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ABSTRACT: Biodegradable materials are used to make compo-
stable products that are expected to be collected and recovered in
specialist waste treatment plants. The appropriate targeting of their
distribution and marketing can bring systemic benefits by enabling
improved organic recycling. At the same time, there is growing
interest in knowing the environmental impacts of solid waste that
has leaked into the environment, including the littering of
compostable packaging waste. International Standard (ISO) test
methods have been developed to determine the “ultimate”
biodegradation of plastic materials exposed to environmental
matrices (e.g., soil, marine sediments). High levels of conversion to
CO2, comparable to those achieved by generally recognized as
biodegradable (GRAB) substances, indicate that the plastic is
intrinsically biodegradable. The term “intrinsic” refers to an inherent quality dependent on the chemical composition and structure
of the material, prior to consideration of any “extrinsic” properties. Residence time, which has an effect on biota’s exposure to the
litter, is a relevant factor in the assessment of ecological risk of littering. Residence time is affected by the litter’s persistence, which in
part is determined by the litter’s intrinsic biodegradability. Thus, the intrinsic biodegradability is key information in this assessment.
The need for a comprehensive approach based on the assessment of the ecological risk of solid waste littering, including an
assessment of biodegradability, is established.

KEYWORDS: Biodegradable, Environmental Fate, Biodegradation Rate, Littering, ISO standards, Marine biodegradation,
Soil biodegradation

■ CONTROLLED BIODEGRADATION: ROLE OF
BIODEGRADABLE PLASTICS IN WASTE
MANAGEMENT AND AGRICULTURE

In Europe, the legal principle that biodegradable packaging
waste can be recovered together with biowaste (i.e., food, yard,
and similar wastes) by means of organic recycling (e.g.,
composting) was introduced by the European Directive 94/
62/EC (Packaging and Packaging Waste) in 1994.1 This
directive required that any packaging placed on the European
market should be reusable or recoverable. The organic
recycling of biodegradable packaging waste with biowaste
was recognized as one possible recovery option, together with
material recycling or, less preferably, incineration with energy
recovery.2 Packaging waste that is mixed with biowaste can
usefully be recovered in the form of compost, if biodegradable.
Different feedstocks that provide energy and carbon in
different proportions are needed to fuel a relatively vigorous
exothermic reaction and bring the structural constituents
needed to form compost.3

Compostable packaging wastes show biodegradation behav-
ior similar to cellulose, a key feedstock of composting to which
it provides heat and biomass.4

Compostability (which requires biodegradability, disintegra-
tion, control of regulated metals, and the absence of ecotoxic
effects on the final compost) is a particularly useful
characteristic when waste consisting of a mix of biowaste and
packaging waste is formed.5

An example where this mixing occurs is at festivals and
sporting events where traditional plastics (e.g., nonbiodegrad-
able tableware) is collected together with the food residues and
leftovers. Heterogeneous, nonrecyclable waste is created where
plastic “contaminates” food waste and, vice versa, food
“contaminates” plastic. Under these circumstances, neither
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the plastic nor the food waste can be recycled (as we know
recycling requires homogeneous flows) but must be disposed
of in landfills or incinerators. However, from the point of view
of biodegradability, if the tableware is compostable then the
“mixed” waste becomes “homogeneous” and can be recovered
through composting. This model has been successfully applied
for a number of years and in many contexts, such as festivals,
sporting events, etc., where reusable tableware and the
separation of food waste is not feasible for logistic and
economic reasons. Under these conditions, the use of
packaging and products that are biodegradable becomes
environmentally advantageous.6−8

From a general point of view, the advantage of using
compostable plastics is evident when there is a risk of cross-
contamination between plastics and organic waste. Conven-
tional plastics are not biodegradable, and therefore they
represent a potential contamination of the organic waste
stream.9 This is not just an assumption but a serious problem
for organic recycling.10 Separately collected biowaste will often
contain nontarget materials, including conventional plastics
and packaging. There is no known data for the total amount of
non-biodegradable plastic entering the organic recycling
processes in the EU, but data from Italy suggests biowaste
contains 4.8% of plastic by weight,11 and Ireland had 3.8%
mainly plastic bags and packaging film.12 While much of the
plastic is removed during processing, not of all it can be;
indeed a 2019 study from Germany into plastic in the
environment indicated up to 169 g per person of microplastics
entered the environment from the products of organic
recycling.13

Standards that establish the biodegradability performance
and safe environmental credentials for packaging that might be
intentionally composted have been introduced in Europe (EN
13432)14 and globally (ISO 18606).15 Similar standards that
cover plastic products have also been published, e.g., ASTM D-
6400,16 EN 14995.17 On the basis of these standards, an
efficient labeling and certification system has been created that
guarantees the compostability of packaging and products
recoverable through organic recycling.18 Biodegradability
demonstrated at the laboratory level is then realized in
controlled composting plants. Composting plants treat
biowaste and produce compost through a process charac-
terized by certain production cycles.19,20 That is, there is an
input consisting of biowaste and an output, stable compost.
Biodegradation of biowaste and compostable products happen
within a determined space (the composting plant) and time
boundary (the compost production cycle), under controlled
and monitored conditions. In this case, the biodegradable
single-use product or packaging is deliberately placed in a
specific space to biodegrade within specific times.
Currently, the EU produces 110 million t of biowaste and

has an operational organic recycling infrastructure that
processes 45.5 million t/year.21 Large differences exist in the
provision of separate collection and of the treatment capacity
for biowaste across Europe, but organic recycling is likely going
to develop considerably in the near future given that the
European Waste Framework Directive (2008/98/EC) requires
biowaste to be collected separately and recovered organically
by 2023.
As the drive to increase the level of biowaste entering

organic waste facilities develops, it is imperative to take
measures to ensure that the biowaste itself does not become a
carrier for and major source of persistent microplastics into the

environment. For example, for optimal separation, consumers
need a tool to help transport their biowaste from their kitchens
to the correct container, and bags are the most efficient vehicle
for this.22 The only bags that do not carry any persistent
microplastic threat are compostable bags. Likewise, for
products where plastic/biowaste are inherently “mingled”
such as teabags, food service, and certain food packaging
items, the preferred option is compostable.8

A further sector where biodegradable plastic materials can be
advantageously applied is agriculture. Most plastics used in
agriculture are not biodegradable and after use must be
collected and disposed of in a suitable way to prevent a build-
up in the agricultural fields. In some cases, this is impossible or
is not totally effective, and therefore dispersion into the ground
takes place.23 This has been underestimated in the past, but
now the contamination of soils by plastics and microplastics is
recognized as being a worldwide problem requiring mitigating
action.24 Horton et al.25 estimated that plastic and micro-
plastics contamination of the soil is 20 times greater than that
of the oceans. Where dispersion into the ground is highly
likely, the biodegradability of products is seen as a useful
solution for preventing a progressive buildup of non-
biodegradable plastics in agricultural fields.26 Standards that
specify test methods (ISO 17556)27 and requirements (EN
17033)28 for biodegradable films made of thermoplastic
materials for use in mulching applications are available.29

As in the case for compostable packaging, the biodegradable
plastic product is used deliberately within a determined space
(the field subjected to mulching) and time boundaries (the
period when mulching is applied). After crop harvesting, the
mulch film is buried with a rototiller to ensure intimate contact
with soil, and therefore biodegradation occurs in conditions
known by the farmer, and it can be monitored and managed.
The targeted distribution and marketing of compostable and

biodegradable plastic products and packaging into organic
waste and agricultural systems where persistent conventional
plastics create ecological problems are thus potentially of
systemic benefit where their biodegradability results in an
overall environment improvement.

■ UNCONTROLLED BIODEGRADATION. BEYOND
OUR CONTROL: ROLE OF INTRINSIC
BIODEGRADABILITY IN THE CASE OF LITTERING

There is growing interest in studying the environmental effects
of uncontrolled leakage of solid waste into the environment.30

For the purposes of this article, we focus on a subsection of
leakage, namely, littering and how the associated environ-
mental effects may be assessed in terms of ecological risk,
rather than addressing the socio-economic factors that are at
the root of the phenomenon.31

Considering the energy necessary to restore the initial
conditions, the leakage of waste is an event that irreversibly
transfers matter from the technosphere to the biosphere.
Ultimately, it is an increase in entropy that disturbs the natural
environment in an immediate, irreversible way and with
consequences that can be quantified.32 It is therefore extremely
important to avoid littering at the source, because recovery
through removal is practically impossible. As a consequence of
industrial development and the subsequent accidental or
deliberate environmental release of chemicals (for example,
cleaning products, lubricants and personal care products whose
destiny is to be deliberately released into the environment), the
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study of the environmental consequences of emissions has
been practiced for many years.
Littering affects all packaging, regardless of the constituent

material (metals, glass, paper, conventional plastic, and
biodegradable plastics). Packaging and single-use products
(including the biodegradable/compostable items) are com-
posed of numerous constituents, each characterized by a
number of potential negative impacts on the ecosystem. They
contain materials, dyes, inks, glues, additives, metals, etc.
Littering of single-use items and packaging introduces these
materials and substances into the environment. Some are
visible (such as plastics), and some others are invisible (such as
additives and binders). When leaked and littered into the
environment, packaging constitutes a potential source of
xenobiotic substances that can have various impacts on natural
systems. A number of packaging materials such as glass, metal,
and traditional plastics are intrinsically recalcitrant to
biodegradation, and in this case, they represent a permanent
physical risk for natural species due to ingestion and
suffocation. Resistance to biodegradation makes any material
visible in the environment, while many of their constituents
also represent a chemical (toxicological) risk. In a certain
sense, plastics, thanks to the fact that they are easily perceptible
to the senses, can be considered as a “marker” of environ-
mental contamination (a symptom), even of the invisible kind,
but no less alarming than physical contamination. It goes
without saying that mistaking the symptoms for the causes and
implementing “symptomatic” measures of littering contain-
ment can create paradoxes, transferring the problem of
uncontrolled release from the sphere of physical contamination
(perceivable by the senses) to that of chemical contamination
(invisible, unless carrying out complex instrumental analyses).
To our knowledge, the ecological risk of uncontrolled

release of packaging has not been studied systematically.
However, measuring the ecological impacts of packaging and
single-use items is clearly a prerequisite for developing a
control and mitigation strategy of waste leakage (whether
accidental or deliberate). In this document, attention is
focused on the risks associated with the release of solid
materials, and in particular plastics where there is a marked
increase in the awareness of the problems caused by the
buildup of plastic waste in the environment.33 Most plastics
placed on the market are resistant to ultimate biodegrada-
tion.34 This has prompted interest toward understanding the
impact of biodegradable plastics in the event of littering and
whether they could be part of a solution of this problem.35

Two different, albeit complementary, approaches are
needed. The first (tier) seeks to determine the intrinsic
biodegradability of the material; the second is interested in
understanding the ecological risk of products made of the
biodegradable material, in the event of their release into the
environment.
In materials science, an “intrinsic” property is one that is

determined by the fundamental chemical composition and
structure of the material. On the other hand, “extrinsic”
properties depend on how much of a material is present and on
the form of the material, e.g., one large piece or a collection of
small particles.
In this context, intrinsic biodegradability refers to the inborn

potentiality for biodegradation of the polymer, not taking into
account the dimensions (e.g., thickness).
There is a difference between “materials” and “products”.

The characteristics of basic “materials” are tested in the

laboratory in order to understand their potentiality in terms of
mechanical, chemical, physical, and biological properties.
Materials are then transformed or manufactured into
“products”. The extrinsic properties, i.e., the specific form of
a product, its thickness, shape, its tendency to migrate from
one compartment to another, etc., is of importance in the case
of littering, besides the material’s intrinsic characteristics
(which are assumed to be conserved during the conversion
to final product processes).
The terms “biodegradation” and “biodegradability” are often

used interchangeably. However, this is incorrect. Biodegrada-
tion refers to a process that takes place in certain conditions
and can be measured, whereas the term “biodegradability”
refers to a property, the potential of a material to undergo a
biodegradation process. In other words, it is the “ability” to be
degraded by biological agents. It should be noted that
degradation can occur through abrasion or is triggered by
other factors, such as light, heat, etc., and in these cases one
refers to photodegradation, thermodegradation, and so on.36

The potential for biodegradation is defined through a
standardization process. The same conceptual and stand-
ardization approach is used in all sectors and not only in the
field of biodegradable plastics. As an example, “combustion” is
the reaction of a substance with oxygen, i.e., a process that
takes place under certain conditions and which can be
measured, while a “flammable” substance is a substance that
has the potential to undergo a combustion process if it is in the
conditions that favor it. Flammability, i.e., the potential of a
material to catch fire, can be determined and classified by
specific standard test methods. For example, the tests adopted
internationally by the ISO are ISO 977237 and 9773.38

Likewise, the biodegradability of a material is deduced by
studying a biodegradation process under controlled and
predefined conditions. From the results obtained, it can be
concluded whether the material is biodegradable on the basis
of a standardized assessment methodology. The use of
standardization processes ensures the traceability of results to
a documented reference measurement system and increases
the transparency of claims.39

■ TIER 1: ESTABLISHING INTRINSIC
BIODEGRADABILITY

For the first tier, the plastic material is characterized to
understand whether it has any intrinsic biodegradability
properties; i.e., is it susceptible to depolymerization and
assimilated by microorganisms? To answer this question,
standard laboratory tests are applied to verify whether the
plastic in question can be used as a carbon and energy
source.40

Currently, there are several technical standards that establish
the biodegradability and compostability criteria for the organic
recycling of commercial products.41 These standards are
designed to conservatively reproduce typical conditions
found in industrial composting units, including high temper-
atures (e.g., 58 °C).42 Thus, the conditions applied in the
controlled composting test are suitable to activate thermophilic
microorganisms. The results obtained under these conditions
are not considered to be straightaway predictive of the
potential for biodegradation in most open environments where
mesophilic microorganisms thrive. This is not related to the
fact that mesophilic microorganisms are not as good degraders
as the thermophilic ones,43,44 or to the simple relationship
between temperature and chemical kinetics,45 but rather to the
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fact that some biodegradable polymers display specific
properties at 50−70 °C, i.e., at the typical composting
temperatures. The most relevant example is poly(lactic) acid
(PLA), a polymer that requires a hydrolysis to undergo
complete biodegradation. It has been shown that the glass
transition temperature (Tg) of PLA is a turning point in the
susceptibility of hydrolytic degradation.46 Above Tg, which is
around 60 °C, i.e., the typical temperature of composting,
hydrolysis kinetics is fast. Below the Tg, the hydrolysis rate is
generally lower. PLA has been demonstrated to fast undergo
biodegradation under thermophilic composting conditions,47

whereas under accelerated landfill conditions at 35 °C
semicrystalline PLA is considered recalcitrant and amorphous
PLA undergoes 37% over 100 years.48 However, Narancic et
al.49 showed complete biodegradation under mesophilic home
composting conditions of a polymer consisting of 80% PLA
and 20% poly-ε-caprolactone (PCL) in 260 days. Therefore,
the results of biodegradation established under composting
conditions should be confirmed under mesophilic conditions
when the behavior in the open environment matters.
In order to better understand the biodegradation of plastics

in the open environment, test methods undertaken in the
mesophilic range have been developed. For example, when
addressing the marine environment, plastic materials, following
the requirements established by standard ISO 22403,50 are
exposed to marine microorganisms (test method ISO 19679)51

at temperatures within the mesophilic range, excluding any
overlap into the thermophilic range (with maximum fixed at 28
°C).
The ISO test methods used to measure biodegradation in

the mesophilic range differ for

• The state (solid, liquid and sometimes biphasic).
• The origin of the microorganisms (using microbial

inocula sampled from different environments, for
example, soil or marine sediments).

• The type of measurement (uptake of O2 or evolution of
CO2).

The ISO test methods can be considered as “screening tests”
that can be applied to determine if the plastic material is
intrinsically biodegradable. In particular, ISO 1755627 is based
on the exposure of the plastic materials to microorganisms
present in soils, and ISO 1967951 and ISO 2240452 are based
on the exposure of the plastic materials to microorganisms
present in the marine environment. The ISO standard test
methods are respirometric tests, i.e. they monitor biodegrada-
tion by measuring microbial respiration (i.e., O2 uptake or CO2
evolution). No analytical methods are available until now to
directly determine biomass, a further relevant product of
biodegradation that is not accounted for in the carbon balance.
It must be highlighted that most biodegradable plastics are
water-insoluble solid materials53 that do not pass through the
cell membrane and therefore cannot be absorbed directly by
microorganisms.54 Biodegradation can be schematically
represented in three stages:

• Stage 1: plastic → monomers/oligomers (depolymeriza-
tion)

• Stage 2: monomers/oligomers → biomass (uptake and
metabolism)

• Stage 3: biomass + O2 → CO2 + H2O (mineralization)

The depolymerization (Stage 1) releases monomers that are
assimilated by the surrounding microorganisms (the “central
dogma” for biodegradation of polymers).55

The enzymes and microbes in the liquid phase interact with
the plastics’ constituents at the surface of the solid phase. The
available solid/liquid interphase is thus a potential limiting
factor of the rate of depolymerization and consequently of the
overall biodegradation rate, including mineralization. Stage 1 is
considered the limiting factor, while the subsequent assim-
ilation of monomers by the microbes (Stage 2) is expected to
be immediate.56 Stage 3, i.e., the mineralization of organic
carbon into CO2 and H2O, is fast in the early biodegradation
phases. Afterward, when there is no further plastic to
biodegrade, the microbes are under starvation conditions,
and mineralization affects the storage polymers and metabo-
lites formed in Stage 2.
Therefore, also biomass is mineralized in the long term as a

result of the subsequent turnover of the soil microbial
community or storage polymers leading to the production of
CO2.

57,58 This is the reason why the tests are prolonged for a
maximum of two years in order to allow biomass to self-digest
and convert into CO2, which can be measured and accounted
for in the mineralization percentage. The two-year time limit
was chosen for technical reasons related to the stability of the
test system. The long test duration of the ISO test methods
should not be mistaken as an indication of the slow speed of
biodegradation of plastics but rather as a testing tactic to force
the mineralization of formed biomass and make it measurable
as evolved CO2 because otherwise it would have been lost in
the biodegradation counting.
At a molecular level, the biodegradation of plastic materials

has been proven to be very fast, and it should be remembered
that most plastics are solid materials where biodegradation
happens on the surface. Biodegradation of solid substances is a
heterogeneous reaction because it happens at the solid/liquid
interface, where the microbial enzymes present in the liquid
phase interact with the macromolecules available at the surface
of the solid plastic sample subjected to biodegradation.54

The rate of biodegradation at the surface controls the
chemical’s persistence in the environment, whereas the
dimensions of the item (thickness) controls the physical
persistence.
When plastics and polymers are tested for biodegradation at

different surface areas by using samples of different
granulometry (see Figure 1), the biodegradation rates turn
to be related to the respective total available surface areas.59,60

The data are well described by a linear regression of the
double reciprocal plot (or similar relationships) that enables
the estimation of the theoretical maximum biodegradation rate
(see Figure 2). This value can be considered as an estimation
of the biodegradation rate at molecular level, when the
available surface area is not limiting biodegradation. The
regression models suggest that if it were technically possible to
test the polymer and the plastic material in the form of
nanoplastics (spheres of 100 nm diameter) it would take about
15−20 days to reach full biodegradation,59,60 a time frame
compatible with the OECD requirements for readily
biodegradable chemicals.61 A “ready biodegradable” chemical
is assumed to undergo rapid and ultimate biodegradation in
the environment and no further investigation of the
biodegradability of the chemical, or of the possible environ-
mental effects of transformation products, is normally required.
High levels of conversion to CO2, equal to those achieved by

generally recognized as biodegradable (GRAB) substances,
indicate that the plastic material is intrinsically biodegrad-
able.62 Cellulose is frequently used as the GRAB reference
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material in laboratory test methods. Mineralization of cellulose
is generally very high, spanning from levels higher than 90%
under controlled composting conditions63−68 to about 80−
90% in soil and marine sediments at lower temper-
atures.59,60,69−72

At the plateau, we can expect that cellulose is totally
assimilated, and the carbon not found as CO2 and missing in
the final balance is trapped in newly formed biomass. Thus, the
metabolic efficiency, i.e., the biomass yield (i.e., the amount of
biomass obtained per unit mass of substrate instead of being
oxidized in CO2) displayed by cellulose in the biodegradation
test methods is low, ranging from 20% to almost 0%, if
sufficient time is allowed for self-digestion of the formed
biomass. The use of a reference material that is prone to full
mineralization, i.e., with a low biomass yield, is considered as
conservative at the moment of comparison of the final
mineralization yields with the tested polymer.73 It has been
shown with low molecular carbon substrates that anabolic
processes and consequently metabolic efficiency are positively
correlated with the standard free-energy of oxidation (ΔG°),
i.e., with the oxidation state of the substrate.74,75 In other
words, it is expected that more oxidized polymers produce
more CO2. The biodegradable polymers are either based on
polysaccharides or on polyesters,76,77 i.e., have an average
carbon oxidation state similar or lower than that in cellulose. In
any case, the potential risk that the tested plastic material
shows a lower metabolic efficiency than cellulose and the extra
CO2 covers a non-biodegradable constituent, is also covered by
the current standard specifications that require each con-
stituent below 10% be tested independently.50

For first-tier characterization goals, the test conditions must
be optimized because the goal is to understand the nature
(whether biodegradable or not) of the plastic material. Growth
and activity of microbes must be supported in order to achieve
conditions favorable to biodegradation. Microorganisms will
demonstrate a lower metabolism if the conditions to which
they are exposed are not optimal.78 Nonoptimal physiological

Figure 1. Representative SEM images of three polymeric powder
fractions: 50−75 μm (a), 200−355 μm (b), 500−700 μm (c). After
Chinaglia et al.59

Figure 2. Double reciprocal plot (Lineweaver-Burk plot) of the speed of biodegradation (k) and the initial total surface area (cm2) of the polymer.
The continuous line is the linear regression. After Chinaglia et al.59

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Perspective

https://dx.doi.org/10.1021/acssuschemeng.0c01230
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c01230?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c01230?ref=pdf


conditions (e.g., nitrogen scarcity, low temperature, low
microbial concentration) would slow down the reaction and
make the testing longer without bringing any benefit. It should
be stressed that at this level the interest is focused on the
material and not on the microbes. On the other hand, how
environmental factors affect microbial physiology and thus the
biodegradation rate matter when considering persistence in the
environment.
The intrinsic biodegradability demonstrated in the labo-

ratory under optimal conditions characterizes the solid material
for its tendency to biodegrade similarly to natural polymers. Of
course, when, outside the laboratory, if a product made of
biodegradable plastic ends up in nonoptimal environmental
conditions, its rate of biodegradation will be slower. The
biodegradation rate of biodegradable materials whether natural
or synthetic, fiber-based, or plastic-based, will be slower at
lower temperatures. It has been experimentally shown that the
biodegradation rate of a biodegradable plastic material follows
the Arrhenius equation (Figure 3).71 This makes it possible to
predict the biodegradation rate at any given temperature,
within the tested range. As mentioned before, the thermophilic
range (typical of composting) and the mesophilic range should
be considered as separate domains.

■ TIER 2: ENVIRONMENTAL FATE AND RISK
ASSESSMENT

In this tier, the ecological risk associated with the intentional or
unintentional release of commercial products is determined.
The assessment of the environmental behavior and effects of

substances including plastic wastes that are intentionally or
unintentionally released into the environment requires an
understanding of both the transport, i.e., the processes that
move the substances from the release site through the
environment, and the eventual disposition, either degradation
or due to inherent persistence, the long-term deposition in the
environment. While the environmental fate is affected by both
physical and chemical factors, biological factors that affect the

extent and rate of reactions including metabolism also play a
basic role.79

Although littering is site-specific and discontinuous in
nature, the phenomenon seen as a whole can be imagined as
a global, continuous, and regular flow of solid waste entering
the biosphere. Environmental risk assessment traditionally
requires the evaluation of “fate” and “effects”. The fate
assessment implies the development and understanding of
the path that the waste travels and the final place where it
tends to accumulate, in order to predict the environmental
concentration (predicted environmental concentration, PEC).
The evaluation of effects requires knowledge of the effects of

single-use packaging and products on the organisms selected as
representative. By using this data, it is possible to establish the
predicted no effects concentration (PNEC).
As known, the PEC/PNEC ratio is defined as “risk

quotient”, which, if it is <1, indicates a negligible risk, while
if it is >1 it indicates that the risk must be managed.80

In the case of single-use products and packaging, the
evaluation of the effects is still under study. However, we can
imagine that the continuous leakage of packaging and single-
use objects into the environment has an accumulation
potential that, regardless of the results of the studies on the
effects, is intuitively not sustainable for the environment.
Clearly, biodegradation can play an important role in the
removal of substances that enter the environment as it does in
natural cycles. It is therefore necessary to develop quantitative
procedures to be used for the ecological risk assessment.
Quantification of the PEC is necessary for the assessment of

the “exposure” of biota to a xenobiotic. For our purposes, it
could be expressed as the number of plastic items in the
considered control volume. Effects assessment involves the
identification of the hazard and the estimation of a PNEC.
Here we consider the hazard due to a plastic object as an
intrinsic property, the potential of causing harmits environ-
mental risk.81−84 Environmental risk assessment has two
components, human health risk assessment and ecological
risk assessment,85 where ecological risk assessment can be

Figure 3. Specific mineralization rates K found at different temperatures show an exponential behavior in agreement with the Arrhenius equation.
This suggests that the apparent activation energy does not vary with temperature in the tested temperature range, a proof of persistency in the
metabolic activities of mesophilic microbial communities (after Pischedda et al.71).
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summarized as a process that evaluates the likelihood
(probability) that adverse ecological effects may occur or are
occurring as a result of exposure to one or more stressors.86

For example, a plastic bag spends its service life in the
technosphere. It is used as a carrier bag, and normally it is
collected and recovered (through mechanical recycling if made
with conventional plastic or though composting if made with
biodegradable plastic). If by chance it is leaked into the
biosphere, the carrier bag becomes a potential hazard for biota.
The bag (the stressor) may be mistaken for a jellyfish by a fish,
which might swallow it and die of suffocation. When this event
occurs, a potential hazard becomes real harm. The probability
that the fish meets the bag and swallows it depends on the
“exposure” of the fish to the bags (the stressor), which in turn
depends on the “environmental concentration” (that is, the
number of bags per unit volume) and on the residence time.
Therefore, the probability of harm is in direct proportion to
the concentration and with the residence time. From this, it
follows that releasing the products into the environment,
whether or not they are persistent, produces an ecological risk,
because any release suddenly increases the first factor in the
multiplication “concentration × residence time”. However, if
the bag is intrinsically biodegradable in the open environment,
biodegradation reduces the likely permanence time and the
risks that result from the product’s persistence and
accumulation.
The impact of biological processes such as biodegradability

clearly play a role since it introduces a factor that decreases
residence time and therefore exposure and risk. The
probability of encountering between the bag lost in the
environment and the target organism is lower if the bag
biodegrades faster and ceases to be a hazard. The importance
of biodegradation in environmental risk and exposure assess-
ments has been known for some time, e.g., as per Larson and
Cowan.87 The ultimate biodegradability of a chemical prevents
the accumulation. In the case of Larson and Cowan, they were
investigating the PEC and PNEC of detergents and how
biodegradability is a key factor and over time; their work has
become a pillar in the founding principles applied by regulatory
bodies such as European Chemicals Agency and the U.S.
Environment Protection Agency.

■ CONCLUSIONS

Compostable products have been criticized for being designed
to biodegrade in a composting plant at a high temperature and
thus not really tested for biodegradation in nature.88 The
association between compostable products and littering89,90 is
based on a misperception of the role of biodegradability, which
needs to be better communicated to all the stakeholders.
Compostable packaging (whether cellulose-based or plastic-
based) is not expected to be thrown away as litter just because
it is biodegradable. The idea that the intrinsic biodegradability
of packaging would induce littering is in our knowledge not
supported by any study. A publication frequently quoted to
prove that correlation is actually showing something different,
i.e., the propensity of young individuals (16−24 years old) to
litter cigarettes butts and gum.91 Besides, the available
certifications for biodegradable packaging and single-use
items all refer to compostability, thus pointing out the specific
end-of-life option (“OK Compost” of TÜV Austria,
Kompostierbar of DIN-Certco, “Compostabile CIC” of
Certiquality, “Compostable in industrial facilities” of BPI).92

The biodegradation of biodegradable waste dispersed in the
environment will not occur under specific space and time
boundaries as happens to compostable packaging that is
treated in a composting plant. Littering is an uncontrolled
event, which will happen randomly, making it relevant to
different environmental compartments. Over 80% of the
annual plastic input to the oceans comes from land-based
sources, the main contributor being larger plastic litter,
including everyday items such as drinks bottles and other
types of plastic packaging.93 Therefore, a methodological
approach for predicting the transportation, fate, and effect of
all solid materials is needed, in analogy with what was done in
the past for the impact assessment of chemicals that are
released into the environment.94

Biodegradation of organic substances in the environment
influences exposure; hence, it is a key parameter for estimating
the risk of adverse effects on biota. In 1999, the ISO technical
committee responsible for water quality standards defined the
concept of ultimate biodegradation as “breakdown of a
chemical compound or organic matter by microorganisms in
the presence of oxygen to carbon dioxide, water and mineral
salts of any other elements present (mineralization) and the
production of new biomass”.95 Building on this, today the
approach with regard to intrinsic biodegradability of plastics as
pursued by ISO and CEN makes a parallelism between the
biodegradation performance of the test material and that of
cellulose, a natural polymer, by considering the ultimate
biodegradation.
With the probable exception of the bottoms of swamps or

when buried beneath layers of marine sediments,96 the
breakdown rate of cellulose in the different environmental
compartments where it ends up ensures the lack of
accumulation for this natural polymer. Likewise, man-made
polymers that have been proven when exposed to non-
acclimatized environmental samples to have the level and rate
of biodegradation similar to cellulose are to be considered as
falling into the same class of materials as far as biodegradability
is concerned and therefore are expected to generally behave in
the different compartments and environmental conditions as a
source of energy and carbon. The equivalence between
cellulose and the biodegradable plastics should not be taken
in a strict sense. It cannot be excluded that some specific
microhabitats are more readily active toward cellulose (thanks
to a local microbial population rich in cellulolytic microbes)
rather than other types of molecules (e.g., esters and
polyesters). Under these conditions, if a plastic based on
polysaccharides gets there, it will be fast biodegraded, while for
a biodegradable polyester, an adaptation phase will be needed
to allow the growth of microorganisms producing esterases.
Needless to say, a conventional non-biodegradable polyolefin
will not stimulate any adaptation.
In conclusion, the approach of ISO is based on the

assessment of biodegradation performances through a
comparison with GRAB materials, i.e., toward benchmarks
known to be biodegradable and not prone to build-up. This
comparison enables the designation of solid materials as being
intrinsically biodegradable in opposition of materials devoid of
such characteristic. Intrinsically biodegradable plastic materials
can be assumed to undergo a rapid and ultimate
biodegradation in the environment showing a behavior similar
to that of cellulose and cellulose-based materials and far from
that of conventional non-biodegradable plastics.
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Any mitigating project must be based on its ability to
measure the addressed problem, and must then design,
implement, and monitor the actions meant to oppose it.97

Currently, no specific methodology for assessing the ecological
risk and impact of postconsumer waste in the case of littering is
available. It will be necessary to better understand the leakage
potential of different products in the market, to define the
potential chemical risks (i.e., toxicity) and the physical ones
(i.e., persistence due to the lack of biodegradation) of the
different materials and on this solid knowledge base, which
must necessarily include the impacts of the production phase,
implement the necessary law enforcement actions. Within this
methodological framework, the biodegradability of packaging
and single-use items, which decreases the physical risk, must be
assessed with objective methodologies. Intrinsic biodegrad-
ability is a relevant characteristic because it influences the
buildup of chemicals in the environment. It is important to
characterize the biodegradability of solid products, similarly to
what is routinely done with soluble chemicals and applied by
the regulatory agencies today. ISO has developed specific
standard test methods for plastic materials, in order to
designate their intrinsic biodegradability, information needed
for assessing the risk of persistence and bioaccumulation in the
case of leakage in the environment.98 Within this methodo-
logical framework, the assessment of biodegradability and of
the potential chemical risks should be extended to all
packaging, of any nature, in order to clarify the potential
impact in the event of uncontrolled abandonment with
objective means.
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