass hermetic
65°C, pH= flask with a
PBS Compost 7.8, 50-55% capacity of 1000 Produced CO: 90 160 [35]
moisture mL
Aerobic, 58— Glass hermetic
PBS/soy meal 60 °C, pH = flask with a
t P d 1
(75/25%) Compos 7-8,50-55%  capacity of 1000 roduced CO2 %0 00 (351
moisture mL
Aerobic, 58— Glass hermetic
PBS/canola meal 60 °C, pH = flask with a
Petroleum- PBS-based (75/25%) Compost 7-8, 50-55% capacity of 1000 Produced CO2 20 100 1351
based moisture mL
Aerobic, 58— Glass hermetic
PBS/corn gluten 60 °C, pH = flask with a
t Produced 1
meal (75/25%) Compos 7-8,50-55%  capacity of 1000 roduced CO2 %0 00 [33]
moisture mL
Aerobic, 58— Glass hermetic
PBS/switch grass 60 °C, pH = flask with a
(75/25%) Compost 7.8, 50-55% capacity of 1000 Produced CO2 90 170 [35]
moisture mL
PCL- Aerobic, 25 500 mL glass
PCL h P 44 1
based CL/starc Compost oC bottle roduced CO2 88 [1]
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PCL

Experimental
system, mini-

reactor with a
Aerobic, 50

Compost °C, pH=7-
8.5

cylinder made of
pyrex glass and
rubber stoppers
with glass pipes
for aeration

Produced CO2 38

[112]
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4.2. Anaerobic Biodegradation of Bioplastics

The importance of evaluating the biodegradability of bioplastics in anaerobic conditions is
mainly related to the presence of food packaging not often sorted (although biodegradable) from
food-waste, with the latter used as substrate in AD plant [160] or to the use of compostable bags used
to collect food waste in separate collection systems [16].

Under anaerobic conditions, the biodegradation’s process results in the production of biogas,
water, hydrogen sulfide, ammonia, and digestate via microbial metabolism in the absence of oxygen.
Deterioration of organic materials and thus bioplastics, under anaerobic conditions and specifically
in an AD plant, offer some notable advantages over the aerobic composting. For instance, the
limitation of odor emission, the produced methane can be used as an energy source [161], as well as
the nutrient-rich digestate residue, which can be used as a fertilizer.

The rate of biodegradation under anaerobic conditions is generally assessed via the produced
biogas and therefore measured in mL CHs gVS™ day.

The schematic reaction is presented below [77,161]:

Organic matter + H,0 + Nutrients — Digestate + CH, + CO, + NH3 + H,S + Heat 8)

In anaerobic digesters, bioplastics degrade mainly via enzymatic hydrolysis as microorganisms
secrete external enzymes into the digestion medium where long-chain polymers are converted into
oligomers and monomers. The oligomers and monomers, which are small molecules, then diffuse
through the cell wall and are further broken down by the action of internal enzymes. Furthermore,
in anaerobic digestion, bioplastics can play a substantial role in enhancing the digestion process [116].
This is because the organic waste stream of AD is mostly biowaste, such as kitchen or food waste,
which are typically rich in nitrogen. Thus, C/N can be less than 15, which is not ideal for anaerobic
digestion processes since it results in the generation of the toxic ammonia. As a result, adding
bioplastics to the mixture can increase the carbon-rich substrate and thus the C/N ratio to optimal
values [52]. It is important to mention that it is not rare that some bioplastics may only disintegrate
during the anaerobic phase and achieve ultimate biodegradation under the aerobic phase that usually
follows or when the digestate is applied to soil.

Among the process parameters, temperature plays a crucial role as mesophilic conditions do not
allow a satisfying disintegration of the material, independently of the duration of the test
[54,77,111,162]. Higher mass loss and disintegration have been found in thermophilic conditions
[77,122,163]. The international standards ASTM D5511-02 and ISO 13975 for the definition of the
biodegradation of plastics and bioplastics include thermophilic conditions. Some other standards,
though (see paragraph “4. Standardization and Certification of Bioplastics”), refer to mesophilic
temperatures [127].

The European Committee for Standardization (CEN) in the guideline EN 13432:2000 states that
for anaerobic degradation, at least 50% of the substance needs to be converted into biogas (based on
the theoretical maximum value) over a two-month period [116]. However, it should be noticed that
the hydraulic residence time (HRT) in AD plants is lower than 30 days [77]. As consequence, the
degree of biodegradation required by the EN 13432 norm may not be achieved. In this case, the use
of thermal alkaline treatment [164], such as the addition of calcium carbonate [160] at low
concentrations, improved their biodegradation rates under anaerobic environments by providing a
pathway for microbial activity. The author of [160] outlined how only after alkaline pretreatment can
a significant degradation (>50%) be obtained in 15-30 days [77]. Moreover, co-digestion of PLA with
food-waste increased the methane potential of 10% [160], but resulted in a low degradation rate (29—
49%) as well as for PCL (3—22%) even after extremely long HRTs (277 days) [161].

Indicatively, some of the biopolymers that have been reported to biodegrade under anaerobic
conditions are PHA, PHB, starch-blends, cellulose, PLA, PCL, PBS, and PVA.

It is essential to note that each biodegradable bio-polymer, according to its chemical composition
and design, has a different rate of biodegradation, which is affected by the conditions of the plant
[28,116]. For example, PLA biodegrades better under thermophilic (50-70 °C) conditions, in contrast
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to PHA that biodegrades better under mesophilic conditions (35-40 °C). Calabro et al. [77] underlined
how compostable bags made of Mater-Bi (starch derived bioplastic) are only partially degraded
under normal HRT. Moreover, it has been found that the rate of biodegradation amongst some of the
previously mentioned biopolymers follows this order (from least to most biodegradable):
PVA<PLA<PCL<PBS [116].

Moreover, the two-stage fermentation AD process has recently gained attention to enhance
VFAs production as they can be used for production of PHA as well as other biofuels and
biochemicals [82,165].

Table 6 summarizes several studies on anaerobic biodegradation of bioplastics. PHB was found
to be suitable for AD as 90% of the material was degraded in nine days of digestion in the anaerobic
sludge, while PBS remained stable under the same conditions [161,166]. PHA-based polymers
generally showed a biodegradability over 75% in less than two months [111,122,160,167], while
starch-based bio-polymers showed a lower performance [54,77] compared to PHA.

PHA bioplastics were well degraded under both aerobic and anaerobic environments
[43,82,116]. Moreover, the use of biopolymers such as PHA and thermoplastic starch can improve the
biodegradation rate of anaerobic digesters as they fast degrade into polylactic acid [160].

With regards to the use of the digestate as fertilizer, it is generally thought that it may contribute
to the release of microplastics to soil [8]. On the other hand, environmental conditions present in soil
could aid bioplastics to completely biodegrade.
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) ) . . Period of
S.O uree (Tf Name of Bioplastic T.y pe of Conditions Scale Blodeg.radatlon Blodegroadablhty Biodegradability Ref.
Bioplastic Environment Indicator (%)
(Days)
Anaerobic Lab-scale, 10
PLA Sludge 37 OOC / L stainless Produced CO2 29-49 277 [161]
steel bottle
Anaerobic Lab-scale, 10
PLA Sludge 55 °C ’ L stainless Produced CO: 80 30-50 [111]
steel bottle
. Comparison with
5 LA(; PLA AD An;‘; ﬂ‘é’lc’ Lab-scale respect to 90 36 [160]
ase theoretical BMP
A -
PLA powder Sludge n;; zcénc, Lab-scale Biogas production 920 60 [167]
Anaerobic,
PLA Sludge 55 0C Lab-scale n.a. 75 75 [163]
PLA Sludge Anaerobic,  Lab-scale, 10- 4\ o4 biogas 85 60 [122]
. 55 °C L bottle
Bio-based -
Anaerobic
digestion— Conversion to
PHBs AD Lab-scale . 67 175 [164]
untreated biogas
PHB—35 °C
Anaerobic
digestion— Conversion to
PHBs AD Lab-scale . 91 175 [164]
PHA. pretreated biogas
PHB—35 °C
based Anaerobic
PHB Sludge 55 oC / Lab-scale Produced biogas 920 14 [163]
Anaerobi Lab-scale, 10
PHB Sludge ACTOPIC, L stainless Produced CO:2 20 9 [161]
37 °C
steel bottle
PHB AD Anaerobic  Lab-scale Weight loss — 90 9 [166]

Biogas production
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2L
Anaerobic, laboratory
Plastarch AD 37 °C scale batch Produced CO: 26.4 50 [54]
reactor
Untreated
Mater-Bi plasti Lab-scale 1-L
:;;erl Eaass 1 AD bioplastic— abbs;til‘z Weight loss 23-30 15 - 30 [77]
Starch- & 35 °C
based NaOH
-Bi plasti Lab-scale 1-L
Mater. i plastic AD Pretrea?ed ab-scale Weight loss 7 15 [77]
carrier bags bioplastic— bottle
35 °C
. . Untreated
Mater-Bi plastic AD bioplastic— L0 LT bt loss 28 - 41 15-30 [77]
carrier bags o bottle
55 °C
A i Lel
PBS-based PBS Landfill nacrobic, 500 mL glass  p 41 ced COn 2 100 [1]
25 °C bottle
. Anaerobic, 500 mL glass
PCL/starch Landfill 25 oC bottle Produced CO: 83 139 [1]
Petroleum- Anaerobic Lab-scale, 10
based PCL- PCL Sludge / L stainless Produced CO2 3-22 277 [161]
37 °C
based steel bottle
Anaerobic Lab-scale, 10
PCL Sludge 55 oC ’ L stainless Produced COz 75 40-75 [161]

steel bottle
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4.3. Biodegradation of Bioplastics in Aquatic Environments

The plastic waste pollution of fresh and marine waters is one of the most severe threats of the
century, considering that although approximately 70-80% of the waste originates on land, large
plastic waste quantities are detected in the oceans [16]. Biodegradation within aquatic habitats varies
and depends mainly on the environmental conditions, such as temperature and the presence of
nutrients [19,43,125]. Not many studies have been conducted on the biodegradation of bioplastics
(e.g., PLA) under aquatic conditions compared to the widely investigated terrestrial systems [3,38].
The decomposition of polymers within an aquatic environment can vary due to the many different
existing conditions. It is worth to point out that biodegradation in aquatic environments can be both
aerobic and anaerobic, even though most studies reported in the literature refer to aerobic conditions
(Table 7).

Moreover, it is possible to distinguish the following liquid (or water) environment where
biological processes occur: Fresh water (lakes, river) and marine environments (pelagic domain,
eulittoral zone, sandy sublittoral zone, sandy supralittoral zone, bottom of the deep sea, and
sediments). Different sea waters might also have different bioplastic-degrading microbes presence,
which are a key factor to biodegradation [3,43]. This is due to the different environments, that is the
value of the waters’ parameters like temperature and pH, which vary according to the different
habitats [143].

In a study conducted by Tosin et al. [3], it was found that to assess the biodegradation behavior
there were six available test methods corresponding to each one of the above mentioned aquatic
habitats. It was found that when simulating the habitat of sandy sublittoral zone, where sunlight
reaches the ocean floor (benthic zone) and there is oxygen consumption, which means aerobic
conditions, Mater-Bi was biodegraded [3].

Biodegradation rate has been found to be higher in seawater, and particularly at the interface of
water-sediment, rather than in fresh water ponds and rivers [134]. Moreover, the raw material used
to produce the polymer also affects the ability of the microorganisms to attack the substrate. This may
be the reason that polymers obtained from natural organisms easily degrade compared to synthetic
biopolyesters, since the number of organisms able to attach their chemical structure is limited [145].

Mater-Bi, PHA, and PCL, according to [20,28], are able to biodegrade in marine water. In a study
carried out in tropical marine environments, the size and shape of the PHB polymers were found to
influence their degradation more than their chemical composition; specifically, thinner and smaller
items degraded faster than compact pellets [134].

Table 7 summarizes the experiences carried out on bioplastics’ degradation in aquatic
environments. Miiller [147] observed a complete fragmentation of PCL in sea water at temperature
of 9-21 °C in 56 days. Conversely, in a study by Bagheri et al. [168], PCL and PLA showed no
degradation in artificial seawater at 25°; PHB showed a degradation of less than 10% over a period
of one year while PLGA was completely degraded (100% after 270 days). Therefore, results for PCL
are often contradictory and are probably dependent on the study conditions. PLA-based bioplastics
showed low biodegradability: Less than 2% after one year in both fresh and sea water [168]; in [169],
a degradation of 3 and 8% was measured in a marine environment after 6 and 12 months,
respectively. Biodegradation of PHB and PHBV in seawater was complete (100%) after two months
[170,171].

For PHAs polymers and copolymers (such as PHB and PHBV), high degrees of degradation
were recorded during a period of 400 days regardless of the type of water (sea water, tropical coast
water, and sweet water) and temperature (6 to 32 °C) [147].

PCL- based bioplastics showed variable degrees of low biodegradability, i.e., from less than 2%
in one year [168] to 80% in 50 days [163].
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Table 7. Studies carried out on bioplastics” degradation in aquatic environments (adapted from Emadian et al. [43]).
. . . e Period of
S.O uree (Tf Name of Bioplastic T.y pe of Conditions Scale Blodeg.radatlon Biodegradability Biodegradability Ref.
Bioplastic Environment Indicator (%)
(Days)
25°C—16h
PLA Freshwater light and 8 h Lab-scale Weight loss <2 365 [168]
dark
25°C—16h
PLA Sea water light and 8 h Lab-scale Weight loss <2 365 [168]
dark
PLA- PLA Marine 30 °C Lab-scale CO2 production 3.1-5.7 180-365 [169]
based PLA Marine 30 °C Lab-scale CO: production 4.5-8.4 180-365 [169]
25°C—16h
PLGA Freshwater light and 8 h Lab-scale Weight loss 100 270 [168]
dark
25°C—16h
PLGA Sea water light and 8 h Lab-scale Weight loss 100 270 [168]
dark
. 25°C—16h
Bio-based PHA- PHB Freshwater light and 8 h Lab-scale Weight loss 8.5 365 [168]
based
dark
25°C—16h
PHB Sea water light and 8 h Lab-scale Weight loss 8.5 365 [168]
dark
PHB Sea water 25°C Lab-scale BOD blf)_, 80 14 [11]
degradability
Static Laboratory-
PHB Sea water incubation, scale 121 mL Weight loss 99 49 [171]
21°C flask
Dynamic Aquaril.lm
. . tank with
PHB Sea water incubation, continuously Weight loss 30 90 [171]
12-22 °C, pH flowing
=7.9-8.1

seawater
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. ) . . Period of
S.O uree (Tf Name of Bioplastic T.y pe of Conditions Scale Blodeg.radatlon Biodegradability Biodegradability Ref.
Bioplastic Environment Indicator (%)
(Days)
Static Laboratory-
PHBV Sea water incubation, scale 121 mL Weight loss 99 49 [171]
21°C flask
Dynamic Aquaril.lm
. . tank with
PHBV Sea water incubation, continuously Weight loss 30 90 [171]
12-22°C, pH flowing
=7.9-8.1
seawater
Eutrophic
Real recreatic?n
PHB River water condition TeSETVOLt Weight loss 435 42 [121]
20 °C (surface =
0.32 km? &
Dmax= 8 m)
Nylon mesh
jachet in a
PVC column
PHB Bras‘z;‘isigfer 32 ?bgH at;?; Od:gh Weight loss 100 56 [170]
from the
sediment
surface
Specimens
28.75°C,pH  on stainless-
PHB Marine water =775, 'steel fran}es Weight loss 58 160 [134]
average in a floating
salinity 34%o platform in
seawater
Oxitop BOD
. Respirometer
Starch- Mater-Bi bioplastic Marme x./vater Room Sysfem, glass . BOD - 68.9 236 [3]
based with sediment temperature biodegradability

reactor of 82
mL
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. . . . Period of
S.O uree (Tf Name of Bioplastic T.y pe of Conditions Scale Blodeg.radatlon Biodegradability Biodegradability Ref.
Bioplastic Environment Indicator (%)
(Days)
Mater-Bi plasti Freshwat - Lab-scale 5-L
@ er’ ! plastic reshwater °C/uncontrol ab-sca’e . Weight loss 1.5 90 [22]
carrier bags marsh led flask /In situ
Mater-Bi plasti 2 Lab-scale 5-L
a er’ ! prastie Seawater °C/uncontrol abrseate Weight loss 1.5 90 [22]
carrier bags led flask/In situ
Cassava Aerobic,
starch/glycerol Mixed culture Aspergillus Lab-scale Weight loss 20 10 [150]
(3/1) niger culture
Cassava Dli;;i%mg
starch/glycerol Mixed culture . Lab-scale Weight loss 11 10 [150]
@/ Aerobic, 30
°C
Inoculum from a Respirometer
Petroleum- PCL- PCL municipal Aerobic, 30 500 mL Weight loss 76 28 [111]
based based wastewater °C,pH=7
bottle
treatment plant
Inoculum from a .
municipal Aerobic, 30 Respirometer
PCL/starch P ! , 500 mL Weight loss 53 28 [111]
wastewater °C, pH=7
bottle
treatment plant
25°C—16h
PCL Freshwater light and 8 h Lab-scale Weight loss <2 365 [168]
dark
25°C—16h
PCL Sea water light and 8 h Lab-scale Weight loss <2 365 [168]
dark
. Anaerobic, .
PCL Aquatic Lab-scale Produced biogas 80 50 [163]

55 °C
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4.4. Comparison of Different Degradation Environments

A classification of the studies carried out on bioplastics’ degradation in different environments
is shown in Figure 2.

Approximately 83% of the performed experiments took place in aerobic environments (Figure
2). It is worth mentioning that 43% of those experiments that were performed under aerobic
conditions presented an extent of biodegradation over 60%. In addition, most of the aerobic-condition
experiments took place in compost (39%), followed by soil (34%), and aquatic (27%) environments.
On the contrary, only 17% of the total experiments included in the above tables took place in
anaerobic environments. Even though their extents of biodegradation ranged from 2 to 91%, more
than half of them (68%) achieved over 65% biodegradability.

However, the conditions of the experiments studied here vary a lot, and to make a clear
comparison among them is difficult. The experiments carried out in compost or in anaerobic
digestion environments show a biodegradability over 50% in 65 and 68% of the cases, respectively.
For those carried out in aquatic environments, this share is 44% and for experiments carried out in
soil, it is 33% (of the cases).

40
35
(7}
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o
£
s 25
3
o 20
[Tes
°
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5
0

Soil Composting Aquatic
Environment

Figure 2. Classification of the experiments presented in Tables 4-7, according to the conditions in
which they were performed.

5. Standardization and Certification of Bioplastics

Since biopolymers are indistinguishable from the conventional plastics, it is wise to provide a
mechanism ensuring their quality and labelling. Standardization and certification systems assign
rules, namely standards, that a product must comply with before it can obtain a certain label. For
instance, the European EN 16785-1,2 norm defines the requirements and methods for determining
the bio-based content of a given product.

However, it should be noted that there is not a universal biodegradation procedure to assess
biodegradability for every type of bioplastic regarding all of the previously mentioned kind of
environments [134]. Table 8 reports several of the available standards for the evaluation of plastics’
compostability and biodegradability.

The large variety of standards, products, and services associated with bioplastics and their
biodegradation categories [52] are summarized as followed:

e Industrial composting, such as EN 13432, EN 14995, ISO 18606 and ISO 17088;
. Home composting, such as the Australian Norm AS 5810 and the French Norm NF T 51-800;
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e Biodegradability in anaerobic environment, such as ISO 11734, ISO 14853, ISO 15985, ASTM
D5210-92, ASTM D5511-02, ASTM D5526-94D;

e  Biodegradability in soils, such as EN 17033 and ASTM D5988-03;

e Biodegradability in marine environments ASTM D708, ASTM D6691, ASTM D6692, ASTM
D7473, OECD 306, and ISO 16221.

When it comes to the certification of bioplastics, independent certificates for biodegradable
plastics are issued by DIN Certco and Vingotte [28] in Europe. DIN Certco issues certificates for
compostable plastics based on the EN 14995 (or ISO 17088) and for compostable packaging based on
the EN 13432 (or ASTM D6400) standard. Vingotte issues certificates for compostable plastics based
on EN 13432, and also certificates for plastics that can be composted in home composting (OK home
composting) and plastics that biodegrade in soil (OK biodegradable SOIL) and water (OK
biodegradable WATER) [33,43]. Certificates for compostable plastics are also issued by the
Biodegradable Products Institute (BPI, US) and the Japan BioPlastics Association (JBPA, Japan) as
well as other less widely used organizations [172].

Regarding anaerobic biodegradation, standardization is not fully developed and is still in an
early stage. Moreover, there exist no particular certificates and labels on anaerobic treatability
[52,116].

Apart from physico-chemical analysis of compost to assess its quality, phytotoxicity tests carried
out according to the OECD Guideline for Testing of Chemicals [173] are necessary (although not
mandatory) for monitoring the germination/growth rate of plants in compost with degraded
bioplastics [127].
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Table 8. Main standards utilized for assessing biodegradation in different environments.

Environment or

Standard  Notes/Requirements
Process
Criteria that must be taken into account to label a packaging material as compostable: at least 90% of the organic material is converted
EN 13432 into CO2 within 6 months; after 3 months” composting and subsequent sieving through a 2 mm sieve, no more than 10% residue may
remain, as compared to the original mass; no negative influence on the composting process or plant growth is permitted.
Biodegradability is evaluated by Oz consumption and CO:z generation.
This specification is intended to establish the requirements for the labelling of plastic products and materials, including packaging made
ISO 17088  from plastics, as “compostable” or “compostable in municipal and industrial composting facilities” or “biodegradable during
composting”.
ASTM The standard lasts from a minimum of 90 days to up to 180 days This standard includes elemental analysis, phytotoxicity tests, and mesh
D6400 filtration of the resulting particles, necessary for labeling of plastics designed to be aerobically composted in municipal or industrial
facilities.
ASTM Standard specification for labeling of end items that incorporate plastics and polymers as coatings or additives with paper and other
D6868 substrates designed to be aerobically composted in municipal or industrial facilities.
ASTM This test method determines the degree and rate of aerobic biodegradation of plastic materials on exposure to a controlled-composting
environment under laboratory conditions, at thermophilic temperatures.
D5338 . . . . . . .
This test method is designed to yield a percentage of conversion of carbon in the sample to carbon dioxide.
Composting The standard determines ultimate aerobic biodegradability and disintegration of plastic materials under controlled composting
1SO 14855 conditions.
Test requirements include standard testing for a minimum of 90 days and then the biodegradation results are determined after an
analysis of evolved COa.
The standard specifies a method of determining the degree of disintegration of plastic materials when exposed to a laboratory-scale
ISO 20200 composting environment. The method is not applicable to the determination of the biodegradability of plastic materials under
composting conditions. Further testing is necessary to be able to claim compostability.
The standard is used to determine the degree of disintegration of plastic materials in a pilot-scale aerobic composting test under defined
ISO 16929 o . . . .
conditions. It cannot be used to determine the aerobic biodegradability of a test material.
This laboratory scale test method using synthetic waste aims at simulating the environmental conditions found in industrial composting
EN 14806  plants to assess the disintegration process of packaging materials exposed to this environment. This test does not replace the acceptance
disintegration test as specified in EN 14045, in accordance with EN 13432.
This standard is used to evaluate the disintegration of packaging materials in a pilot-scale aerobic composting test under defined
EN 14045 conditions. The material is mixed with biowaste and spontaneously composted for 12 weeks. Disintegration is measured by the

calculation of a mass balance. Additionally, this method can be used for visual perception and photographic documentation of the
disintegration of packaging materials and to evaluate the effect of their addition on the composting process.
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Other methods should be used to measure the biodegradability of the packaging materials.

This Australian standard specifies requirements and procedures to determine whether a plastic material is biodegradable in home

AS 5810 composting conditions and provides the basis to allow labelling of materials or products made from plastics as ‘home compostable’, for
use in home composting systems.
UNI 11183  The norm defines the biodegradability requirements of plastic materials to be anaerobically treated at room temperature.
NEF T 51-
800 French norm specifying the requirements for plastics suitable for home composting.
As with EN 13432, packaging is considered recoverable by organic recycling only if all the individual components meet the requirements.
Composting and 1SO 18606 For each of the packaging components the f‘ollovying four aspects are addressed: biodegr.adation; disinte;gration durirTg biol9gical waste
o . treatment process; negative effects on the biological process; negative effects on the quality of the resulting compost, including the
anaerobic digestion . ;
(AD) presence of high levels of regulated metals and other substances hazardous to the environment.
Requirements and procedures for the evaluation of the compostability and anaerobic treatment of plastics. Disintegration of the material
EN 14995 . . . . . . . . a1
during the biological treatment and effect on the quality of the final product are considered indexes of biodegradability.
EN 17033 This document specifies the requirements for biodegradable films, manufactured from thermoplastic materials, to be used for mulch
applications in agriculture and horticulture.
NF U 52- - . . . . .
001 French standard used for the classification of biodegradable materials for agriculture and horticulture purposes (mulching products)
Soil This document specifies a method for determining the ultimate aerobic biodegradability of plastic materials in soil by measuring the
oxygen demand in a closed respirometer or the amount of carbon dioxide evolved.
ISO 17556 g . . . . . . . .
If a non-adapted soil is used as an inoculum, the test simulates the biodegradation processes which take place in a natural environment; if
a pre-exposed soil is used, the method can be used to investigate the potential biodegradability of a test material.
ASTM This test method determines the degree of aerobic biodegradation by measuring evolved carbon dioxide as a function of time for a plastic
D5988-18  exposed to soil.
This test method covers the determination of the degree and rate of anaerobic biodegradation of plastic materials in high-solids
ASTM environments (more than 30% total solids) under anaerobic conditions and static non-mixed conditions. The methanogenic inoculum is
AD —Landfilling derived from anaerobic digesters operating only on pretreated household waste.
D5511-02 . e . . . . .
This test method may also resemble some conditions in biologically active landfills where the gas generated is recovered and biogas
production is even actively promoted.
- ASTM The standard evaluates the percentage of conversion of carbon in the test sample to carbon in the gaseous form (CHs and COz) under
Landfilling s . .
D5526 conditions that resemble landfill conditions.
The standard specifies a method for the evaluation of the ultimate anaerobic biodegradability of plastics based on organic compounds
ISO 15985  under high-solids anaerobic-digestion conditions by measurement of evolved biogas and the degree of disintegration at the end of the
AD test.
1SO 11734 The standard gives a method for the evaluation of the ultimate biodegradability of organic compounds in digested sludge at a given

concentration by anaerobic microorganisms.
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ASTM This test method determines the degree and rate of anaerobic biodegradation of synthetic plastic materials on exposure to anaerobic-
D5210-92  digester municipal sewage sludge from a wastewater treatment plant, under laboratory conditions.
Anaerobic—Aqueous 1SO 14853 The method determines the ultimate anaerobic biodegradation of plastic materials in an aqueous system. Biodegradation is measured by
system biogas production.
ASTM This test method, conducted under controlled laboratory conditions, is used to determine the degree and rate of aerobic biodegradation
D6691 of plastic materials exposed to a pre-grown population of at least ten aerobic marine microorganisms of known genera or the indigenous
population existing in natural seawater.
This test method is used to determine the degree of aerobic biodegradation of polymeric compounds utilized in plastic materials by
ASTM determining the level of respiration of such radiolabeled carbon compounds to radiolabeled carbon dioxide.
D6692 The test is designed to utilize the naturally occurring microbes in seawater as the inoculum for the enrichment and subsequent
mineralization (biodegradation) of the test polymer using it as a carbon and energy source resulting in a carbon dioxide as an end
Marine Environment product.
ASTM This test method is used to determine the weight loss as a function of time of non-floating plastic materials, when incubated under
D7473-12 changing, open, marine aquarium conditions, which is representative of aquatic environments near the coasts and near the bottom of a
body of water in the absence of sunlight, particularly UV and visible portions of the spectrum.
OECD 306 The test gives a first impression of biodegradability in seawater. If the result is positive (>70% DOC removal; >60% ThOD), it may be
concluded that there is a potential for biodegradation in the marine environment.
1SO 16221 This standard specifies five methods to determine the ultimate aerobic biodegradability of organic compounds in the marine

environment by aerobic microorganisms in static aqueous test systems.
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6. Concluding Remarks

This review aimed to evaluate both the efficiency and the rate of biodegradation of bioplastics

in different environments. The key findings of this review are:

Biodegradation under aerobic conditions such as composting, soil, and some aquatic habitats
was more rapid compared to that under anaerobic environments, such as anaerobic digestion
plants, landfills, and a few aquatic habitats.

Eighty three percent (83%) of the experiments cited here were performed in aerobic conditions
and over 40% of them exhibited a biodegradation extent of over 60% but different times were
required. Specifically, from 14 days to 1 year in soil environments, from 28 to 110 days during
aerobic composting, and from 14 to 270 days in aquatic environments.

Only 17% of the published experiments have taken place under anaerobic conditions and the
extent of biodegradation ranged from 2 to 91%; about 50% of the experiments showed a
biodegradability over 70% in a period from 9 to 75 days; therefore, there is a need to increase the
research on the biodegradability of bioplastics in anaerobic conditions.

The different extent of biodegradation can be attributed to a variety of factors depending on both
the nature of the bio-polymers (such as their chemical and physical structure), as well as the
environmental conditions to which they are exposed to (such as temperature, moisture, pH,
sunlight, nutrient and oxygen availability, and the involved microbial communities).

Compost was the most investigated environment (accounting for 39% of the aerobically
performed experiments) and that in which almost all biodegradable bioplastics were able to
biodegrade.

The most suitable environment for biodegradation to occur is compost, followed by soil, fresh
and marine water, and landfill.

Almost all the experiments in all environments were conducted at a laboratory scale, thus
highlighting the necessity to investigate the biodegradation of bioplastics at real scale, though
some of them were carried out in natural environments (for instance, by burying the samples in
field soils).

The majority of the experiments aimed at the optimization of the process by changing the
environmental conditions (such as moisture content, temperature, or pH) rather than by
modifying the physico-chemical structure of the biopolymer (for instance, by pretreatment prior
to the biodegradation process); on the other hand, some researchers have tried to enhance the
biodegradability of the bioplastics by producing raw materials easier to degrade.

Only a few biodegradable polymers decompose under all environmental conditions, such as
PHA that biodegrades completely in 49 days under composting conditions; on the other hand,
its biodegradation in aquatic environments is slower but still complete.

Cellulose-based bioplastics completely degraded in less than five months in soil and compost
conditions, but their degradation has not been investigated under anaerobic and aquatic
environments.

PHA-based bioplastics were degraded (biodegradability over 80%) in compost and anaerobic
conditions after less than four months and two weeks, respectively; on the contrary, they
observed less than 10% of biodegradability over a period of one year in aquatic environments,
while biodegradation was in general below 50% after one year in soil environment.

PLA-based bioplastics showed a similar biodegradability of PHAs, as quickly degraded under
composting and anaerobic digestion while they were less degraded under the other
environments.

Starch-based bioplastics were degraded in soil and composting, while anaerobic digestion and
aquatic environments were not suitable for their degradation.

Petroleum-based bioplastics (such as PBS and PCL) were degraded by composting (90% in three
months) but anaerobic, soil, and aquatic environments are not suitable for their degradation.
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e  The actual standards assessing the compost quality do not consider particle size smaller than 2
mm, like micro-plastics, thus the introduction of new criteria in ecotoxicity and disintegration
tests are highly suggested.

e  Anaerobic biodegradation standards for biodegradable bioplastics are lacking and should be
developed.

There is a need for wider research in the long-term fate of bioplastics within natural and
industrial environments. Even though, environmental conditions may have a significant impact on
biodegradation, further studies are required to understand these variables in detail. Thus, further
studies can contribute towards the selection of appropriate raw materials that can lead to the
minimization of solid wastes, as long as complete mineralization of the biopolymers is achieved. Yet,
bioplastics cannot be a panacea to solve the problem of plastic pollution. Even if they can substitute
conventional plastics, other plastic management options (prevention, reduction, reuse at the source)
must be first considered to minimize plastic pollution.
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Abbreviations
3HB 3-hydroxybutyrate
3HHXx 3-hydroxyhexanoate
3HV 3-hydroxyvalerate
AD Anaerobic Digestion
ASTM American Society for Testing and Materials
Bio-PE Bio-Polyethylene
Bio-PET Bio-Polyethylene Terephthalate
Bio-PU Bio-Polyurethane
Bio-PVC Bio-Polyvinyl Chloride
BOD Biological Oxygen Demand
CA Cellulose Acetate
CEN European Committee for Standardization
EOL End of Life
EFB Empty fruit bunch
EPA Environmental Protection Agency
GHG Greenhouse Gases
HRT Hydraulic Retention Time
ISO International Standards Organization
LCA Life Cycle Assessment (or Analysis)
NPK fertilizer Nitrogen-Phosphorus-Potassium fertilizer
OECD Organization for Economic Cooperation and Development

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate)

Polyamide (or nylon)

PBAT Poly(butylene adipate-co-terephthalate)

PBS Polybutylene Succinate

PBSA Poly(butylene succinate-co-adipate)

PCL Polycaprolactone

PGA Polyglycolide

PHA Polyhydroxyalkanoates

PHB Polyhydroxybutyrate

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA Polylactic Acid

PLGA Poly(lactic-co-glycolic) Acid
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PVA Polyvinyl Alcohol

PU Polyurethane

SSF Solid-State Fermentation
ThOD Theoretical Oxygen Demand
TPS Thermoplastic Starch

VFA Volatile Fatty Acid
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